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ABSTRACT

Arguably, the most studied cell type$ immune system are-@ells. They are key
players of adptive immunity responsible for targeted action against pathogens or
other danger signals. Due to their central importance, any alteration in the regulation
of their activity leads often to immunopathology. Thus, the knowledge how to harness
their bio-destuctive effector functions is aritical importance Up today, there is
only limited consensuson the nature ofmolecular mechanismsontrolling the
initiation of T-cell activation. When <ell receptor (TCR) recogres its cognate
antigen presented on tagen presenting cell (APC), the activation signal is
transmitted through the plasma membrased subsequenphosphorylation of
cytoplasmic chains of TCR complexsues. Thigss commonly considereasthefirst
biochemical sign of Icell activation the process called TCR triggering. How the
activation signal gets into the cell and ieth molecular mechanismeontrol TCR
triggering are two fundamentalyet still unansweredjuestions In this study we
focused mainly on thé&atter one Working within this expaimental framework, ve
investigated three particular problems. The fioste concerns the spatiotemporal
organization of critical signalling molecules before and after TCR engagement in the
context of lipid microdomainsthat aswe posited act as an impéant membrane
organizational principain the regulation of TCR triggeringVe mainly focused on

Lck kinase which isonsideredasthe mainsignatgenerating element initiating TCR
signalling. Using a biochemical approacive determined membrane distritmirti of

the activeform of Lck (pY394°%), the keyfactor in TCR triggering In this context

we not only showedthat in naive TFcells a limited pool ofpY394° almost
exclusively paition into high molecular weight complexebut also that aftefCR
engagenent this pool issignificantly increased together with its redistribution to lipid
microdomains. Unfortunately, quantitative discrepancibstween these and
previously reported studiesvherepY394< levels were found significantly higher
andinvariantafter TCR activation,lead to different conclusions about the raled
steadystatelevelsof active Lck in Fcells Because pY39% drives TCRtriggering

the question ofhe basal levelof pY394<« in naive Tcell is of centralinterest.To
reconcile tlese resultsin the second line of our researcte provided evidencthat

most of thesediscrepanciesstemmed from inconsistencies withintechnical
proceduresisedfor sample preparati@andthathighly saturated levels of pY394

were results of uncordllable spontaneous activation of Lauring cell lysis.Lastly,

we previouslydemonstrated thatctivatiorinducedLck redistribution within plasma
membranewas critical for delivery of its functionyet, the mechanism has been
unknown Thus, in the thid line of researchwe identified, for the very first time, the
transient formation of LclRACKI1-cytoskeleton complexes able to affect Lck
redistribution process. The involvement of cytoskeleton in the spatiotemporal
organization ofsignalling moleculesprovides yet another level of complexity the
regulation of TCRsignalling Takentogethey this studyprovides strongevidence for

the contribution of membrane orgamation to spatiotemporakegulation of Lck
activity as well as other signalling componennvolvedin the initiation of TCR
signalling.
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LI1ST OF ABBREVIATIONS

ACTN17 a-actinin-l

APC1 antigen presenting cell

Cski C-terminal Src kinase

DPCI distal pole complex

DRM 1 detergent resistant membrane

F-actini filamentous actin

FLMNaT filamin A

GADS'1 Grb2related adaptor downstream of Shc
HMW i high molecular weight

IST immunology synapse

ITAM T immunoreceptor tyrosinbased activation motif
K-S modeli kinetic-segregation model

LAT T linker for activated Icells

Lck 1 lymphocytespecific protein tyrosine kinase

Id7T liquid disordered

lo71 liquid ordered

LR T lipid raft

MHC T major histocompatibility complex

pPMHC 1 peptidebounded to major histocompatibility complex
MTOC T microtubuleorganiing centre

PAG1 phosphoprotein associated with glycosphingotigidiched microdomains
PKC1 protein kinase C

RACKL11 receptor for ativated C kinasé

SFK1 Src family kinase

SH31 Src homology domain 3

SMAT styrenmaleic acid

SMAC T supramolecular activation cluster

TCRi T-cell receptor

TRAPT transmembrane adaptor protein



INTRODUCTION

The immune system protects organisms agawasious pathogens or danger
signals which they encounter every moment of their life. In vertebrates it could be
divided into two major arms, the innate and the adaptive. The innate immunity is
evolutionary older, hadimited memory and isusually involved in the first
immediate reaction to danger. This inclad®n-specific immune responses like
the activation of complement cascade, induction of inflammation, production of
reactive oxygen species or release of vaript@nflammatorycytokines. The
adaptivearm of immunity then closely and irreplaceably cooperates with the
innate armin a process called antiggmesentation. Some innate immune cells,
mostly dendritic cells, serve as professional antigen presenting cells (APCs). They
are able to engulf pathegs, derive short peptides from them and then present
them as antigensn the context ofmajorhistocompatibility protein complex
(MHC). MHC-antigen complex could be then recamu by a specific Tell
receptor (TCR) protein complex expressed on the seirtd T-cells. There a
distinct subtypes of -Eells. Two majorsubgroups helper Fcells and cytotoxic
T-cells are characterized hthe expression of surface CD4 or CD8-@&xeptor,
respectively. Whereas cytotoxicCElls mainly act directly on infealecells by
induction of apoptosis via production and secretion of cytotoxins (e.g. perforins,
granzymes), the role of helpercElls is of supportivenature When activated,
they provide signal to other immune cells to induce their effector funcloon (
example, theactivation of Bcells which then committo produce specific
antibodies). In conclusion, contact betweenells and APG and engagement of
specific TCR witha cognate antigen at@sic prerequisite®r T-cell activation.

Molecular mechanismsfd -cell activation have been widely studied for nearly
three decades, nevertheless the question how precisely is this process regulated
and what are the very firgvents accompanyingCR triggeringare not fully
understoodThe initiation of Fcell signdling per seis critically dependent on the
function of the member of Src family tyrosine kinases (SFKs), the Lck kinase.
This keyenzyme sits othe top of thesignalling cascade leading to taetivation

of T-cells. The very first detectable biochemicalentin this processs the
phosphorylation of immunoreceptor based activation motifs (ITAMs) within
cytoplasmic chains of TCR/CD3 complex for which Lck kinase is almost
exclusively responsibleAlthough, the regulation of Lck activityhas been
intensivey studied and discussedn the past 30 yearsthere are still many
unknowns This also includeelementary questi@such ashow Lck kinase get
activatedand tow is this process integrated infbCR triggering event and
downstream signalling? What is the eabf spatial organization and changes in
distribution of Lck and various signalling molecules in plasma memlpaoeto

and upon TCRriggering? All these and many other questions are still open and
often debated without clear consenansd resolution.



In this study Iwill give a short overview of current knowledge of molecular
mechanismsnvolved in T-cell activation. | especially focused on the role of Lck
kinasein this processregulationof its kinase activityandimportance ofspatal
segregation o signalling molecules, including Lckwithin various plasma
membranelomains| strongly believehat experimental datgenerated during the
course of this work wilhave a long lasting contributido the research focused
on the initiation of TCR signailhg.



L ITERATURE OVER VIEW
THE ROAD TO T-CELL ACTIVATION

The process off-cell activation is very complewherebyT-cells have toreceive
threeextracellular signal® become activation competent

All beginswith T-cell receptor TCR) priming i specific recognition of antigens
presentedy APCs Antigens, short peptidesith lengthof 10-20 amino acids are
derived fromenda (self) or exogenous (neself) material.They are presented in
the context of MHGQlass | or I

The first activation signal for -Eells is provided Wwen TCR recograes its
cognate antigen presented on MHC. Thesd to the initiation of signal
transduction pathwaygownstream of TCRThe ®cond signal is delivered by
interaction of co-stimulatory or coinhibitory ligands of B7 family members
expressed orthe sameAPC (e.g. CD80/86, with their receptorson T-cells
(e.g. CD28, CTLA4). When thissecondsignalis lacking T-cell could not be
fully activated andbecomeunresponsig, a physiological stage called-céll
anergy However,while the concomitant delivery ohé two signalss sufficient
for the initiation of T-cell activation and clonal expansionevertheless third
signalwhich is providedlater in the formof variouscytokines is alsoimportant
for T-cell differentiationandeffector functionCurtsinger ad Mescher, 2010)

FROM CELLS TO MOLECUL EST FORMATION OF | MMUNOLOGY
SYNAPSE

| MMUNOLOGY SYNAPSE

From cellularpoint of view, T-cell activation is initiated by a contabetween
APC and Tcell and subsequent formation of immunological synapse (IS) at thei
interface (Paul and Seder, 1994)With development of new microscopy
techniques it was shown that thmgerface is highly dynamic and wealrganized
structure.(Grakoui et al., 1999; Monks et al., 199During the formation and
maturation of IS,various signalling components aspatially segregated into
distinct clusters or domainsvithin IS which authors called suprmolecular
activation clusters (SMACYMonks et al., 1997)They were abldo distinguish
thattheseclusters formthree concenit ringsi a central (cSMAC),a peripheral
(pSMAC) anda distal (dASMAC), containingfunctionally spedfic sets ofproteins
(Fig. 1). Because proteins segregation does not occur without ageoagnition
through TCR/MHC, it was hypothesied that IS serve as a platform for spatial
control of proteirprotein interactionseeded for Icell activation



DYNAMICS OF IS FORMATION

The useof artificial planarlipid bilayer membrane systerallowed scientiststo
follow spatidemporal distribution of signallingomponentsvithin IS in reattime
mannerin vitro (Grakoui et &, 1999) Further analysis revealed that formation of
IS isavery dynamic process and can be dissected into several taiget et al.,
2005)

During the first phaseTCR specifically recogaes agonst peptide onMHC
(PMHC), T-cell gets stgp signal andceases itsnigration (Dustin et al., 1997)
This occurswithin few seconds aftef-cell/APC contact. TCRs are localized at
periphery whereaadhesion molecules LFAL accumulaten the centre of newly
forming IS thus providing the physical anchor, stopping migration and helping
T-cells to scan for other suitable TCR/MHC complex pairs.

The second Ipase,chaacterized as immature ,|$s the most imortant one,
especially forthe initiation of signal transductionwithin few secondsipon TCR
engagementseveral signalling pathway are triggered resulting in the
phosphorylation events, calcium responsesand cybskeleton reorganisation
Moleculardetailsare describedbelow in the chapteri Mol ecul ar mechani s ms
TCR t r i.drdeeestingly,thid key step in theinitiation of signallingwas
detectedat theperiphery of 1Sand lass only for few minutegLee et al., 2002)
Later findings support thiconclusionby the observation ofsmall protein islets
called microclusters which amdntinuously generateat synapse periphery and
containbesidesTCRs also other signaling componentgYokosuka et al., 2005)
Due to their higly dynamicnature,it was suggested that these micretdus are
important for sustaining@f TCR signalling andor regulation of cestimulation
signalsin later stage§vVarma et al., 2006; Yokosuka et al., 2008)

Mature IS with tyjcal bull-eye structure is formedinext few minutes (30
min) whensynapse development proceedstsahird stage(Fig. 1), reviewed in
(Huppa and Davis, 2003)TCR complexes (microclusters) along with
co-stimulation molecules like CD28 and its downstnesarget IKCq kinase
moves towardsthe centre of IS (cSMAC)whereasLFA-1 which provide
stabilization of IS structure igsanslocatd to the periphery (pSMAC). Molecules
with large extracellular domains like CD45 and CD44 are excluded to even more
distal periphery (dSMC). This third stage igssentiafor T-cell effector function
Nevetheless, his canonical buleyematuresynapse structure is nibte only type
of IS arrangementand many otheforms exist depending orthe cell type,
developmental stagar agoniststrength reviewed and discussed (Rriedl et al.,
2005; Jacobelli et al., 2004; Mitxitorena et al., 2015)
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TCR microclusters

Annular CD28/PKC-6
microcluters

LFA-1-rich pSMAC

Actin-rich dSMAC

Figure 1: Structure of immunological synaps®uring maturation of IS three distinc
SMACs are formed distal (dASMAC), periphery (pSMAC) and central (cSMAC). T(
microclusers containing Lck, ZARF0, PKCy etc. are generated in dSMAC, ar
migrate to the cSMAC, where they are later internalized. Adhesion ring conta
LFA-1 provides IS stabilization and is generaiadpSMAC, whereas proteins wit
large extracellular domains (CD45, CD43) are excluded to dSMAC. Adopted
(Nassef Kadry Naguib Roufaiel et al., 2015)

The last two stages of IS fate involve termination of signalpngcessesdy
internalization of TCRs from cSMAC and upregulation of negative regulators like
CTLA-4 which ultimately leads to T-cellAPC contact resolution and-cell
detachmentfrom APC T-cells motility is then renewed and theyegin to
proliferate.

