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To successfully infect, replicate, and
persist in the host, viruses have evolved
numerous strategies to take control of
multiple cellular processes, including those
that target transmembrane (TM) signal
transduction mediated by immune receptors. Despite tremendous advancement in
recent years, the exact molecular mechanisms underlying these critical points in
viral pathogenesis remain unknown. In
this Opinion, based on a novel model of
immune signaling, the Signaling Chain
HOmoOLigomerization
(SCHOOL)
model, I suggest specific mechanisms used
by different viruses such as human immunodeficiency virus (HIV), cytomegalovirus
(CMV), severe acute respiratory syndrome
coronavirus (SARS-CoV), herpesvirus saimiri (HVS), human herpesvirus 6 (HHV6), etc., to modulate the host immune
response mediated by members of the
family of multichain immune recognition
receptors (MIRRs). I also demonstrate
how the SCHOOL model, together with
the lessons learned from viral pathogenesis, can be used practically for rational
drug design and the development of new
therapies for immune disorders.
In MIRRs, the recognition domains
and signaling sequences containing immunoreceptor tyrosine-based activation motifs (ITAMs) are located on separate
subunits bound together by noncovalent
TM interactions (Figure 1A) [1–3]. Based
on a novel biophysical phenomenon, the
homointeractions of intrinsically disordered proteins [4,5], the SCHOOL model
of MIRR signaling [3,6–8] uncovers the
molecular mechanisms by which clustering
of the extracellular recognition domains
leads to receptor triggering. The model
suggests that MIRR engagement leads to
receptor oligomerization coupled with a
multi-step structural reorganization driven
by the homooligomerization of signaling
subunits (Figure 1B). Importantly, this
model is based on specific protein–protein
interactions—biochemical processes that
can be influenced and controlled, providing a promising drug design approach [9].
Within the model, specific blockade or
disruption of TM interactions causes a
physical and functional disconnection of
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the MIRR subunits (Figure 1C)
[6,7,10,11]. Antigen stimulation of these
‘‘predissociated’’ receptors leads to reorientation and clustering of the recognition
but not signaling subunits. As a result,
signaling oligomers are not formed, ITAM
Tyr residues do not become phosphorylated, and the signaling cascade is not
initiated (Figure 1C). In contrast, this
‘‘predissociation’’ does not prevent the
formation of signaling oligomers when
signaling subunits are clustered by specific
antibodies that trigger cell activation (not
illustrated).
Predicted and molecularly explained by
the SCHOOL model [7,10–13], manipulation of MIRR signaling is performed by
numerous unrelated viruses throughout
their life cycle. In this context, the ability
viruses have developed over centuries of
evolution [13,14] to modulate T cell
receptor (TCR) signaling plays a crucial
role in viral pathogenesis. For T lymphotropic viruses, the virus may inhibit TCR
signaling to disarm the receptor and
successfully enter the cell [7,10,11,13,14].
A similar strategy can be used by the virus
to persist in the cell until it reactivates and
produces infectious particles. For other
viruses, modulation of TCR signaling can
be used to inhibit the T cell response to
infected cells [7,11,13,14]. Structurally,
TCR is a member of the MIRR family
and has the a and b antigen-binding
subunits that are bound by electrostatic
TM interactions with three signaling homo- and heterodimers: ff, CD3ed, and
CD3ec (Figure 2A) [2,15]. As suggested by
the SCHOOL model [7,10,11,13], these
interactions are not only promising thera-