IN VIVO STUDIES OF IS

In contast toin vitro studies wherehe matureimmunological synapse with
typical SMAGs is formedwithin 30 minutes(Lee et al., 2002)in vivo studies
showedthat T-cell priming and formatiorof IS takes muchlonger time i up to
24-48 hours(Mempel et al., 2004; Miller et al., 2004)hreephase sequence of
T-cell activationprocesghrough priming by APCs was revealed &yintravital
two-photon microscopy inn vivo studes corducted in mouse lymph nodes
(Henrickson and von Andrian, 2007; Mempel et al., 2004)

The first phase which lasfor several hoursfter T-cells hominginto lymph
nodesis characterized by shelived interactionswith APCs (approx. 80min).
During these encounters T-cells are primed andupregulate early activation
markes i glycoproteins CD69 and CD44he second phase lasfor next 16
hours and during this stagé-cell motility is slowed down and contact ben
APC and Tcell is stabilzed for at least 1 hour. Mature immunological synapse
with typical contact zone structureso(responding t&SMACS) is formed,all
activation markersncluding CD25are upregulated and-dells start to produce

11



cytokinesiL-2 ard IFN-g In the third phasea dayafter naive Tcells entryinto
lymph node T-cellsare fully active, dissociate from APCs, start to peyate and
migrate outside the lymph node

Cytoskeleton also playan irreplaceable role ithe dynamics oflS formation.
Whereas actin filamen@reimportant intheinitial polarizationand movemenof
T-cells, microtubules are mainly responsible for cargo delivetystoeviewed in
(Burkhardt et al., 2008; Comrie and Burkttiar2016) The actinrich leading edge
of T-cells provides the initial contact withtarget cell Dynamics shown byigh-
resolution live cellimaging reveakd that within one minuteafter T-cell/APC
contact actin depletion fronthe centre of ISwasinitiated concurrently wh its
polymerization on periphery and reposition of centrosome (MT®nicrotubule
organizing ceme) towards IS.In next2-5 minutes MTOC localizedbeneathlS
orchestratedhe transportof vesicles containing varioug/tokines or graunles to
the synapsgRitter et al., 2015)This rapid process is controlled by sevenab-s
membrane cytoskeletatomponentswhich areimportantin the regulation of
spatiotemporabrganizatiordynamicsof variousproteins in IS.

In conclusion the kinetics of Fcell priming and formation of immunological

synapse seem to be differentvivo andin vitro. Nevertheless, thmain features

remain similar Forthe activation of Fcells critically importantarethe very first

seconds of cell/APC interaction resulting in the initiation of signal transduction
pathways. Then it depends thefiqual ity and qu,ae,fitt yo of
leads to asustaired T-cell/ APC contactT-cell maturation and full activatiorf @s

effector functions or it leads to a signal abortion.

The current knowledge of IS formation is more or less limited to available
imaging tools and techniqugdowever,with advanced microscopy vageable to
better understanda spatiotemporal orgazation and dynamics oparticular
signalling processes amsingle molecule levelDustin and Depoil, 2011; Rossy
et al., 2013h)

12



MOLECULAR MECHANISMS OF TCR TRIGGERING

From molecular point of viewhe recogition of pMHC by TCR complex is the
key event h the activationof T-cell. It was shown thads few a®ne to ten agonist
peptides are sufficient to triggercEll activation andsubsequentL-2 cytokine
production(Huang et al., 2013)Moreover,there aremany self-peptideloaded
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Figure 2: Molecular mechanisms of TCR triggerind.hree signalling modules can b
distinguish:(a) Lck and Fyn regulation modul@eft); It contains master regulators c
Lck kinasel CD45 phosphatase which dephosphorylates its inhibitory pY505 res
and Csk kinase which phosphorylates the same residue and thus counteracts the
of CD45. (b) Signal triggering module (middlg)This module contains TCR/CD
complex, which is responsible for transition of activation signal downstream tc
effectors.ITAM motif in intracellular parts of CD3 molecules are phosphorylated
active Lck resulting in recruitment and activation of ZZA0 kinase which in turn
phosphorylates adaptor protein LA{c) Signal diversification and regulation modul!
(right); Phosphorylated LAT serves as and scaffold protein and docking site for se
other proteins. The signal is then conveyed into sesgaklling pathways leading tc
cell adhesion (integrin pathway), cytoskeleton rearrangement (NCK/VAV1 pathwe
specific gene expression (Pg@athway). Distinct lipid microenvironment (e.g. lipi
rafts) could also play a specific regulatory role in this process. Figure was adopted
Acuto et al., 2008
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MHC complexeson the surface of APCtat have b be discriminated from
foreignpeptidesloaded MHCs to avoid TFcell improper responséVhat does
cause sucla high sensitivity and selewity? Several models of TCR triggering
were postulatedut still no general agreement was accompliskiédat isknown

is that TCR engagement launed a whole range of signalling evenisithin
seconds(Huse et al., @07) leading tothe activation of various transcription
programsActivated signalling moleculésitiate a network of signalling cascades
and pathways which can cretsdk with each other and must bghtly regulated.
However for overviewpurposes othis study the schematics of this netwockn
be simplified. Accordingto Acuto and colleaguesnolecular aspects afarly
T-cell signallingcanbefunctionallydivided into three TCR signalosome modules
which are sequentially connectadd physically sgregated/Acuto et al., 2008)
Lck and Fyn regulation module, TCR triggering module and Signal dfizetsn
and regulation modul@-ig. 2).

LCK AND FYN REGULATION MODULE

Lck and Fyn are protein tyrosine kinases belonging tmnservedSrc kinase
family (SFK) that provide the crucial enzymatic activity required &arly stages
of TCR triggering. Deletion or loss of their function leads todefects in
thymocytes development during CIOD8 stage(Molina et al., 1992; van Oers et
al., 1996) Thus the timing of thir activation andlelivery of function must be
tightly controlled

Structure functionand mechanisms of activation as well as molecules regulating
their adivity will be discussed ora prototypical member of SFK family,.ck
kinase This lymphocytespecific nonreceptorkinaseis around 56kDa protein
with a structure highly conserved among other SFK memfi&oggon and Eck,
2004; Ventimiglia and Alonso, 2013)Ve can distinguislsix structuralparts: an
N-terminal end, an unique, SH3 SH2 and kinase domanand a reguldaory
C-terminal tail(Fig. 3).
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Figure 3: Structure of Lck kinase.Lck kinase consists of-términal end with amina
acid responsible for membrane targeting through myristoylation (G2)
palmitoylation (C3 and C5), an unigue domain with cysteins contributing
CD4/CD& binding, SH3, SH2 domains connected by a linker to the kinase dc
and a Gterminal tail. Positive (894, green) and negative (Y505, red) regulatt
tyrosines are depicted.

N-terminal endis important forthe localization of Lck toan inner leaflet of
plasma membrane through paloyiation (Cys3 and 5) and myistoylation
(Gly2). This double acylation provides docking signalto specifc membrane
structures calletlpid microdomainsThe unique domairs the least homologous
segmentithin SFK family. In case of Lck, there are cysteirssposition 20 and

23 which facilitate noncovalentbinding of Lck to is co-receptorCD4 or CD&
throughthe coordination ofzinc atom(Huse et al., 19985rc homology 3 (SH3)

and SH2 domains mediate the birglio other proteins via prolirgch sequences

or phosphotyrosine motifsespectively.They are also involved in intramolecular
interactions, where they participateregulation of kinase catalytic activitgH2
domain is connected kayshort amino acidinker regionto thekinase domain. The
kinase domainof Lck is highly conserved among otherotein kinases with
typical smaller Nterminal and bigger @erminal lobs, ATP binding sitein
between them catalytic loop and phosphotransfer motdround Ysine 273
(K273). Essential importance for regulation of Lck activity tiasactivation loop

in kinase domaimwith i a ¢ t i \tyeosine B9drésidue(Y394) andiii nhi bi t or yo
tyrosine 505 residue (Y505) within kinase C-terminal tail segment.The
phosphorylattn and dephosphorylation of these tyrosine residues influence the
conformation of Lck kinase and its catalytic activifijermiston et al., 2002)

(Fig. 4).
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Figure 4: Regulation of Lck activityLck activity is regulated by phosphorylatic
and dephosphorylation events. In inactive state, Lck is phosphorylated by Csk
at Gterminal regulatory tyrosine(Y505) which binds intramolecaltly into the
pocket of SH2 domai n resulting i n
inaccessible substrate binding site. The linker region between SH2 and |
domains further stabilizes this structuvia binding to SH3 domain. On contrar
dephoshorylation 0pY505 residue by CD45 phosphatase releasestiak @ i «
primed conformation.The full (optimal) Lck activity is achieved by tran
autophosphorylation of Y394 residue, resulting in repositibactivation loop within
the catalytic domain and enhancing Lck phosphotransferase activity. CD45 .
with PTPN22 and SHR phosphatase can also act as negative regulators
dephophorylating the activatory tyrosine 394. Double phosphorylated fornckot
(DPho Active) where both regulatory tyrosines are concurrently phosphory!
retaining Lck enzymatic activity was also detected.

Recently, elative levels of enzymatic activity of phosphorylated Lck, measuared
membrane reconstitution systemmder conditionamimicking T-cell activation
revealed tetfold differencebetweenclosed/inactive andpenedully active Lck
(Hui and Vale, 2014) Moreover, @zymatic activity of primed but non
phosphorylated.ck is considerablydecreased aftgphosphorylation of inhibitory
Y505 residug5-fold), butincreasd only mildly after transautgohosphorylation
of activatory Y394(2-fold). This suggestshat phosphorylation of Y394asa
protective role against kinase inactivation pfeosphorylatiorof Y505 ratherthan
beingimportantfor increasing Lck activityper se(Hui and Vale, 2014)To fully
interpret these findings in the context of TCR triggering we have tofully
understandhe complexity oimnechanismsegulatingLck activation.
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The main actorgontrolling phosphorylatiorstatusof these critical tyrosines are
C-terminal Src kinase (Csk) ar@D45 or, to leser extenf SHR2 andPTPN22
phosphatase. Cskis the only known kinase responsible fibre phosphorylation of
Y505 residue andplays a negative regulatory rolen Lck activation. The
dephosphorylation opY505, and thus opening of L¢kn T-cellsis driven by
CD45 phosphatasevhich thus counteracts Csk action and havingositive
regulatoryrole inLck regulation.Nevertheless, it was reported that CD45 can also
exhibit anegative regulatory function. Since Y394 residsigphosphorylatedyb
transautghosphorylation, the mechanismitsfdephaphorylation is less clealt
was shown thatnicreasingamounts of CD45n T-cells results indecreaing of
pY394 as well aspY505 levels(Zikherman et al., 2I0), suggestinga possible
negative regulatory feedbackwhich restrics the extent of Lck activationIn
addition one recent study showed that rates @Y394 and pY505
dephosphorylation by CD45 are simjlastrengthemg its dual role in Lck
regulation (Hui and Vale, 2014)The absence of eithefsk or CD45greaty
impact T-cell activation. Thymocytes fro Cskdeficient mice as well aa
specific inhibition of Csk leads to increased Lck activity and spontaneaed T
signalling without TCR engagemef(®chmedt et al., 1998; Tan et al., 2014)
Similarly, in CD45deficient T-cells the initiation of TCR signallingras blocked
and CD45deficient thymocytes faad to develop (McNeill et al., 2007;
Zikherman et al., 2010)

Besides CD4bthere isalso PTPN22phosphatasea memberof PEST family,
which plays a negative rolein TCR signalling and -Tell activation by
dephosphorylatingpY394 residuein Lck and other related substrategCloutier
and Veillette, 1999; Hasegawa et al., 2004)

It is obvious thathe equilibrium betweenCsk and CD4%nzymatic activitiess
crucial for T-cell function and must be tightly regulatetheir abundance and
distribution withina plasmamembrane is criticalor determiration of threshold
for activation andnactivationof Lck and other SFKs

CD45 phophatse is a very abundantransmembrane protein T-cells and its
localization into distinct plasma membrane structures varies duringell
activation.Several modelslescribingdetailsof these processesll be discussed
later inthec hapMedeliis of T C Qpposite o D45 rCsknigy 0 .
cytosolic protein andnh orderto deliver its functiont hasto beactivelyrecruited

to the plasma membrané into the vicinity of its substratethe Lck kinase.
Members of transmembrane adaptor proteins family (TRAPS) are responsible for
Csk docking This mostly concernsthe phosphoproteinassociated with
glycosphingolipidenriched microdomain®AG (Brdicka et al., 2000; Kawmichi

et al., 2000) This adaptoretains gpalmitoyl anchomwhich targetPAG into the
samespecific membraneompartmentsas Lck. The association of PAG and Csk
is thenregulated byphosphorylation of tyrosine reiie in PAG by Fyn kinase
resulting in its binding to Csk via SH2 domain (Filby et al.,, 2007)
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Dephosphorylation of this tyrosine up@ncell activation thercauss the release
anddislocationof Csk away from Lck,leading toincrease of Lck activityThis

was confirmed in in vitro studies where acute inhibition or disagion of Csk
away from membrane resett in enhancd T-cell activation and CDB3
phosphorylation(Hui and Vale, 2014; Schoenborn et al., 20INgvertheless
PAG deletion in mice does nbaveany significant effecon T-cell activationas

one wouldexpect suggesting existence of compensatory mechanisms. Besides
PAG, there were recently describadher Cskinteracting TRAPsi DOK1/2,

LIME or LAT (Brdickova et al., 2003; Sckaborn et al., 2011yvhich could
substitutefor PAG action.

Fyn is anotheimportantkinasein T-cell signallingbelonging to SFK family.
Originally it was thought that there & redundancy between Lck and Fym
T-cells neverthelesst was later showrthat their roles are distinct anchore
specific(Filipp and Julius, 2004Fyn is not a tissue specifiinaseas Lck and is
expressed imanydifferentcell types It has been demonstrated tlaativationof
Fyn and Lck in proximal TFcell signalling is sequentiaghandit is temporarily and
spatiallyuncoupledi Lck first then Fyn(Filipp et al., 2003)Moreover besides
above mentioned involvement in regulation of Csk kenakyn wasalso
implicated inthe regulation of integria and cytoskeleton networ{Griffiths and
Penninger, 2002Distinct sets ofinteraction partnersf both Lck and Fyn wre
identified supporting their essential and independent role -aellTsignalling
network(Palacios and Weiss, 2004)

TCRTRIGGERING MODULE

The keyeventin the initiation of Fcell activation isheengagement ofCR/CD3
complexby a cognateantigen This complexis responsible for transmission of
signal todownstream effector§-ig. 2 midde part) It is composedf TCRa and
TCRb chains(or TCRyand TCRI chains on specific -Eell population whictare
not part of this study)together with CD3g eand CD3 édeterodimersand
CD3z homodimer Specificity of antigen recognition is given BRa and TCh
chainswhich form heterodmer andcontaina combination ofvariable regions
positioned by a process a&fomatic V(D)J rearrangement during thymocytes
development.There are tenmimunoreceptor tyrosinkased activation motifs
(ITAMSs) in cytosolic parts of CD3which together witizAP-70 protein tyrosine
kinase formthe core of TCR triggering moduléTAMs could be phosphorylated
and detection of this phosphorylation is considerethasvery first biochemical
event ofproximal T-cell activation.Besides ITAMs an@AP-70, other auxilary
molecules are taking part in early TCR signallispecfically, CD8 and CD4
co-receptors which can binda their extracellulardomainsto MHCI and MHCII,
respectively,and consequenthjuxtaposedintracellularly associated Lck to the
vicinity of ITAMs. Close proximity of Lck and ITAMs results in the
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phosphorylation of the latter and trigger the signalling pathways whitlngiate
the activation of Icell.

Phosphorylated ITAMs serve as docking sitesSH2 domain®f ZAP-70kinase
CD3z i associatedAP-70is then phosphorylatdaly Lck andis furtheractivated.
All these event®ccur within afew secondsand are crucial for development of
downstreanresponseg It is of notethatthis is very simplifiedfitext-bookod view
on the initiationof the proximal TCR signallingMore detail accountdw Lck is
activated and an assessmesftseveralproposednodels will be discussed later in
thechaptefi Model s of TCR triggeringo

SIGNAL DIVERSIFICATIO N AND REGULATION MODULE

The signal emerging dm TCRPMHC recognitionis transduced vid§CR/CD3
complex resuling in the recruitment andactivation of ZAP-70. The main
downstreamtarget of activatedAP-70 is the Linker for activation of T-cells
(LAT). Activated ZAP-70 phosphorylates LAT at severaintracellularly
positionedtyrosineresidues andhusforming a signallinghub for branching and
diversification of TCR transduction pathway AT is a scaffold transmembrane
protein anchored to membrane microdomains via palntiign. When
phosphorylatedit recruits various molecules including’LCg, Grb2 PI3K or
GADS. PLQ pathway cleave membrane PIP2 into IP3 and DAG, second
messengerplayingarole in calcium release and activation of NFAT anckRF
transcription factors. Together with AP transcription factqr activated by
Grb2Ras/RafErk pathwayregulates the proliferation of TFcells throughlL-2
gene expressiomdditional branchstemming fromLAT signallingleads through
adaptor protein GADS to another scaffold protein SBRvhich links signalling
elementsresponsible foractin rearrangment or integrin insideut responsg
Recruitment of PI3K kinase to LATlso activates Aktsignalling pathway
important for upregulation of survival afgpoptotic factorsTaken togetheTCR
triggering generatessignak that activate an array of pathwa leading to
comprehensiveand robust changes in gene expression, proliferation and
differentiation of Fcells.

NEGATIVE AND POSITIVE REGULATORS

TCR signallingin all its phasegmploysits own intrinsic regulairy mechanisms
andvarious feedbacloops important formaintainng T-cell homeostasig?ositive
feedbackloops influence mainly sensitivity and speed of sigriglnsmission
within the cell whereaghe negativeonescontrol the initiation and amplification

of signal transduction Togethey these mehanismscontribute to séinhg up a
signaling thresholdfor afull T-cell activation(Acuto et al., P08) PAG-Csk axis

can serve as an example of the negative feedback regulatory mechanism
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controlling Lck/Fyn activity in very early stages of activatiorSimilarly, a

negative rolealso exert SHR-1 or SHR2 phosphatasesyhich are recruitediia

immunorecptor tyrosinebased inhibitionmotifs to the vicinity of important
signallingcomplexes(e.g. TCR/CD3 complexZAP-70, LAT) and contribute to
their dephosphoryladn and thus inactivatiofLorenz, 2009)

The ation of co-stimulatoryor coinhibitory molecules from B#eceptorfamily

is important manly in later stages of -Tell activation.Two typical membersare
CD28 and CTLA4. Whereas CD28s expressedn naive Fcells and has a
positive effect CTLA-4 is upregulatedin activated lymphocytes and has
negative role(Sansom, 2000)CD28 binds ligand<CD80/LCD86 presented on
activatedAPCs which provide the second signedsuling in the activation of
transcription fact@® and production ofcytokines needed for Icell activation
CTLA-4 ats inthe opposite way. In activated-@ells is upregulated and then
competes with CD28 for its ligands. After binding it recri8tdPR-2 phesphatase
which attenuate$CR signalling pathways.

Many other proteingreviewea in detail in Acuto et. al200§ are involved in
regulation of Fcells.They include but are not limited @OK, HPK1, STS or Cbhl
(the E3 ubiquitine ligaseesponsible for degradation of some PYkKs mention
just a few of them

M EMBRANE MICRODOMAINS

At early 197006s peopasagtkeri f And dNmobBal somodel 0
membrane, which characterized membrane dynamicliquid structure where

membrane components cdreely move in lateral dimensien(Singer and

Nicolson, 1972)

Lipid (micro)domains conceptvas initially formulated based oexperimental
observéions of membrane heterogeneitiehe construction of réficial lipid
bilayers containing higlmmounts ofsphingolipids ad cholesterol exhibéd lipid
phase separatiointo liquid ordered Io) and liquid disorderedd) phasesin Id
phaselipids aredistributedrandomlyand display high lipid motilityln contrest,
lo phases characterizé by lower lateral lipid motilityand increasef membrane
thicknessdue to tight packing of saturated acyl chains of sphingolipids and
cholesterolintercalation (Brown and London, 2000)The solubilisation and
extraction of cell membranes with specific mild Aonic detergent®.g. Triton
X-100, NR40 or Brifseries revead that somemembane components are
solubilisationresistant This insoluble material was enriched wgphingolipids,
cholesterol and GPAnchored proteinghusindicating similarities withlo phase
composition.It was concludé that lipid phase separation also occursceil
membranes and these insoluble fractions wtrened detergent resistant
membranes (DRMgBrown and Rose, 1992)
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The biological importancef DRMs in vivo was formulatedoy Kai Simons in
1997asfir af t h .ylppagsurhes that slyarac clustering of sphigolipids

with long saturatedacyl chains cholesterol and certain proteinan formsome

kind of structurallyrigid andbiologically activesignallingplatforms(Simons and

Ikonen, 1997) These pl at f or mgLR)owark ldesaibedidsi pi d
relatively small various in sig (10-200 nm), highly mobile structuresfloating

within plasma membrane. Thegn merge into largestabilizeddomains and thus
facilitate the organied movement and aggregation tafgetedproteins within

specific siteduring membrane trafficking and sigrtransductior{Pike, 2006)

This definition of LR andtheir predictedsignificancecause renewed interest in
plasma membranand initiatedintenseinvestigation of these structuresdistinct
signal transduction pathways, especiallylheells. Discovery that several crucial
T-cell signalling proteins including adaptor mteins LAT, PAG or kinases Lck
and Fyn, residewith LR, fit into the concept ofLR-mediatedspatial distribution
and compartmentalization dhese proteins duringT-cdl activation andthis
phenomenorhas beerextensively discusse(Dykstra et al., 2003; Horejsi and
Hrdinka, 2014; Klammt and Lillemeier, 2012; Manes and Viola, 2006)

Nevertheless,several doubts and concerrabaut the existence of LRin
physiological conditionswere communicated in the literaturéMunro, 2003;
Sevcsik and Schutz, 2016; Shaw, 20@RMs extraction wasriginally used in
all experimentsas the only methotbr LR isolationbecause it was thought that
formation of domainsreflects lipidprotein associations in living cells.
Unfortunately it has been reportedhat this detergeneemploying biochemical
approach introduesesevereartefacts For this reason it s argued thahe native
rafts and DRMs should not begualizedbecausethe outcomefrom detergent
extraction highly depend cetype and concentration of detergargedas well as
on temperature or duration @&olubilisation(Lichtenberg et al., 20050n the
other handthedetergeninducedmembrane segregatiaue tolocal biophysical
propertiesandcompositionis likely not accidentasinceit is reproducibleandcan
mirror some biological propertes Thus, &en today DRMs extraction still
provides an invaluable and important tool for membrane siesl However,
cautionwith interpretationof suchresultsin biological systenmust be exercised
andresultsshould becomplemented ansupported by otr independennethods

Nowadays, membrane biologistincline to a model of local membrane
microheterogeneities or nanodomains, wharie unfortunatelyvery small and
very dynamic¢ thus their study in native membranes is limited dyrent
technologiesHowever somedataindicatesthatthese nanodomainis response to
some stimuli, are ableto cluster and stabilize into larger domains, e.g.
microclustersor protein islands (Fig. 5) through protgrotein, proteidipid or
lipid-lipid interaction Undersuch conditionstheir dynamicsan be visualized by
advance microscopy technigtillemeier et al., 2010; Owen et al.,, 2012;
Yokosuka et al., 2008)
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‘Lipid Raft Model’ ‘Protein Island Model’
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Figure 5: Lipid raft vs Protein island model.Lipid raft model is based ot
observations that part of membrane proteinddsalized into membrane domair
termed LR whereas others are randomly distributed and can move freel
localization is determined by specific protdipid interactions which in st cases
requires a postranslational protein modification (palmitoyian, GPFanchors). The
size and also lif¢ime of LR can vary. In contrast, the protein islands model postul
that all membrane proteins are segregated into domains according their functiol
nature. LR are then a subpopulation of protein islafistein islands are connecte
to actin cytoskeleton which is responsible for their segregation. Proteinafieses
then separate distinct protein islanfltom each other. Adapted from Klammt al
Lillemeier, 2012

On a whole while the structure and dynamics membrane dmainsis still not
fully resolvedand their biological function appreciatetie existence of rafike
native membrane structuresms confirmed byseveral distinclidvance imaging
microscopy techniques enablitite visualization ofip toa single molecule ligds
andor proteinlevel in native cell membranegEggeling et al., 2009; Gaus et al.,
2006; Owen et al., 2012Moreover the functionalimpact of mutated poteins
which weretargetedo these structuresasalsoreported(Otahal et al., 2011 o
better understand their biological properties in physiological condjtions
development of newadvanced and more sensitieehniquess required

In generalthe potential role dipid microdomains was implied in various cellular
processes. For example in membrane traffickimgere microdomain clustering
leads tothe formation of carries which transport lipids and proteins in a different
way than classic coahediated transport€Klemm et al., 2009)Theywere also
shownto participatein processes associated with virus buddi{idéaheed and
Freed, 2009) Nevertheless, microdomains are the most studied -icellT
signalling. Overview, discussion and some elementary data athait role,
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function, dynamicsand distinct types in T-cells are described in detail imext

chaptes and in review paper i L ¢ k , me mbr ane mi cr odomai
triggering machinery: Def i whicmiggaparhoé new r
thisthesis(Filipp et al., 2012)

CYTOSKELETON IN T-CELL ACTIVATION

T-cell activation is highly associated witlytoskeletordependent processésem
cellular polarization, integrindependent cell adhesiorformation of IS to
sequestration of important signalling molecu(Bdladeau et al., 2007; Comrie
and Burkhardt, 2016)Cytoskeleton is formed fronthree majorcytoskeletal
componentsi actin micrdfilaments, microtubules and intermediate filaments.
Whereas actinmicrdfilaments arelargely responsible for cell morphology and
plasticity, microtubular network orchestratéise T-cell cargo transport and
polarized secretion of effector moleculdatermediatefilaments thenprovide
some structural supportive functien As mentionedin the previouschaper,
cytoskeletal network haan essential role irshapingof T-cell/APC contactlt is
mainly rapid polymerization and depolymerization of filamentous actiac(m)
after TCR engagememthat promotesdynamicT-cell polarizationi formation of