peutic targets, but also represent an important point of viral attack.
TM peptides capable of inhibiting
TCR-mediated cell activation were first
reported in 1997 [16]. The vast majority
of findings were reported for the TCR
core peptide (CP), a synthetic peptide
corresponding to the sequence of the
TCRa TM domain (TMD) and known
to interact with the TMDs of CD3de and f
[2,15]. Interestingly, T cell activation via
anti-CD3 antibodies is not affected by this
peptide (Table 1). As shown, TCR CP
might be a proper treatment for human T
cell-mediated dermatoses substituting for
corticosteroids [17,18]. However, despite
extensive studies [2,17–28], the mode of
action of this clinically relevant peptide
was not explained until 2004 when the
SCHOOL model was first introduced [6].
Recently, inhibition of T cell activation
has been reported for the fusion peptide
(FP) found in the N terminus of the HIV
envelope glycoprotein 41 (gp41) [29,30].
These data are the first to demonstrate that
not only does FP function to fuse the virion
with the host cell membrane [31,32], but it
also has immunomodulatory activity. The
peptide inhibits antigen- but not anti-CD3stimulated T cell activation in vitro and has
immunosuppressive activity in mice [29]
(Table 1). Similar to TCR CP
[18,20,22,23], HIV FP has been suggested
for the treatment of T cell-mediated
pathologies [29]. However, the mode of
action of this peptide remained unexplained until 2006 when the SCHOOL
model was first applied to this area [7].
Considering the similarity between FP
and CP in patterns of immunomodulatory
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Figure 1. Novel model of immune signaling reveals a new target and tools for immunomodulatory intervention. (A) Multichain
immune recognition receptor (MIRR) assembly. Binding and signaling subunits are shown in red and green, respectively. ITAMs are shown as orange
rectangles. Transmembrane interactions between MIRR ligand-binding and signaling components (shown by solid arrow) play a key role in receptor
assembly and integrity on resting cells. (B) The signaling chain homooligomerization (SCHOOL) model, which proposes that the homooligomerization
of signaling subunits plays a central role in triggering MIRRs. Small solid black arrows indicate specific intersubunit hetero- and homointeractions
between transmembrane and cytoplasmic domains, respectively. Circular arrow indicates ligand-induced receptor reorientation. All interchain
interactions in a dimeric intermediate are shown by dotted black arrows reflecting their transition state. Phosphate groups are shown as dark circles.
(C) Molecular mechanisms underlying proposed immunomodulatory intervention by transmembrane-targeted agents. Specific blockade of
transmembrane interactions between MIRR recognition and signaling subunits results in ‘‘predissociation’’ of the receptor complex, thus preventing
formation of signaling oligomers and inhibiting ligand-dependent immune cell activation. In contrast, stimulation of these predissociated MIRRs with
cross-linking antibodies to signaling subunits should still lead to receptor triggering and cell activation (not shown).
doi:10.1371/journal.ppat.1000404.g001

activity (Table 1) and in their having two
electropositive residues in their primary
sequences, the SCHOOL model reasonably suggests a similar mode of action for
these peptides (Figure 2) [3,6,7,10–12].
Briefly, CP and FP compete with TCRa
for binding to CD3de and ff, resulting in
functional disconnection of these subunits
(Figure 2C). This prevents formation of
CD3de and f signaling oligomers and thus
inhibits T cell activation upon stimulation
with antigen but not anti-CD3 antibodies
(Figure 2D), thereby suggesting a molecular explanation for the use of OKT3
antibodies in HIV therapy to augment
immune activation [33]. Interestingly, the
SCHOOL mechanism is the only one
consistent with all of the experimental data
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on the immunomodulatory action of HIV
FP and TCR CP reported so far
[16,21,24–26,28–30].
Charge distribution patterns for fusion
protein regions are surprisingly conserved
in many unrelated viruses and show
similarities to those for TCR CP and
HIV FP (Figure 2E). Thus, it is highly
probable that these proteins would also
target the TCR TM interactions using the
SCHOOL mechanism. Exploratory sequence investigation of FPs from SARSCoV, Lassa virus (LASV), lymphocytic
choriomeningitis virus (LCMV), Mopeia
virus (MOPV), and Tacaribe virus
(TACV) reveals a close similarity in the
positioning of the electropositive residues
(Figure 2E). Intriguingly, analysis of other