IS at T-cell/APC interfaceand distal pole complex (DPC) at the opposite site of
cell. This leads tothe establishmentof SMACs and related sequestration of
signalling molecules into their interaction site¥he process of dactin
polymerization is driven by TCR engagement dod/nstream signalling pathway
leading through LcZAP-70-LAT-SLP-76-Vavl cascade. Vdv is guanine
nucleotideexchange factawhich activates small Rh@TPases CDC42 and Racl.
They are responsible fahe recruitment and regulation of ARP2/3 complex
important for nucleation and polymerization e&€tin(Kumari et al., 2014)

There are several currently known functional linkamplicating actin
microfilamentsin T-cell activation. It was demonstrated that several negative
regulators of Tcell activaton including CD43, CD148, SHP, EBP50, are during

IS formation sequestered at theposite site of cell into DPC(Burkhardt et al.,
2008) Here the CD43 transmembrane protein and EBP50 adaptor protein, which
interacts with SFKs negative regulator PABdickova et al., 2001¢an associate
with actin linker ezrin. Ezrin was shown to shuttle between DPC and IS during
T-cell activation suggesting its le asanactindependent cargo carrier anecéll
regulator(Shaffer et al., 2009)ast, but not least, is the connection of integrins to
F-actin network. Recently, it was shown that actin network generates a
mechanical force leading to affinity maturation and clustering of LEE#f IS thus
supporting Fcell/APC adhesioiComrie et al., 2015)

Microtubulesaremainly implied in reorientation of MTOC towards IS. When the
T-cell polarization is accomplishedesicles containing various lymphokines are
delivered alongthe microtubulesinto 1S. Moreover, dyneini the minus end
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directed microtubule motor was shown to bwolved in TCR microcluster
movement from peripheral to deal SMAC (HashimoteTane et al., 2011}thus
providing evidence of active micrdiules involvement in lymphocyte signalling.

The role of cytoskeleton in dynamiesid subcellular distributioof membrane
associated proteins and various membrane structures, including lipid
microdomains is not fully understdoyet. Several data suggesthe involvement

of F-actin through interaction of actin binding proteins with microdortaigeted
proteins. One such exampleF-actin crosdinking protein filamin A (FLMNa),
was shown to associate with CD28 -stonulatory molecule. Upon TCR
engagemenfFLMNa is in CD28 depending manner recruited to 1S, inducing
cytoskeleton rearrangements and lipid microdomains accumulation(iral@no

et al., 2006) Disruption of cytoskeleton components plgarmacological ages
also exhibis a profound effect orthe function of lipid microdomairassociated
proteins(Chichili et al., 2012)

Taken togetherboth actin cytoskeleton and microtubuleme essential for
successful Icell activationi from shaping of immunolagal synapse to -Eell
signalling regulatiofComrie and Burkhardt, 2016; Lasserre and Alcover, 2010)

MODELS OF TCR TRIGGERING

Sincethe discovery of TFcell receptoran enormouseffort has beerput into to
find out the precise molecular mechanism leading to fulfell activation.
Nevertheless, the very eafbjochemicalevents which trigger thiprocesshave
not been elucidatedith consengal satisfactionThe answer on question what is
the signal which precedand is needed for-dell activation and how this signal is
generated andegulated,remains to beesolved In the course of timeseveral
ATCR tr i gg e whichgare omlesd explain scientific findings, were
postulated. In next few paragraphwill highlight the nost importantfeatures of
these models.
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AGGREGATION MODEL
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Figure 6: The aggregation modelin restingCD4" T-cells, TCR/CD3 complex an
CD4 coreceptor with inactive Lck are physically segregated. Upon 1
engagement, they aggregate together (1), Lck is activated and phosphorylates
motif in CD3 chains (2), ZARO0 is recruited to ITAMs (3) and activatéy Lck (4).
Active ZAR70 phosphorylates LAT (5), thus initiating downstream signal
pathway.

The original,andfor its simplicitystill wi del y acbepkeéd midbtdekt i s
faggr egat ltsomechanistid eidwbactionis based oihe redistribution
andrecuitmentof Lck kinase to the proximity of TCR/CD3 complex. The Lck is
noncovalently mund to the intracellular part of CD4 or CD8 eeceptor
depending on ell subtype(Veillette et al., 1988)Sincethese coreceptors can
bind via their extracellular part @MHC complex upon TCR engagementiCR
and CD4/CD8L.ck complexescan aggregate togethdbDelon et al., 1998;
Trautmann and Randriamampita, 2Q0B)ustering & Lck in these complexes
leads to its activatiorActive Lck is thenrecruitedto the vicinity of TCR where
initiates the TCR signalling pathway by phosphorylation of activatory ITAM
motif in CD3 chaing(Fig. 6). Unfortunately, this model @&s not explainsome
important findings The najor one is concerning how Lck kinase activity is
regulate@ How and what mechanismitiate Lck transautophosphorylatioron
Y394? Does membrane microenvironmepialy any rolein this eventand/oris

the TCRinduced rdistribution of Lck and other membrane signalling
componentsaccompanying this procesd£oud it be possiblethat Lck is in a
constitutively activag stateor it is rathera question ofts molecubr conformation

or submembrane distributich These andther reléed questionsre addressed in
analternative models of TCR triggering.
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KINETIC -SEGREGATION MODEL
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Figure 7: Kinetic-segregation model of TCR triggeringn resting CD4 T-cells

phosphorylation of TCR/CD3 complex is maintained by CIOAH ccereceptor with
inactive Lck are spatially separated. Upon TCR engagement, due to size exc
CD45 is redistributed away from TCR/CD3 (1), activated Lck phosphorylates |
motif in CD3 chains (2), ZAF0 is recruited to ITAMs (3) and activategl bck (4).

Active ZAR70 phosphorylates LAT (5), thus initiating downstream signal
pathway.

Nowadays one of the most discussed and accepted models of TCR triggering is
A ki Rseetgirce gat i o-8 madd)etdndovan (d&& Merwe et al., 2000;
Davis and van der Merwe, 2006)his model came from the observation of
membrane signalling molecules redistribution duringell antigen recogtion

and formation of the ISThat is in contrast to aggregation nebavhich is based
mostly on biochemical data). It was shown that in the IS cell surface molecules
segregate into distinct SMAGMonks et al., 1997)This separation is caused by
passive (physical forces) or active mechanisms (e.g. cytoskeleton). Among
passive processes we can includee-diependent segregatiaand exclusionof
somemoleculedrom an IS. Moleculesdiffer in the size of their extracellular parts
and thus logically upon the IS formation between APC andcdll, ther
membranes are in @dose apposition with only a very naw gap between them.
Hence molecules with larger extracellular pagee pushed away to the edge of
such contacarea Efficient T-cell activation is based on TGRVIHC interaction

and because extracellular parts of TCR/MHC are much smaller then
LFA-1/ICAM-1, CD43 or CD45, it is suggested that at the beginning-célIT
activation several close€ontact zones between APC anddll are formed. Inside
thesezones TCRs and other accessories molecules (e.g. CD4r8aaptor) with
similar size co-accumulateand can spatially communicate with each other.
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However, he large molecules such as CD43, CD45, CD148 or integrines are
strictly excluded to the edg# a contact area

As was mentioned previouslyequilibrium between phosphorylation and
dephosphorylationevents protects and keeps TCR signalling off. The key
regulator is CD45 phosphatageobably the mostbundantly expressquoteinat

the T-cell surface. This molecule is also responsibletlierdephosphorylation of
TCR/CD3 complex, thudampeningl CR spnalling. Spatial £gregation of CD45
molecules away from TCRsnudgesthe phosphorylation equilibriuntowards
tyrosine phosphorylation whighn turn, drives TCR triggering(Cordoba et al.,
2013) Thebasicprinciples of K-S modelareillustratedin Figure 7

The advantage of this model is that TCR triggering is dependeataltlife of
TCR-pMHC binding within closecontact zong That corresporsl with the
affinity of TCR to peptide presentedon MHCs. The strongethe affinity, the
longertime for sequentiagbhosphorylation o£D3 ITAMs and more of them get
phosphorylated leadg to more sustained progression of signallirend its
persistento later stages of -€ell activation and maturation of IS. On the other
hand, when affinity of antigen is lgvandthus TCRpMHC binding is weak, the
closecontact zone israpidly dissolved TCR is dephosphorylated by CD45
phosphatase and signalling is attenuated. To conclude, this model has two key
elementsi the molecular seggation andTCR-pMHC binding kinetics and
provides asimple mechanistic explanation how TCR triggering could be regulated
(Davis and van der Merwe, 2006)

STAND-BY MODEL

However, the KS model does noprovide any explanation concerning the
regulationof Lck activity at the very beginning of IS formation. Is Lck already
active or what caussits initial activation (in sense of phosphorylation the
activaory Y394 tyrosine)?Conventional views suggest that pMHC binding
activates Lck, howevesomeexperimental evidencsuggest the oppositén the
work of Nika et al., levels of pY39# in naive as well as in activatedcElls
were analged and quantifiedNika et al., 201Q) It was shown that more than
40% of total Lck in human naive-@ells is phosphorylated at Y394 and these
levels does not change uporcé@ll activation. This is quite surprising, because
previousmodels suggested that amplification of Lck activity is needed in order to
trigger TCR signallingFilipp et al., 2003; Holdorf et al., 2002; Philipsen et al.,
2017; Wang et al., 2011)Accordingto their findings,Nika et al postulatedthe

fiLck standby model 0 of TCR triggemnatrelyely Thi s
high level ofconstitutively active Lckpresent in naive -€ellsis in readyto-go
status and waiting for a stimud (e.g. pMHC binding). TCR engagentetian
results inthe redistribution of already kinase active Lck to the vicinity andry
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fast phosphorylation of ITAM motifs in TCR/CD3 complekus triggering the
signalling pathway.

However,standby modeldoes not solve the potential problem o ghresence of
such high amounts of active Lck which would results in harmful spontaneous
activation of Fcells. Thus, he authors suggested that the TCR must be somehow
shielded from Lcki e.g. by conformational changes in TCR or by distinct
distribution d membrane signalling components.eséasuggestions ammoreover

in agreement with models concerning conformational cheimgd CRs asthe
mainregulatoy mechanisnof TCR signalling.

CONFORMATION CHANGE M ODEL

One such model provides biophysical data shgwhat intracellular domains of
CD3s which are positively chargetih naive Fcells canbind to the inner leaflet

of plasma membranehus making ITAMs inaccessible to Lck phosphorylation
(Xu et al., 2008) WhenT-cells are activated, thee portions of CD3 chains are
released fromthe membrane, Lck phosphorylates ITAMs a TCR signalling
pathwaycan betriggered. Neverthelessyhile the precise mechanism of CD3
chaindislodgng is notcurrentlyknown,some kind otransmission of mechanical
force afterligand binding or change in locéipid microenvironment after TCR
engagement could benvisioned There aresomedata supporting this model.
Previously it has beeralready shown that cytoplasmic domain of @@an bind
phospholipids and this interaction prevents phosphorylation of ITAMs inzCD3
by Lck (Aivazian am Stern, 2000)Moreover, the role of conformatiahchangs

in CD3 structure upon pMHC binding was also reported, revealing proline rich
sequences whiclin turn, allowed binding of Nck adaptor protein to CO&il et

al., 2002; Minguet et al., 200Apf coursethere are more @xmplesbut also there

are concerns about the artificiality of this model too and further experimentation is
neededFernandes et al., 2010; van der Merwe et al., 2012; Zhang et al., 2011)

28



L IPID -BASED SEGREGATION MODEL
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Figure 8: Lipid-based segregation modeln resting CD4 T-cells, TCR/CD3
complex and CD4 ecoeceptor with inactive Lck and LAT are segrgd by distinct
lipid microenvironment. Upon TCR engagement, they aggregate together int
lipid-based platform (1), Lck is activated and redistributed to lipid microdome
phosphorylates ITAM motif in CD3 chains (2), ZA®is recruited to ITAMs (Jnd
activated by Lck (4). Active ZAFO phosphorylates microdomaassociated LAT (5).
thus initiating downstream signalling pathway.

This model proposes thata@ther level ofegulationto TCR triggerings provided

by lipid-dependent spatial distribution of signalling proteins witthia plasma

membrane. The details aggtensivelyd i scussed and r dekj ewed I
memloane microdomains, and TCR triggering machinery: Defining the new rules

of engagemefit, whi ch i s athus bwillttouch dnly tipon tskeys t udy ,
points. Sincdhe discovery of lipid microdomains or LR lot of effort was made

to characteriz¢hedistributiono f | mport ant TCR sighnalling
rafto or 8 priar fabhdoaftefTicedl adtiviatoom(Dykstra et al., 2003,

Horejsi and Hrdinka, 2014; Ventimiglia and Alonso, 2018gcordingto these

data severalmodels ofmembranemicrodomain involvemenin TCR triggering
wereproposedFig. 8).

The original LR theory implicated in TCR signalling suggestl that in resting
T-cell the important membrane signalling molecules like SFK kindseR/CD3
complex or adaptor proteins are segregated from each mthartue of forming
small clusters or lipid islets protecting their spontaneous activation. Upon TCR
engagementhese clusters merge intarger signalling platformsallowing their
interagionsand thus initiate the signalling pathwgydlemeier et al., 2010)

Particular examplés the model of Lckdependent Fyn activatioffilipp et al.,
2004; Filipp et al 2003) It was shown that these two SFK kinases are in naive T

29



cells associated with distinct membrane compartments. Whereas Fyn is

constitutively localized to LR fraction, Lckesides in notLR fractions.Upon

TCR engagement Lck -mafdticgttrobéwkeefef 6 oihr @&cbno
triggers Fyn activation andsubsequentlyTCR signalling. The exact mechanism

responsible for the Lck translocationas not beennot resolved so fa

nevertheless, the functionalt€minal part of Lck is the prerequisifer such

mode of action(Filipp et al., 2008) This model illustrateshat Lck can act as a

mobile elemenand thatspatialtemporal regulation via lipid microdomains could
beanimportantearly stepn TCR triggeing.

Along with all these experimentatignseveral doubts and concerns abths
existence ofLR were raised, pointing aihe fact that biophysical properties
obtained by detergemhediatedcell lysis should not be equalevith the native

LR and that esultsshould beinterpretedwith caution (Jacobson et al., 2007;
Munro, 2003; Sevcsik and Schutz, 2016; Shaw, 2006yvadayswith improving
technical resourcesnembrane heterogeneitiese clasified as proteinislands
nanodomains or nanoclusters and could be visualized in loahg(Lillemeier et

al., 2010; Owen et al., 2012t has beershown thatthese membrane structures
are very shortived, dynamic and mightébas small as leskan20 nm (Eggeling

et al., 2009) In addition, these new techniques are allowing to examine their
properties andbehaviour during early stages of -@ell signaling in better
resolution arising both new conclusions and questio(isapoorKaushik et al.,
2016; Pageon et al., 2016; Rossy et al., 201Ba) example the work of Rossy et
al. who studied the conformatiordriven Lck clustering proposd a mods,
wherdoy in naive TFcells, Lck localizes in nanodomains which upon TCR
engagement recruit more Lck molecules. This process is independent of Lck
association with protein network or even with lipid microdomaifise authors
concluded that the majér | d czaaltdetermimanis anopen Lck conformation
(i.e. kinaseactivestatg. This conformationnduces self-association and clustering
of Lck, whereasthe closedone prevents it. Moreover, CD45 phosphatase was
excluded from clusters containing Lck and T.GRus supportingbias towards
TCR phosphorylation. In conclusion, this model introduaefresh lookat the
mechanism how could TCR signallifg regulated by conformational states of
Lck and its clustering in membrane. Nevertheléssvthis clusteringmechanism

is regulated and it contributesto early TCR triggering or later responses have to
be further investigated.

OTHER MODELS OF TCR TRIGGERING

There areadditionalmodelsof how TCR signalling is triggere@Chakraborty and
Weiss, 2014; Malissen et al., 2014; van der Merwe and Dushek,.28mbng
them it is worth to mentioa model concerninghe phosphorylation of ZAF0
kinase by Lck ashe key triggeringregulatory elemen{Chakraborty and Weiss,
2014; Thill et al., 2016)This model assumes that Lck isampermanent dynamic
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regulation of its activity by phosphorylation and dephosphorylation events. Thus
there is always some basal level of Lck activity. This dymarstate is not
sufficient to enhance Lck activitper se but it is sufficient to phosphorylate
ITAM motifs when transient and weak interaction between TCR and pMHC
occurs. In this circumstancedAP-70 could bind to ITAMs but is not activated.
Other sitation arise when the TCR is engaged vatktronger pMHCand this
interaction is assisted with engagemenCa&i4/8 co-receptorsbound Lck They
provide some extra time for Lck action, thus Lck can phosphorylate ZA&nd
activate it. Phosphorylated ZAFO then in turn bind Lck and stabilie its active
conformation what help Lck to overcome negativeegulatory mechanisms
imposed by CD45ZAP-70 then triggers downstream signalling pathways.

L CK SIGNALLING NETWOR K

In connection to our previous results mtiéying activatiorinduced Lck
membrane redistribution machingilipp et al., 2008; Filipp et al., 2003)ne of
the objective of our research presented in this study was to findtloeitbest
candidate proteinwhich could participatein Lck membrane redistribution
mechanism. We looked for candidates among previously described mokbatles
have following attributes(i) regulation of intracellular translocation of kinases,
(i) ability to interact with SFKs andhodulate their kinase activity; (iii) capacity
to associate with elemes of the cytoskeletal netwodnd (iv) capacity to intect
with multiple partners. As théest option we decided to consider for further
investigation adaptor protein Receptor fotiated C kinase 1 (RACK1) which
fulfilled all thesecriteria. This protein and hiselectednteraction partners which
we identified infollow up experiments seem to be involved in this redistribution
process and will be shorthguiewedbelow.

RACK1

RACK1 (Receptor for activated €inase)is a 36kDa adaptor protein which is
highly conserved among all eukaryotes from yeast, through plants to mammals
and is abundantly expressed in almost all cell types. It belorg&taily of so
called RACKsi proteins which are able to interact with activated protein
kinases C (PKCJMochly-Rosn et al., 1991)RACK1 was originally described
as PK®II 1 interacting protein, which exhilsitmore than 47% homology with
beta subunit of trimeric gproteins(Ron et al., 1994)Up today more than 150
other interaction partners have been desdribéBioGRID database;
thebiogrid.org implicating and connecting RACKI1to various signalling
pathways and processes. Its structure consist of seven WD40 rgpesatst al.,
1994)organizedinto severblade propeller structure (Fig) @Coyle et al., 2009;
Ruiz Carrillo et al., 2012)RACK1 has no catalytic activityer se arguing forits
dedication to act asstaffoldprotein
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Figure 9: Crystal structure of RACK1Top (A) and side (B) view at RACK
structure illustrates sevebladed b-propeller protein architecture. Each blad
corresponds to WD40 domain and consist of thbesheets and twa-loops.
Adopted from Coyle et al., 2009.

Present view at this protein suggests that there are at least two pools of RACK1 in
the cell (Gibson, 2012; Ron et al., 2013First cytoplasmicone, which
orchestrates various signalling evenémd the second ribosomal pool, which
associates with small ribosomal 40S sub(Nitsson et al., 2004; Sengupta et al.,
2004) Thus besidesacting asa signalling hub it also behaves aa ribosomal
structuralprotein essential for efficient translation fraime initiation to quality
control of nascent polypeptid@suroha et al., 2010; Sharma et al., 2013)

The RACK1O0 s is turthertumderland by its dobseof functiormutations

In mammals, embryonic stem cells widltomplete knockout of RACK1 gene are
not viable same appliegd mouse homozygotes expressing RACK1 hypomorphic
alleles which are lethal during embryonic depenent(Volta et al., 2013)These
data confirm the importance of this protein.

RACKL1 1 our premier candidate

Since original discovery of RACKPKC interactiona dozen of other RACKL
binding partners were idefied and annotatedGandin et al., 2013; McCahill et
al., 2002) They play a role in cell growth, tumorigenesis, apoptosis, survival,
migration, translation and many other biological proce¢ddams et al., 2011;
Gandin et al., 2013)In context of this studyonly some of them will be
highlighted.

RACK1 was chosen as the most suitable candidate protein in our study because
matched several criteria. One of such conditwas interaction with SFK family
kinases. RACK1 was indeed shown to associate with Src as well as with Lck and
Fyn inin vitro translation assa§Chang et al., 1998Moreover, structuréunction
analyses revealethat this interaction is mediated by binding of phosphotyrosines

in sixth WD40 domain of RACK1 with SH2 domain of S&hang et al., 2001)
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Distinct biological role of RACK1 on Src function was repdrtsuggesting that
RACK1 exhibits acell specific effect. It was shown that RACK1 acts aas
inhibitor of Scc activity, cell grown and tumorigenes(€hang et al., 1998;
Mamidipudi et al., 2004)Similarly, RACK1 was identified as pro-apoptotic
regulatoracting viasuppressig Src activity(Mamidipudi and Cartwright, 2009)
or by activation of stresmduced MAPK signallingArimoto et al., 2008)Role
of RACK1 in regulation of Src activity is oftestuded in the context of cancer
(Li and Xie, 2015)

Our other assumption was that our candidate should participtiteintracellular
protein transport. In this context RACK1 was shown to interact withti?Kahd

in activationdependant mannethis complexredistributes from cytoplasm to
plasma membran@on et al., 1999)Another example is provided by association
of RACK1 with 143-3 scaffold protein in response to activation of CAMP/PKA
signalling pathway which is necessary for shuttling of RACK1 to the nucleus,
whereit activates transcriptiofNeasta et al., 2012)

RACK1 dso fulfilled the condition concerning itsassociation with elements of
cytoskeleton. It was shown that RACK1 is important regulator of cell adhesion
and migration(Cox et al., 2003)especially inthe process of foal adhesion
assembly. Direct interaction of RACK1 withrintegrins, focal adhesion kinase
and cytoskeleton linker paxillin and talin was reporBdan and Huttenlocher,
2007; Serrels et al.,, 2010jnaking RACK1 the main integrating and core
component of thisnultiprotein assembly. Moreover, all these interactors provide
direct links to cytoskeletonassemblyand thus regulate their reorgzation.
RACK1 was also identified as plectin interactor. Plectin is another cytoskeleton
linker dynamically associating with all nuaij cytoskeleton componengSvitkina

et al.,, 1996) It also serves as a scaffold for various signalling proteins and
components of cell adhesion machinery. In this contgtéctinRACK1
interaction was shown to benportant in recruiting of PK@ to the site of its
action(OsmanagieMyers and Wiche, 2004RACK1 is also suggested to localize

to plasma membrane through association with preteiontaining plextrin
homology domains. These proteins including cytoskeletal binding protieins
spectrin or dynamii are PK® substrategMyklebust et al., 2015; Rodriguez et
al., 1999) Actin i spectrin meshwork then servesadocking site for various
cellular components, thissipportingherole of RACK1 in signal networking.

Takentogetherthese and other RACKL1 properties makes from this protein very
interesting and promising component of numerous cellular procédtssaisility to
interact with somany proteins including cytoskeletal components proesl
evidence for its essential roletime physiology of relevardells.

33



THESIS AIMS

The general aim of thistudy was to investigate and characterize the role of
compartmentalization anedistributionof plasma membranassociated proteins
in T-cellswithin early stages of -Eell activation Particular aims werasfollows:

1. Characterize the spati@mporal organization of critical sigthialg
moleculesbefore and after TCR engagemayvithin the context of lipid
microdomainsgwith focus on Lck kinase

2. Investigate the role of practivated Lck in the initiation of -Tell
signalling.

3. Elucidate themolecular mechanism of Lck redistribution process within
plasma membrane uponcEll activation.

4. Based on our new data provide an updated versioRGR triggering
models
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A SPECIFIC TYPE OF MEMBRANE MICRODOMAINS | S
INVOLVED IN THE MAIN TENANCE AND TRANSLOCATION OF
KINASE ACTIVE LCK TO LIPID RAFTS .

The membrane mrodomains or lipid rafts were suggested as important dynamic
platformsfor controlling redistribution of signalling proteins in plasma membrane
(Simons and lkonen, 1997Their role in Fcell signalling wa implicated as a
regulators of spatigkemporal orgamation of critical Fcell signalling proteins
(Dykstra et al., 2003)Even though their existence is challenged dupossible
artificiality arising from their biochemical isolation by n@mic detergentsthey

still provide an invaluabléiochemical tool for the assessment of meanber
distribution of the protein of interesteRentlyit has beershown that thereareat
least two kindof lipid raftsi more accurately DRMg|learlydistinguishabldy a
different density angrotein to lipid ratio/Otahal et al., 201Q)

Here, n this study walescribedhe spatiatemporal distribution of critical -Eell
signalling proteinsLck kinasein particular in the context othese DRMs which
we called AhelRMy dheanidh éad vagpaharckRiigd as
high molecular weight (HMW) complexes wikiigher density antbwer lipid-to-
protein ratiocomparetdil i ght 06 DRMs .