unrelated viruses has yielded similar correlations in primary structure and function. Earlier studies have reported an
inhibitory effect on lymphocyte proliferation by CKS-17 peptide, a synthetic 17mer peptide with sequence corresponding
to a highly conserved region of TM
proteins of human and animal retroviruses, including the TM protein gp21 of
human T lymphotropic virus type 1
(HTLV-1) [34–36]. Interestingly, peptides
corresponding to regions of HIV TM
protein gp41 homologous to the highly
conserved and immunosuppressive sequence contained within the TM proteins
p15E and gp21 of animal and human
retroviruses, respectively, also have been
reported to inhibit lymphoproliferation
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Figure 2. Molecular mechanisms suggested by the SCHOOL model to be used by diverse viruses to modulate TCR signaling. (A) TCR
assembly. The a and b binding subunits are shown in red. The CD3e, CD3d, CD3c, and f signaling subunits are shown in green. ITAMs are shown as
orange rectangles. Within the SCHOOL model, transmembrane-targeted agents such as TCR core peptide (CP) or HIV gp41 fusion peptide (FP) disrupt
the transmembrane electrostatic interactions between the ligand-binding TCRa chain and CD3de and ff by competing with the TCRa chain for
binding to CD3de and ff (B). This results in functional disconnection of the relevant signaling subunits ([C], shown as a simplified axial view) and
prevents formation of signaling oligomers upon antigen but not antibody stimulation, thus inhibiting antigen-mediated but not anti-CD3-mediated
TCR triggering and cell activation (D). Primary sequence analysis of proven and predicted immunomodulatory sequences of viral fusion protein
regions and other domains shows a similarity in the charge distribution pattern with two essential positively charged residues (shown in blue) spaced
apart by three to four or seven to eight amino acids (E), suggesting a similarity of mechanisms used by diverse viruses in their pathogenesis to
modulate the host immune response. Note: Although the three-dimensional structures of the analyzed sequences within the cell membrane are not
known, it might be assumed that these sequences may adopt a helical conformation upon membrane binding. Thus, helical wheel projections are
used for illustrative purposes only; the suggested mode of action does not depend on a particular secondary structure of the sequences.
Abbreviations: CKS-17, a synthetic retroviral envelope heptadecapeptide; Fr-MLV, Friend murine leukemia virus; gp, glycoprotein; HHV-6 U24, human
herpesvirus 6 U24 protein; HTLV-1, human T lymphotropic virus type 1; HVA, herpesvirus ateles; HVS, herpesvirus saimiri; ITAM, immunoreceptor
tyrosine-based activation motif; LASV, Lassa virus; LCMV, lymphocytic choriomeningitis virus; MARV, Marburg virus; MOPV, Mopeia virus; SARS-CoV,
severe acute respiratory syndrome coronavirus; SEBOV, Sudan Ebola virus; TACV, Tacaribe virus; Tip, tyrosine kinase interacting protein; Tio, two-inone protein; TMD, transmembrane domain; ZEBOV, Zaire Ebola virus.
doi:10.1371/journal.ppat.1000404.g002
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Table 1. Similarities in Characteristics and Immunomodulatory Activities of the T Cell
Receptor Core Peptide and HIV-1 gp41 Fusion Peptide.

Characteristics/Activation Model

CP [17,24–26]

FP [29]

Colocalization with TCR

+

+

Coprecipitation with TCR

+

+

Immunosuppressive activity in vivo

+

+

Antigen

+

+

Anti-TCRb antibody

—

ND

Anti-CD3 antibody

—

—

PMA/ionomycin

—

—

Inhibition of in vitro activation:

TCR, T cell receptor; CP, core peptide; FP, fusion peptide; ND, not determined; PMA, phorbol 12-myristate 13acetate.
doi:10.1371/journal.ppat.1000404.t001