We shoved that only Lck from HMW fractions redistributeafter TCR

engagemenin microtubules dependent fashjonn t o A | i thuspadiallyD R Ms
characterizingthe mechanism of delivery of Lck function during proximatdll

signalling. In addition for the first time we identify that TCR/CD3 complex
together with active Lck and CD45 resides
T-cells tus forming the platform for maintaining their enzymatic activity. Taking

together wedemonstraté the microdomairbased mechanisms of regulation of

T-cell activationvia spatialtemporal segregation of critical signalling proteins
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Lck is the principal signal-generating tyrosine kinase of the T cell activation mechanism. We have previ-
ously demonstrated that induced Lck activation outside of lipid rafts (LR) results in the rapid translocation
of a fraction of Lck to LR. While this translocation predicates the subsequent production of IL-2, the mech-
anism underpinning this process is unknown. Here, we describe the main attributes of this translocating
pool of Lck. Using fractionation of Brij58 lysates, derived from primary naive non-activated CD4* T cells,
we show that a significant portion of Lck is associated with high molecular weight complexes represent-
ing a special type of detergent-resistant membranes (DRMs) of relatively high density and sensitivity
to laurylmaltoside, thus called heavy DRMs. TcR/CD4 coaggregation-mediated activation resulted in the
Membrane microdomains redistribution of more than 50% of heavy DRM-associated Lck to LR in a microtubular network-dependent
Heavy DRMs fashion. Remarkably, in non-activated CD4* T-cells, only heavy DRM-associated Lck is phosphorylated
D45 on its activatory tyrosine 394 and this pool of Lck is found to be membrane confined with CD45 phos-
Microbutular cytoskeleton phatase. These data are the first to illustrate a lipid microdomain-based mechanism concentrating the
preactivated pool of cellular Lck and supporting its high stoichiometry of colocalization with CD45 in
CD4* T cells. They also provide a new structural framework to assess the mechanism underpinning the
compartmentalization of critical signaling elements and regulation of spatio-temporal delivery of Lck
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function during the T cell proximal signaling.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In spite of a relatively detailed understanding of the events that
occur following TCR engagement, there is still a gap in our under-
standing of how the signal is transduced across the membrane and
how the very first biochemical signals are generated [1,2]. The tra-
ditional view is that Lck, which is primarily responsible for ITAM
phosphorylation [3,4] exists in resting non-stimulated T-cells in an
enzymatically inactive state. This is due to the negative regulatory
tyrosine residue in C-terminal end of Lck at position 505 (Y505).
When phosphorylated (pY505) by C-terminal Src kinase (Csk), it
forms an intramolecular bond with its own SH2 domain, locking
the kinase domain in a substrate inaccessible, closed conforma-
tion [5]. CD45 can dephosphorylate pY505, leaving Lck structure in
an open, primed conformation displaying a relatively low kinase
activity. To achieve full kinase activity, the phosphorylation of the

Abbreviations: DRM, detergent resistent membranes; LR, lipid rafts; HMW, high
molecular weight fraction; SDGC, sucrose density gradient centrifugation.
* Corresponding author at: Laboratory of Immunobiology, Institute of Molecular
Genetics AS CR, Videnska 1083, CZ-142 20 Prague 4, Czech Republic.
Tel.: +420 241 063 158; fax: +420 224 310 955; mobile: +420 774 889 410.
E-mail address: dominik.filipp@img.cas.cz (D. Filipp).

0165-2478/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.imlet.2012.01.001

positive regulatory tyrosine located in the kinase domain at
position 394 must be achieved (pY394) [6]. Stimulation by
the peptide-MHC complex leads to the coaggregation of TCR
with CD4 or CD8 proteins, activation of associated Lck by
auto/transphosphorylation and its juxtaposition to and subsequent
phosphorylation of ITAMSs of CD3 chains [7]. This so called aggrega-
tion model of Lck activation relies on regulatory proteins CD45 and
Csk that canrapidly and reversibly turn Lck on and off, respectively.
A caveat to this model is that these molecules, notably CD45, would
have to preferentially target those CD4-associated Lck molecules
that are involved in clustering with TCR. While structural deter-
minants underpinning the interaction between CD45 and CD4-Lck
complexes have been described [8-10] the mechanism coupling
TCR triggering with CD45-mediated dephosphorylation of pY505
Lck remains unclear.

Recent data has provided new insight into the source of
pY394Lck used for the initiation of TCR signaling [11]. Using
phospho-specific antibodies against pY394 and pY505, the authors
showed that the primary naive CD4" T cells contain a sizeable
pool (~40%) of preactivated pY394Lck and this amount remained
unchanged on the global cellular level after antibody as well as anti-
gen mediated TCR stimulation. These findings corroborated results
from a previous study, where the lack of evidence for anti-CD3
activation-mediated acute enrichment of the cellular pool in Lck
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with open and thus a more active conformation in Jurkat T cell
line using FRET-based Lck biosensor construct led to similar con-
clusions [12]. The authors further suggested that the maintenance
of steady levels of pY394Lck is dependent on its interaction with
HSP90-Cdc37 chaperone complex [11]. These studies thus pose
the question concerning the mechanism underpinning a spatio-
temporal coupling of TCR engagement with phosphorylation of CD3
chains by preactivated Lck. That includes the elucidation of the sub-
cellular distribution of pY394Lck and its regulatory molecules, their
transient interactions and the organization of membrane struc-
tures that support the redistribution of preactivated Lck to access
its physiological substrates upon TCR/CD4 ligation.

It has been postulated that certain types of signaling proteins
are confined to functional membrane microdomains, called lipid
rafts (LR), which are enriched in cholesterol and sphingolipids
[13,14]. Due to their highly ordered structure of long saturated acyl
chains stabilized by intercalated cholesterol, LR resist solubiliza-
tion by mild detergents and can be isolated as detergent-resistant
membranes (DRMs). Light DRMs, corresponding to classical LR,
fractionate as low density, light fractions by discontinued sucrose
density gradient centrifugation (SDGC) [15]. Notwithstanding con-
troversies surrounding the existence of LR in an in vivo setting
[16,17], including the question to what extent DRMs correspond
to bona-fide native LR [18], recent experiments targeting critical
signaling molecules to distinct membrane compartments [19-22],
together with electron, fluorescent microscopy and nanoscopy
(reviewed [23]) support the notion of a critical role of LR in the ini-
tiation of T cell signaling. Recently, a distinct type of microdomains,
called high-density or heavy DRMSs, was proposed to be involved in
signaling in immune cells [21,22,24]. Both light and heavy DRMs
share their resistance to solubilization illustrated by the use of
a polyoxyethylene type of detergent (Brij58, Brij98), as opposed
to their sensitivity to treatment with laurylmaltoside (LM), which
disrupts protein-lipid and preserve protein-protein interactions.
Due to their lower and higher protein-to-lipid ratio, light and
heavy DRMs can be separated from each other by SDGC where
they sediment at the top and bottom of the gradient, respectively
[21]. Interestingly, as many signaling molecules reside in heavy
DRMs, these non-conventional, and so far largely overlooked type
of microdomains could represent an important membrane struc-
ture that is able to support T cell signaling [21,22].

Our previous work has demonstrated an activation-dependent
redistribution of pY394Lck from a soluble into light DRM fractions
[25]. While the enrichment of Lck in these DRMs predicates the
subsequent production of IL-2 [26], the molecular mechanism and
structural and functional elements regulating this translocation
process remain obscure. The main goal of this study was to char-
acterize the property of the translocating pool of kinase active Lck
and reconcile our previous and current data with a newly proposed
model] of the proximal T cell signaling postulated to be dependent
on a pool of pY394Lck preexisting in T cells prior to TCR engagement
[11].

2. Materials and methods
2.1. Mice
5-8 week old females of C57BL/6 mice were used. They were

maintained in a pathogen-free animal facility at the Institute of
Molecular Genetics, Prague, Czech Republic.

2.2. Antibodies and reagents

Rabbit anti-mouse pY505 Lck was purchased from Biosource
International (Invitrogen). Antibody specific for pY394Lck, mouse
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CD3{ and Csk were obtained from SantaCruz. Antibodies directed
against H-ras and anti-CD45 were obtained from Exbio (Prague,
Czech Republic). Anti-CD4 antibody (H-129) used for the immu-
noprecipitation was obtained from BD Biosciences. Biotinylated
anti-mouse CD4 specific mAb (GK1.5) and biotinylated anti-mouse
TCRCB-specific mAb (H57) were purchased from eBiosciences
(USA). Anti-Lck antibody (3A5) and phosphotyrosine-specific
mAb, platinum 4G10, directly conjugated to HRP, were pur-
chased from Millipore. Anti-LAT antibody was a gift from Dr. P.
Draber, Institute of Molecular Genetics, Prague, Czech Republic.
Phosphotyrosine-specific anti-pY171LAT antibody was purchased
from Cell Signaling. Polyclonal rabbit anti-mouse Fyn specific
antibody was a gift from Dr. Andre Veillete, IRCM, Montreal,
Canada. For immunoprecipitation purposes, the desired antibod-
ies were coupled to Protein A or G magnetic beads (Millipore).
Cholera toxin B subunit-HRP (CTB-HRP), anti-actin antibody, strep-
tavidin, Brij58 (polyoxyethylene 20 cetyl ether) and nocodazole
were purchased from Sigma-Aldrich. Anti-Hsp90 antibody (EMD-
17D7), latrunculin B, laurylmaltoside (n-dodecyl-p-p-maltoside,
LM) and Src-family kinase inhibitor PP2 were obtained from Cal-
biochem (Merck). Alexa-488-conjugated phalloidin (Invitrogen)
and anti-tubulin (GeneTex) visualized with goat anti-rabbit Alexa-
555 (Invitrogen) were used for confocal microscopy of actin and
tubulin, respectively. Ultra pure grade paraformaldehyde (PFA) was
obtained from Polysciences.

2.3. Isolation and activation of primary CD4* T cells

The procedure was performed as previously described [25].
Briefly, the primary CD4* T-cells (~95% purity) obtained by using
MACS CD4* T-cell isolation kit II (AutoMACS, Miltenyi Biotec)
were pre-coated with biotinylated anti-TCR (1 pg/ml) and anti-
CD4 (0.3 pg/ml) in 500 .l of PBS + 3% FCS for 30 min at 4°C, washed
and resuspended in 20 pl of PBS + 3% FCS per tube. The cells were
then pre-warmed for 1 min in 37°C and TCR/CD4 coaggregation-
mediated activation was achieved by addition of streptavidin to
the final concentration of 50 ug/ml. Cells were briefly vortexed and
incubated at 37 °C for the indicated period of time. Activation was
terminated by adding either ice-cold TKM-Brij58 lysis buffer (isola-
tion of DRMs or gel filtration) or a hot-boiled Laemli loading sample
buffer (Western blotting).

2.4. Isolation of detergent resistant membranes (DRMs)

The isolation of DRMs was performed as described previously
[27]. When assessing the distribution of proteins present in frac-
tions obtained by gel filtration, pooled fractions were mixed 1:1
with 80% sucrose and analyzed using the same protocol. Light
DRMs, corresponding to classical lipid rafts, are enriched in top
fractions (#1-3), while the bottom fractions (#8-10) concentrate
heavy DRMs together with soluble proteins.

2.5. SDS PAGE gel electrophoresis and Western blotting

Proteins resolved on polyacrylamide gels were transferred onto
PVDF membrane (Millipore) and blocked for 1 h in 5% non-fat milk
at RT or in 3% gelatine in TBS-T at 37 °C (phospho-specific blots).
Blots were then incubated for 1 h with primary antibodies diluted
in blocking buffer (5% milk or 1% gelatine, respectively), washed and
incubated with secondary antibodies conjugated to horseradish
peroxidase (HRP) for 1 h. Blots were developed by incubation with
SuperSignal ECL substrate (Thermo Scientific) and visualized by
exposure to X-ray films. Where indicated, densitometric analysis
was performed using a GS710 densitometer (BioRad). Values were
obtained only from nonsaturated signals.
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Fig. 1. Activation of CD4* T cells induces a robust tyrosine phosphorylation and the redistribution of kinase active Lck and CD3({ to light DRMs. (A) A rapid and dramatic
increase in levels of kinase active Lck upon TCR/CD4 coaggregation. Freshly isolated primary CD4* lymph node T cells were pre-coated, or not (¢), with biotinylated anti-TCR
(H57") and biotinylated anti-CD4 (GK1.5P) mAbs and co-aggregated, or not (0's) with streptavidin for the indicated time. Phosphotyrosine content of cell lysates derived
from 0.5 x 106 cells/sample was probed with mAb 4G10. One representative blot from several independent experiments is shown. The histogram shows the quantification
of the kinetics of pY394 and pY505 phosphorylation. Signals were normalized to total Lck. (B) CD4* T-cells prepared as described in (A) and activated or not for 30s, were
lysed in TKM +0.5% Brij58 buffer and subjected to sucrose density gradient centrifugation (SDGC) assay. Fractions were probed with CTB-HRP detecting light DRM marker
GM1, and antibodies specific for pY394-, pY505- and total Lck, CD3¢, Csk and CD45. Fyn was used as a marker of light DRMs. The numbers represent the relative distribution
of proteins in the light DRMs (R) and soluble fraction (S). Number “1" indicates =1% of the total protein.

2.6. Gel filtration

The procedure is based on a previously described protocol [28]
with slight modifications. Briefly, 5ml pipette tip plugged with
a small piece of glass wool and filled with 2ml bed volume of
Sepharose 4B beads (Sigma-Aldrich) was used as the column. 107
cells were lysed in TKM-Brij58 lysis buffer (50 mM Tris-HCl pH 8.0,
25 mM KCl, 5 mM MgCl,, T mM EDTA pH 8.0, 0.5% Brij58), complete
cocktails of protease and phosphatase inhibitors (Roche) supple-
mented with 10 wM PP2 for 30 min and spun down for 2 min at
800 x g. Supernatant in a total volume of 1/10 of stationary bead
volume (200 p.l) was loaded on the top of the column and eluted
with cell lysis buffer. All steps were performed at 4°C. In this set-
ting, the fraction #4 contains complexes of >107 Da; most of the
IgM and IgG standards eluted in fractions 7 and 9, respectively
[28]. For assessing the involvement of cytoskeletal components in
the redistribution of Lck after TCR/CD4 aggregation, CD4* T cells
were resuspended in PBS + 3% FCS and treated with either 2 pg/ml
of latrunculin B or 10 wM of nocodazole for 30 min on ice. Sub-
sequent pre-coating of the cells and TCR/CD4 coaggregation were
also performed in the presence of these inhibitors. Before activa-
tion, small aliquots of latrunculin B and nocodazole treated as well
as untreated control sample were taken for analysis by confocal
MICroscopy.

2.7. Immunoprecipitation

High molecular weight fractions (fr#4-5) obtained by the gel
filtration of Brij58 cellular lysates were pooled, transferred to
antibody-pre-coated beads and incubated overnight at 4°C on a
rotational wheel (unless stated otherwise). Beads were washed,
boiled in Laemmli sample buffer at 100°C for 5-10 min and used
for SDS-PAGE analysis.

2.8. Immunofluorescence microscopy

To assess the effect of cytoskeletal inhibitors on Lck distribution,
treated and untreated CD4* T cells (Section 2.6) were immobilized
on a glass cover slip using cytospin centrifugation. After fixations
with 4% PFA, the cells were washed with PBS and permeabilized
with ice-cold methanol for 10 min at —20°C (methanol step was
omitted when phalloidine was used to stain actin cytoskeleton).
The cells were blocked for 1h with PBS containing 0.3% Triton X-
100 (PBT) with the addition of 2.5% FCS and 2.5% BSA and incubated
with primary antibody diluted in PBT for 1 h. Samples were washed
and incubated with secondary antibody for 1 h. The coverslips were
mounted using Vectashield containing DAPI(Vector). Samples were
analyzed by confocal microscopy using Leica DMIG000.
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3. Results

3.1. Coaggregation of TCR and CD4 in primary CD4* T celis results
in significant increase of pY394Lck and the redistribution of
kinase active Lck and TCR/CD3 to light DRMs

We have previously demonstrated the utility of T cell activa-
tion model where the very early changes in the phosphorylation
status of Lck are measured after streptavidin-mediated coaggrega-
tion of biotin-conjugated antibodies against TCRCB and CD4 [25].
As illustrated in Fig. 1A, top panel, a few seconds after TCR/CD4
engagement, a pattern of significant tyrosine phosphorylation of
several cellular substrates is readily observable. Concomitantly,
using phospho-specific antibodies against positive and negative
regulatory tyrosine residue Y394 and Y505 of Lck, respectively, we
demonstrated the distinct magnitude of their phosphorylation lev-
els (Fig. 1A, two middle panels). Specifically, while pY505 levels
increased only slightly compared to a non-aggregated control sam-
ple (Fig. 1A, lane 0), up to a 15-fold increase in the pY394Lck levels
was observed between 6 and 30s following TCR/CD4 coaggrega-
tion. Then, over the ensuing 4 min, pY394Lck signal diminished
nearly to background levels. An even more dramatic difference
was observed when the maximal post-activation pY394Lck lev-
els (Fig. 1A, lane 30) were compared to those detected in antibody
non-precoated control CD4* T cells (Fig. 1A, lane c), which were 3.3
times lower than those in the precoated but, non-aggregated cells
(Fig. 1A, lane 0). This small but reproducible difference between
nonprecoated and precoated cells was likely due to the limited
antibody-mediated forced dimerization of CD4-Lck complexes.
Thus, more than a 50-fold increase in pY394Lck levels after TCR/CD4
aggregation compared to the background levels found in unmanip-
ulated cells indicated that the pool of preactivated Lck in primary
naive CD4" T cells represents ~2% fraction of the total Lck, at
best.

The activation-induced upregulation of pY394Lck was also
accompanied by the subcellular co-redistribution of signaling
molecules. Notably, both pY394 and pY505 forms of Lck and CD3(
were readily detected in light DRMs 30 s after TCR/CD4 coaggrega-
tion. In contrast, Csk and CD45 were reproducibly found outside of
DRMs and the presence of neither molecule followed the pattern of
Lck and CD3 redistribution after TCR/CD4 activation (Fig. 1B). These
results recapitulated our previously published data demonstrating
TCR/CD4 aggregation-induced rapid activation of Lck followed by
its redistribution to light DRMs [25]. In addition, they showed that
the global activation of Lck measured by pY394-specific antibody
isindependent of concomitant stochiometric dephosphorylation of
negative regulatory tyrosine by CD45 as pY505 Lck levels were also,
albeit marginally, increased.

3.2. Separation of heavy and light DRMs complexes containing
Lck

Isolation of light DRMs with the subsequent analysis of their
protein constituents provides a limited view on the composition
and structural heterogeneity of various membrane microdomains.
To gain insight into the nature of the translocating pool of Lck, we
employed a two-step fractionation procedure which increased our
ability to isolate distinct pools of Lck complexes. In the first step,
the naive CD4* T cells were treated with 0.5% Brij58 detergent and
lysates were fractionated by gel filtration chromatography. As both
heavy and light DRMs are insensitive to solubilization by Brij58,
they are easily separated from solubilized cellular content by filtra-
tion using macroporous Sepharose 4B matrix where they co-elute
in the void volume fractions of the column with high molecu-
lar weight (HMW) complexes [29]. As shown in Fig. 2A, GM1, a
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Fig. 2. Distribution of high molecular weight complexes-associated Lck in lipid
rafts. (A) The fractionation of CD4* T-cells lysed in TKM +0.5% Brij58 buffer using
a Sepharose 4B gel filtration chromatography. Fractions (3-12) were probed with
CTB-HRP detecting GM1 (upper panel), anti-Fyn (middle panel) and anti-Lck (bot-
tom panel). Approximate molecular weight size marker is shown on the top. (B)
SDGC (flotation) assay of pooled fractions (as indicated) obtained by gel filtration
chromatography in (A). Light DRM fractions 1 and 2 from the top of the gradient
(T) and soluble protein enriched fraction 9 and 10 from the bottom (B) were probed
with anti-Lck and anti-Fyn.

surrogate marker of DRM fractions as well as the light DRMs marker
Fyn [25] eluted in fraction 4-5 and 5, respectively, that corre-
sponded to large >10° Da complexes resistant to Brij58 mediated
lysis. In contrast, Lck displays a continuous distribution along eluted
fractions with approximately 25-30% of total Lck present in HMW
fractions 4 and 5 that correspond to DRMs (Fig. 2A, bottom panel).
When these two fractions were pooled and subjected to SDGC,
nearly all (>90%) of HMW fraction-associated Lck was found at the
bottom of the gradient, i.e. in the heavy DRMs fraction (Fig. 2B).
Importantly, the integrity of these Lck-containing DRM fractions is
sensitive to treatment with LM detergent (Fig. 5, top panel). The
remaining Lck gel filtration-derived fractions with lower MW were
found at the bottom of the SDGC gradient as they likely repre-
sent soluble complexes of different sizes. In contrast, virtually all
Fyn from HMW fractions localized to light DRMs on the top of the
gradient (Fig. 2B).

3.3. Heavy DRM-associated Lck redistributes to light DRMs after
T cell stimulation

To evaluate which Lck fractions participate in its activation-
induced translocation to light DRMs, we assessed the redistribution
of Lck in the context of pooled fractions derived from gel filtra-
tion before and 305 after TCR/CD4 coaggregation. As illustrated in
Fig. 3A, under these conditions more than half of the heavy DRM
fraction-associated Lck (pooled fraction #4-5) was redistributed
to light DRMs. The kinetics of this redistribution was relatively
rapid, reaching its maximum between 10 and 30s following the
TCR/CD4 engagement (Fig. 3B and C). Together, these experiments
(Figs. 2 and 3) revealed that in unstimulated primary CD4* T cells,
different types of DRMs physically segregate Lck and Fyn. Notably,
while Fyn localizes to light DRMs corresponding to classical LR,
~25% of total cellular Lck is detected in heavy DRMs. The significant
redistribution of Lck from this membrane fraction to light DRMs is
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Fig. 3. TCR/CD4 coaggregation resulted in the redistribution of high molecular weight complexes-associated Lck to light DRMs, (A) The primary CD4* T cells were pre-coated
with H57° and GK1.5 and co-aggregated, or not (0s) with streptavidin for 30s. Pooled fractions from lysates derived from non-aggregated or aggregated cells obtained as
described in Fig. 2A were subjected to SDGC. The relative distribution of Lck to the top fractions with light DRMs (T) and bottom heavy fractions (B) is indicated under each
panel. (B) The kinetics of Lck redistribution to light DRMs (T). The cells were prepared as described in (A) and activated or not (0s) for 10s and 30s. The relative distribution
of Lck in gel filtration fractions (GFFs) #4-5 was assessed by immunoprobing with anti-Lck and is indicated under each panel. (C) Quantification (+s.d.) of enrichment of
HMW complexes-associated Lck in light DRMs (T) as shown in (B) from three independent experiments.

indicative of a possible functional involvement of heavy DRMs in
the initiation of TCR signaling.

3.4. Microtubular inhibitor profoundly affects the outcome of
activation-induced Lck redistribution

As shown in Fig. 3A, only the pool of heavy DRM-associated
Lck is “licensed” to redistribute to light DRMs after TCR/CD4
cell stimulation. Previous and current data implicated both actin
and microtubular cytoskeletal networks in the initiation of T
cell signaling [30,31]. To distinguish between these two possi-
bilities, we pretreated non-stimulated CD4" T cells with either
latrunculin B or nocodazole, pharmacological agents inhibiting
polymerization of actin or tubulin, respectively (Fig. 4A), and
assessed their effect on activation-induced Lck redistribution. As
illustrated in Fig. 4B, nocodazole, but not latrunculin B, com-
pletely blocked the activation-induced enrichment of Lck in light
DRMs. This suggests that the microtubular network is essential for
the integrity of redistribution processes occurring upon TCR/CD4
engagement.

3.5. Preactivated pool of kinase active pY394Lck localizes to
heavy DRMs

To gain insight into a possible role of heavy DRMs in the reg-
ulation of Lck physiology, we first assessed the phosphorylation
pattern of Lck residing in these microdomains (Fig. 5). Surprisingly,
pY394Lck signal was almost exclusively localized to fractions rep-
resenting heavy DRMs as the treatment with LM resulted in its
complete shift to lower MW fractions. In contrast, pY505 Lck signal
displayed a more balanced distribution with some diminishment
in fractions with medium sized complexes. Among other proteins
that positively or negatively regulate Lck activity or are important
for initiation of TCR signaling, almost the entire pool of CD3{, a tan-
gible fraction of CD45 (up to 20%) and a small fraction of actin (<2%)
were found to be associated with heavy DRMs. On the other hand,
Csk, Hsp90 and tubulin were completely absent in these fractions
and treatment with LM failed to change this distribution pattern.
LAT and H-ras, residing in light and heavy DRMs [21], respec-
tively, were used as distribution markers. These data together
with those presented in Fig. 1B demonstrate that in unstimulated
primary CD4" T cells, most of the constitutively active pool of
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Lck and CD3({ are sequestered in the membrane microdomains
that upon solubilization with Brij58 yielded heavy DRMs. They
also suggests that CD45 phosphatase localized to heavy DRMs
could contribute to the maintenance of pY394Lck levels in these
microdomains.