[35,36]. Recently, filoviral 17-mer peptides corresponding to a 17–amino acid
domain in filoviral glycoproteins that
resembles an immunosuppressive motif in
retroviral envelope proteins have been
demonstrated to inhibit TCR-mediated
cell activation [37]. In all peptides, a
striking similarity is observed in the charge
distribution patterns with the positioning
of the essential positively charged residues
almost identical to that for the HIV gp41
FP (Figure 2E), suggesting again a similarity in their mode of action. This clearly
demonstrates that different viruses have
adopted similar mechanisms of specifically
targeting TCR, disrupting receptor architecture, and suppressing the immune
system. Importantly, by virtue of the
acquired insight into this conserved structural motif, expanded predictions, hypotheses, and conclusions can be derived to
being answering the question of whether
shared TCR-targeted strategies represent
a conserved function or a convergent
tactic of divergent viruses.
The generality of the SCHOOL model
suggests that TM interactions of other
MIRRs can also represent a point of viral
attack. As reported [38], the recognition of
the human CMV tegument protein pp65 by
NKp30, the natural killer (NK) cell-activating receptor, does not lead to NK cell
activation but instead results in a general
inhibition mediated by the dissociation of
the NKp30-f complex and a loss in the
ability of cells to kill virus-infected cells.
Within the context of the SCHOOL model,
pp65 may target the TM interactions
between NKp30 and f, leading to functional
disconnection of f in a manner similar to the
action of TCR CP and HIV FP (Figure 2).
TM interactions can be targeted not only
from outside but also from inside the cell.
Recently, it has been shown that the HHV6 U24 protein downregulates TCR surface
PLoS Pathogens | www.plospathogens.org

expression and that U24-expressing T cells
are resistant to activation by antigenpresenting cells [39]. By controlling lymphocyte activation that is often accompanied by herpesvirus reactivation, the virus
might prevent its own reactivation and
persist in a latent state, which is less prone
to immune recognition [39]. In this context, U24 can serve to maintain equilibrium
between the virus and its host by keeping
HHV-6 titers low enough that they do not
cause massive immune activation [39].
TCR downregulation activity also has been
reported for the highly conserved membrane-proximal sequence of the tyrosine
kinase-interacting protein (Tip) of HVS
[40,41]. Notably, primary sequences of
HHV-6 U2428–60 and HIV FP exhibit a
similar pattern with two Arg residues
spaced apart by eight amino acids
(Figure 2E). The positioning of the essential
electropositive residues is remarkably conserved in HVS Tip213–228, the relevant
domain of the two-in-one (Tio) protein of
herpesvirus ateles (HVA) and HTLV-1
gp21 (Figure 2E). Thus, the SCHOOL
mechanisms similar to those applied for
TCR CP and HIV gp41 FP (Figure 2) can
be used by HHV-6 and other viruses in
their arsenal of immune evasion tactics.
Importantly, as predicted, the viral agents
prevent only antigen- but not antibodyspecific, T cell activation (Figure 2D).
Indeed, anti-CD3 antibodies activate
HHV-6-infected T cells, resulting in a large
increase of viral replication [42,43]. Interestingly, increase of viral replication induced by OKT3-mediated activation of
HIV-infected T cells is currently used for
purging of the latent HIV-1 reservoirs in
vivo [33], thus suggesting a potential
generality of the SCHOOL mechanismbased antiviral approaches.
There are several important lessons that
we can learn from the molecular mecha4

nisms of viral pathogenesis. First, using
modern methodologies [44–51], it is
possible to design and produce TM agents
that are able to modulate the immune
response as specifically and effectively as
viruses
do. Second, as predicted, TCR CP and
many different immunomodulatory viral
sequences affect similar TCR–TM interactions, suggesting that general principles
of designing TM peptides might be readily
used at this stage [47,48]. Third, antibodies to MIRR signaling subunits can be
used to modulate the affected immune cell
response during viral infection. Fourth,
considering our selective ability to functionally disconnect any particular TCR
signaling subunits [8,10,11,52], we can use
the relevant peptides as a powerful tool to
dissect fine mechanisms of viral pathogenesis. Finally, two unrelated viruses, HIV
and human CMV, use a similar mode of
action to modulate the host immune
response mediated by two functionally
different MIRRs, TCR and NKp30, thus
suggesting that similar general mechanisms can be or are used by other viral
and possibly non-viral pathogens.
In conclusion, rather than targeting
virus-specific proteins or processes, it
would be advantageous to transfer therapeutic strategies that target redundant
processes found among a number of
viruses. In addition, as demonstrated by
the similar function of natural HIV FP and
synthetically derived clinically relevant
TCR CP, viral immune evasion strategies
can be transferred to therapeutic strategies
that require similar functionalities. Viruses
represent years of evolution and the
efficiency and optimization that come
along with it. Therefore, viral functions
should not only be studied as foreign
processes but as efficient strategies that we
can use in our own attempts at immune
evasion or immunomodulation.

Sequence Accession Numbers
Accession numbers (UniProtKB/SwissProt knowledgebase, http://www.expasy.
org/sprot/) for the viruses discussed in this
Opinion are: CMV, P06725; Fr-MLV,
P03390; HHV-6, Q69559; HIV-1, P04578;
HTLV-1; P03381; HVA, Q9YJQ8; HVS,
P22575; LASV, P08669; LCMV, P07399;
MARV, P35253; MOPV, P19240; SARSCoV, P59594; SEBOV, Q66814; TACV,
P18141; ZEBOV, Q05320.

Acknowledgments
I thank Walter M. Kim for his help with writing
the manuscript.

July 2009 | Volume 5 | Issue 7 | e1000404

References
1. Biassoni R, Cantoni C, Falco M, Pende D,
Millo R, et al. (2000) Human natural killer cell
activating receptors. Mol Immunol 37:
1015–1024.
2. Manolios N, Bonifacino JS, Klausner RD (1990)
Transmembrane helical interactions and the
assembly of the T cell receptor complex. Science
249: 274–277.
3. Sigalov A (2005) Multi-chain immune recognition
receptors: spatial organization and signal transduction. Semin Immunol 17: 51–64.
4. Sigalov A, Aivazian D, Stern L (2004) Homooligomerization of the cytoplasmic domain of the
T cell receptor zeta chain and of other proteins
containing the immunoreceptor tyrosine-based
activation motif. Biochemistry 43: 2049–2061.
5. Sigalov AB, Zhuravleva AV, Orekhov VY (2007)
Binding of intrinsically disordered proteins is not
necessarily accompanied by a structural transition
to a folded form. Biochimie 89: 419–421.
6. Sigalov AB (2004) Multichain immune recognition receptor signaling: different players, same
game? Trends Immunol 25: 583–589.
7. Sigalov AB (2006) Immune cell signaling: a novel
mechanistic model reveals new therapeutic targets. Trends Pharmacol Sci 27: 518–524.
8. Sigalov AB (2008) Signaling chain homooligomerization (SCHOOL) model. Adv Exp Med
Biol 640: 121–163.
9. Loregian A, Palu G (2005) Disruption of proteinprotein interactions: towards new targets for
chemotherapy. J Cell Physiol 204: 750–762.
10. Sigalov AB (2007) Transmembrane interactions
as immunotherapeutic targets: lessons from viral
pathogenesis. Adv Exp Med Biol 601: 335–344.
11. Sigalov AB (2008) SCHOOL model and new
targeting strategies. In: Sigalov AB, ed. Multichain Immune Recognition Receptor Signaling:
From Spatiotemporal Organization to Human
Disease. New York: Springer-Verlag New York
Inc. pp 268–311.
12. Sigalov AB (2007) Interaction between HIV gp41
fusion peptide and T cell receptor: putting the
puzzle pieces back together. Faseb J 21:
1633–1634; author reply 1635.
13. Kim WM, Sigalov AB (2008) Viral pathogenesis,
modulation of immune receptor signaling and
treatment. Adv Exp Med Biol 640: 325–349.
14. Jerome KR (2008) Viral modulation of T-cell
receptor signaling. J Virol 82: 4194–4204.
15. Call ME, Pyrdol J, Wiedmann M,
Wucherpfennig KW (2002) The organizing
principle in the formation of the T cell
receptor-CD3 complex. Cell 111: 967–979.
16. Manolios N, Collier S, Taylor J, Pollard J,
Harrison LC, et al. (1997) T-cell antigen receptor
transmembrane peptides modulate T-cell function
and T cell-mediated disease. Nat Med 3: 84–88.
17. Enk AH, Knop J (2000) T cell receptor mimic
peptides and their potential application in T-cellmediated disease. Int Arch Allergy Immunol 123:
275–281.
18. Gollner GP, Muller G, Alt R, Knop J, Enk AH
(2000) Therapeutic application of T cell receptor
mimic peptides or cDNA in the treatment of T cellmediated skin diseases. Gene Ther 7: 1000–1004.
19. Amon MA, Ali M, Bender V, Hall K, Aguilar MI,
et al. (2008) Kinetic and conformational properties of a novel T-cell antigen receptor transmembrane peptide in model membranes. J Pept Sci
14: 714–724.

PLoS Pathogens | www.plospathogens.org

20. Kurosaka N, Ali M, Byth K, Manolios N (2007)
The mode of anti-arthritic peptide delivery
impacts on the severity and outcome of adjuvant
induced arthritis. APLAR J Rheumatol 10:
198–203.
21. Kurosaka N, Bolte A, Ali M, Manolios N (2007)
T-cell antigen receptor assembly and cell surface
expression is not affected by treatment with T-cell
antigen receptor-alpha chain transmembrane
Peptide. Protein Pept Lett 14: 299–303.
22. Manolios N, Ali M, Amon M, Bender V (2008)
Therapeutic application of transmembrane T and
natural killer cell receptor peptides. Adv Exp Med
Biol 640: 208–219.
23. Manolios N, Huynh NT, Collier S (2002)
Peptides in the treatment of inflammatory skin
disease. Australas J Dermatol 43: 226–227.
24. Wang XM, Djordjevic JT, Bender V, Manolios N
(2002) T cell antigen receptor (TCR) transmembrane peptides colocalize with TCR, not lipid
rafts, in surface membranes. Cell Immunol 215:
12–19.
25. Wang XM, Djordjevic JT, Kurosaka N,
Schibeci S, Lee L, et al. (2002) T-cell antigen
receptor peptides inhibit signal transduction
within the membrane bilayer. Clin Immunol
105: 199–207.
26. Amon MA, Ali M, Bender V, Chan YN, Toth I,
et al. (2006) Lipidation and glycosylation of a T
cell antigen receptor (TCR) transmembrane
hydrophobic peptide dramatically enhances in
vitro and in vivo function. Biochim Biophys Acta.
27. Ali M, Amon M, Bender V, Manolios N (2005)
Hydrophobic transmembrane-peptide lipid conjugations enhance membrane binding and functional activity in T-cells. Bioconjug Chem 16:
1556–1563.
28. Ali M, Salam NK, Amon M, Bender V,
Hibbs DE, et al. (2006) T-Cell Antigen Receptor-alpha Chain Transmembrane Peptides: Correlation between Structure and Function.
Int J Pept Res Ther 12: 261–267.
29. Quintana FJ, Gerber D, Kent SC, Cohen IR,
Shai Y (2005) HIV-1 fusion peptide targets the
TCR and inhibits antigen-specific T cell activation. J Clin Invest 115: 2149–2158.
30. Bloch I, Quintana FJ, Gerber D, Cohen T,
Cohen IR, et al. (2007) T-Cell inactivation and
immunosuppressive activity induced by HIV gp41
via novel interacting motif. Faseb J 21: 393–401.
31. Bosch ML, Earl PL, Fargnoli K, Picciafuoco S,
Giombini F, et al. (1989) Identification of the
fusion peptide of primate immunodeficiency
viruses. Science 244: 694–697.
32. Gallaher WR (1987) Detection of a fusion peptide
sequence in the transmembrane protein of human
immunodeficiency virus. Cell 50: 327–328.
33. van Praag RM, Prins JM, Roos MT,
Schellekens PT, Ten Berge IJ, et al. (2001)
OKT3 and IL-2 treatment for purging of the
latent HIV-1 reservoir in vivo results in selective
long-lasting CD4+ T cell depletion. J Clin
Immunol 21: 218–226.
34. Cianciolo GJ, Copeland TD, Oroszlan S,
Snyderman R (1985) Inhibition of lymphocyte
proliferation by a synthetic peptide homologous
to retroviral envelope proteins. Science 230:
453–455.
35. Ruegg CL, Monell CR, Strand M (1989)
Identification, using synthetic peptides, of the
minimum amino acid sequence from the retrovi-

5

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

ral transmembrane protein p15E required for
inhibition of lymphoproliferation and its similarity to gp21 of human T-lymphotropic virus types
I and II. J Virol 63: 3250–3256.
Ruegg CL, Monell CR, Strand M (1989)
Inhibition of lymphoproliferation by a synthetic
peptide with sequence identity to gp41 of human
immunodeficiency virus type 1. J Virol 63:
3257–3260.
Yaddanapudi K, Palacios G, Towner JS, Chen I,
Sariol CA, et al. (2006) Implication of a
retrovirus-like glycoprotein peptide in the immunopathogenesis of Ebola and Marburg viruses.
Faseb J 20: 2519–2530.
Arnon TI, Achdout H, Levi O, Markel G,
Saleh N, et al. (2005) Inhibition of the NKp30
activating receptor by pp65 of human cytomegalovirus. Nat Immunol 6: 515–523.
Sullivan BM, Coscoy L (2008) Downregulation of
the T-cell receptor complex and impairment of
T-cell activation by human herpesvirus 6 u24
protein. J Virol 82: 602–608.
Min CK, Bang SY, Cho BA, Choi YH, Yang JS,
et al. (2008) Role of amphipathic helix of a
herpesviral protein in membrane deformation
and T cell receptor downregulation. PLoS Pathog
4: e1000209. doi:10.1371/journal.ppat.1000209.
Park J, Lee BS, Choi JK, Means RE, Choe J, et al.
(2002) Herpesviral protein targets a cellular WD
repeat endosomal protein to downregulate T lymphocyte receptor expression. Immunity 17: 221–233.
Kikuta H, Lu H, Tomizawa K, Matsumoto S
(1990) Enhancement of human herpesvirus 6
replication in adult human lymphocytes by
monoclonal antibody to CD3. J Infect Dis 161:
1085–1087.
Roffman E, Frenkel N (1991) Replication of
human herpesvirus-6 in thymocytes activated by
anti-CD3 antibody. J Infect Dis 164: 617–618.
Melnyk RA, Partridge AW, Yip J, Wu Y, Goto NK,
et al. (2003) Polar residue tagging of transmembrane peptides. Biopolymers 71: 675–685.
Smith SO, Smith C, Shekar S, Peersen O,
Ziliox M, et al. (2002) Transmembrane interactions in the activation of the Neu receptor
tyrosine kinase. Biochemistry 41: 9321–9332.
Cunningham F, Deber CM (2007) Optimizing
synthesis and expression of transmembrane peptides and proteins. Methods 41: 370–380.
Yin H, Slusky JS, Berger BW, Walters RS,
Vilaire G, et al. (2007) Computational design of
peptides that target transmembrane helices.
Science 315: 1817–1822.
Wimley WC, White SH (2000) Designing transmembrane alpha-helices that insert spontaneously. Biochemistry 39: 4432–4442.
Edwards RJ, Moran N, Devocelle M, Kiernan A,
Meade G, et al. (2007) Bioinformatic discovery of
novel bioactive peptides. Nat Chem Biol 3:
108–112.
Ashish, Wimley WC (2001) Visual detection of
specific, native interactions between soluble and
microbead-tethered alpha-helices from membrane proteins. Biochemistry 40: 13753–13759.
Killian JA (2003) Synthetic peptides as models for
intrinsic membrane proteins. FEBS Lett 555:
134–138.
Collier S, Bolte A, Manolios N (2006) Discrepancy in CD3-transmembrane peptide activity
between in vitro and in vivo T-cell inhibition.
Scand J Immunol 64: 388–391.

July 2009 | Volume 5 | Issue 7 | e1000404