3.6. pY394Lck but not the inactive Lck colocalizes with CD45 to
heavy DRMs

The physical association of CD4-Lck and CD45 has been previ-
ously documented [8,10]. It has been proposed that the essential
function of CD45 in these complexes is to keep CD4-associated Lck
primed for rapid activation upon TCR triggering [8]. As illustrated
in Fig. 6A, TCR/CD4 coaggregation for 30s significantly increased
the pY394Lck signal in gel filtration fractions (GFFs) corresponding
to heavy DRMs. Specifically, from a total cellular >5-fold increase
in pY394Lck content, the fraction #5 alone contributed by up to
70%. The increase in pY171LAT level served as a control of activa-
tion. Since the proximity of CD45 and pY394Lck may be critical for
this effect, their direct interaction in this fraction was examined.
The immunoprecipitation of CD4 or Lck from the total cellular or
heavy DRM NP-40 lysates failed to reveal co-immunoprecipitated
CD45 (data not shown). However, it has been previously suggested
that membrane confinement of proteins can dramatically increased
their association rates [32]. In this respect, we took advantage
of the previously documented fact that the solubilization of cells
with Brij98 allows the coimmunoprecipitation of several TCR sig-
naling molecules associated by the virtue of their co-residency
in a certain subset of DRMs [33]. Thus, testing this possibility,
we first assessed whether CD4-Lck and CD45 are juxtaposed by
the virtue of their membrane confinement. Using anti-CD4 immu-
noprecipitation from DRM fractions #4-5 prepared from Brij58
lysates in which the integrity of DRMs is preserved, the colocaliza-
tion of CD4-Lck with CD45 was readily detectable (Fig. 6B). Since
both TCR/CD4 coaggregation-mediated increase of pY394Lck sig-
nal (Figs. 6A and 1B) and the source of translocating Lck (Fig. 3)
are largely limited to the pool of Lck associated with heavy DRMs,
we assessed the effect of TCR activation on the stochiometry of
Lck colocalization with CD45 and changes in the pY394 status of
Lck. As shown in Fig. 6C (top two panels and the bar graph on the
left), TCR/CD4 coaggregation resulted in a rapid, >5 fold increase
in pY394Lck signals. Concomitantly, the amount of CD45 colocal-
ized with anti-Lck was gradually reduced to approximately 30% of
that observed in unstimulated CD4* T cells (Fig. 6C, bottom panel
and the bar graph on the right). These dynamic changes in the sto-
chiometry of CD45-CD4-Lck colocalization point to a functional
link between heavy DRMs and the initiation of TCR signaling.

While the above described results support the notion about
the co-partitioning of critical signaling molecules to membrane
microdomains, they failed to provide resolution to the question
of whether the pool of heavy DRM-associated Lck is colo-
calized with CD45 independently of its activation status and
whether T cell activation-mediated increase in pY394Lck levels can
impact this interaction. Since both kinase active pY394- and non-
phosphorylated Y394-Lck can be colocalized with CD45, sequential
precipitations of these two forms of Lck followed by the visu-
alization of associated CD45 were performed. As illustrated in
Fig. 6D (left panels), sequential precipitation from pooled heavy
DRM fractions (fr#4-5) derived from non-activated primary CD4"
T cells with anti-pY394Lck followed by anti-Lck revealed that only
about 20% of Lck in these fractions were present in its active
form (top left panel). Unexpectedly, while the preactivated form
of Lck effectively co-precipitated with CD45, the amount of co-
precipitated phosphatase was vastly reduced upon the clearing
of remaining non-phosphorylated Y394Lck with anti-Lck (mid-
dle and bottom left panels). Thus, because close to 80% of heavy

DRM-associated Lck is present in non-phosphorylated Y394 form
and is not colocalized with CD45 (Fig. 6D, left panels), it suggests
that two distinct heavy DRMs exist in non-activated CD4* T cells:
one type containing pY394Lck and CD45 and the other accumu-
lating Y394Lck largely deprived of CD45. TCR/CD4 coaggregation
significantly increased the ratio between pY394- and Y394-Lck in
heavy DRM fractions (upper right panel). However, similar to non-
activated T cells, only kinase active pY394Lck, but not Y394Lck,
co-precipitated a considerable amount of CD45. It is of note that
despite their very low stoichiometry of association, Y394Lck pre-
dominantly precipitated the HMW isotype of CD45. These findings
suggest that the colocalization of heavy DRM-associated CD45 with
active pY394Lck is imposed by the mechanism of membrane con-
finement.

4. Discussion

In this report, we provide evidence that the pool of preacti-
vated cellular pY394Lck is associated with high molecular weight
complexes that are sensitive to treatment with LM, identifying
them as heavy DRMs. We also show that heavy DRM-associated
pY394Lck is colocalized with CD4 and CD45 proteins and that upon
TCR/CD4-mediated activation only this pool of Lck increased its
kinase activity and was redistributed to light DRMs in a micro-
tubular network dependent fashion. These data are first to describe
a lipid microdomain-based mechanism concentrating the preacti-
vated pool of cellular Lck and supporting its high stoichiometry of
colocalization with CD45 in CD4" T cells.

Before discussing our findings in the context of their coherence
with previously published data, we feel obliged to briefly comment
on the credibility of our methodological approach which relies on
membrane solubilization and fractionation protocols. We are fully
aware of potential artifactuality of detergent-mediated cellular sol-
ubilization in respect to the content resemblance of various types
of DRMs with different lipid rafts in cells. In this regard, and highly
relevant to data presented herein, a relatively high degree of speci-
ficity of Brij98 detergent for assorted lipid rafts translated to its
capacity to preserve distinct subpopulations of DRMs has been
recently demonstrated [23,33,34]. We show here that Brij58 deter-
gent which displays a very similar solubilization pattern in T cells
[21,28,29] reproducibly separates at least two different types of
DRM s that are separable by SDGC: light (corresponding to classical
LR) and heavy (newly described type of microdomains in T cells).
A strongly biased distribution of Fyn to light DRMs and Lck and
CD3{ to heavy DRMs, correlated with uncoupled kinetics of Fyn
and Lck activation upon TCR/CD4 aggregation [25] attests to the
suitability of Brij58 to yield structurally and functionally separa-
ble fractions that likely concentrate a distinct lipid raft membrane
microenvironment.

How do our results fit with the current models of T cell acti-
vation? Recently published data suggested that more than 40% of
cellular Lck is present in an active pY394 phosphorylated state
prior to the TCR/CD4 engagement and this level stays unchanged
during the first few minutes after the initiation of T cell signal-
ing [11]. In agreement with this statement, Lck conformational
changes were not observed [12]. Others also observed the existence
of pY394Lck in non-activated T cells [25,29,35-37], but a diligent
quantification of this pool of Lck was not reported in those studies.
Our data demonstrate that TCR/CD4 activation results in ~15-50
fold increase in pY394Lck levels, depending on the treatment of
cells from which background levels are taken into consideration
(Fig. 1A). This result strongly argues that the pool of preactivated
pY394Lck represents <2% of the total cellular Lck. Moreover, we
show that the increase in pY394Lck levels is largely restricted to
the pool of Lck residing in lipid microdomains yielding heavy DRMs.
Since the reason for this discrepancy with a previously published
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fractions (3-12) from TKM + Brij58 lysates derived from either non-activated (upper panels) or activated cells (bottom panels), obtained by gel filtration, were probed with
anti-pY394Lck and anti-pY171LAT. (B) CD4-Lck and CD45 colocalize in the heavy DRMs. Pooled heavy DRM gel filtration fractions (GFFs#4-5) obtained from unmanipulated
primary CD4* T cells lysed in TKM + Brij58 were immunoprecipitated with anti-CD4. The immunoprecipitate was split and immunoprobed for Lck and CD45. Unprecoated
beads (B) served as a control. (C) TCR/CD4 coaggregation affects the levels of pY394Lck and the stoichiometry of colocalization of Lck and CD45 in heavy DRM. The cells were
prepared as described in Fig. 3A and then activated or not (0) for 10s and 30s. Gel filtration fractions (GFFs) #4-5 were pooled and immunoprecipitated with anti-Lck. The
immunoprecipitates were split and immunoprobed with anti-Lck (top panel), anti-pY394Lck (middle panel) and anti-CD45 (bottom panel). Kinetics of changes in pY394Lck
and total CD45 levels normalized to total Lck content is presented under panels. (D) The colocalization of Lck with CD45 in heavy DRMs depends on activation status of
the kinase. The cells were prepared as described in Fig. 3A and then activated or not (0) for 30s. Gel filtration fractions (GFFs) #4-5 were pooled and subjected to four
sequential precipitations initiated with anti-pY394Lck (4 times, 2 h each) and followed with anti-Lck. Immunoprecipitates were revealed by immunoblotting with anti-Lck,
anti-pY394Lck and CD45.

data is uncertain, further experiments must be done before re-
addressing this issue. That controversy also concerns the previously
reported fact that aggregation of TCR alone or TCR with CD4 results
in a detectable increase in cellular levels of pY394Lck [9,25,38,39].
Another finding that is inconsistent with previous reports is the
absence of the co-distribution of Hsp90 with pY394Lck in heavy
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DRMs (Fig. 5). Since it was postulated that Hsp90 and its kinase-
specific co-chaperone Cdc37 interact with Lck via its catalytic
domain [40] which is critical for the stability of the active form of
Lck [11,41,42], the specific role of these chaperones in the mainte-
nance of the pool of preactivated Lck residing in heavy DRMs awaits
further investigation.
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Fig. 7. The incorporation of heavy DRMs into a current model of TCR triggering. In non-activated CD4* T cells only a small fraction (<5%) of Lck exists in activated pY394 form.
This preactivated pool of Lck is localized to a specific type of microdomains that upon solubilization with Brij58 or Brij98 detergents yield heavy DRMs. TCR/CD3 complex
together with CD45 are colocalized with pY394Lck to heavy DRMs (dark blue rectangle) by a virtue of membrane confinement. At least two mechanisms suppressing tyrosine
phosphorylation (pY) driven triggering of TCR signaling could operate in these microdomains: (i) high abundance and the enzymatic activity of the membrane phosphatase
CD45 which is able to dephosphorylate pY505 and pY394 residues on Lck as well as pY-ITAMs on CD3 chains thus keeping the net rate of pY very low; and (ii) CD3{ and CD3g
(not depicted here) intracellular chains could be buried in the lipid-rich inner leaflet of plasma membrane and thus shielded from active Lck (illustrated as a close apposition
of CD3{ with the heavy DRMs) [59]. The novelty of this model is that the enzymatic action and mutual random interactions between pY394Lck, CD45 and CD3 chains are
spatially restricted to a confined environment rendering other potential substrates outside these microdomains and thus inaccessible to tyrosine phosphorylation. A vast
majority of heavy DRM-associated Lck, which is not activated, likely resides in a distinct type of heavy DRMs largely deprived of CD45 (light blue wavy rectangle). In the
third type of microdomains, light DRMs, Fyn kinase activity is likely regulated by a negative regulatory feedback mechanism employing adaptor protein PAG, Csk and PEP
phosphatase [46,60]. Critical adaptor protein LAT, the phosphorylation of which initiates TCR downstream signaling, is also localized to light DRMs. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

Certainly, some of the above described discrepancies could
relate to the usage of distinct type of T cells, mode of activation
and detection limit of methods used. Just a few examples: (i) pri-
mary CD4* T cells and Jurkat cells display significant quantitative
differences in the expression of critical signaling molecule such as
TCR, CD4, Lck and Fyn as well as in their subcellular distribution
[43-47]; (ii) it has been documented that CD3e- and TCR/CD4-
mediated activation preferentially target distinct kinases, Fyn and
Lck, respectively [25,36,48-51]; (iii) FRET approach could be less
sensitive when the detection of conformational changes is limited
to only a small fraction of Lck measured on a high background
level of FRET [52]. However, notwithstanding the fact that distinct
modes of T cell activation could be operational in various types of
T cells, fundamental principles explaining the contribution, inter-
dependence and spatio-temporal relationships between signaling
molecules that guide and coordinate the complex process of T cell
activation must be formulated.

Low basal levels of pY394 in CD4* T cells described in this
report are consistent with basic assumptions of Davis and van der
Merwe's kinetic-segregation (KS) model of T cell activation [53].
This model predicts that random interactions between Lck itself,
with tyrosine phosphatases CD45 and CD148 and with Csk, in rest-
ing state, establish the balance between various forms of Lck. One of
them, kinase active pY394Lck can in turn phosphorylate ITAMs of
CD3 chains making any T cell vulnerable to spontaneous activation
However, this scenario is prevented by a high abundance and the
enzymatic activity of the membrane phosphatase CD45 which is
able to dephosphorylate pY505 and pY394 residues on Lck as well
as pY-ITAMs on CD3 chains [54]. CD45 is thus regarded as the cen-
tral suppressor of tyrosine phosphorylation-driven T cell activation
processes [1,53].

The presence in T cells of a preactivated pool of Lck aided the
KS model, as the need for an explanation of the mechanism of Lck

activation is obviated [55,56]. However, our estimation of approxi-
mately 20-fold lower amount of the fraction of pY394Lck persisting
in resting unmanipulated T cells in comparison with a previous
report [11] could raise significant discrepancies in the considera-
tion of quantitative aspects of biochemical reactions underpinning
T cell activation [55]. Moreover, rather than being freely diffusable
in the plasma membrane, our results suggest that pY394Lck and
a sizeable pool of CD45 are co-localized to heavy DRMs (Fig. 6D).
That suggests that the pool of pY394Lck is not generated at ran-
dom but is spatially controlled by its confinement to heavy DRMs
where it colocalizes with CD45. In the support of this notion, it has
been recently documented that, in the native non-adherent state, a
considerable fractions of CD45 and CD4 are co-localized by a virtue
of membrane confinement that could account for their enhanced
association rate [57]. This finding is important as it suggests that
Brij58 heavy DRMs selectively concentrate molecules shown to
be co-embedded into a certain type of membrane environment
in vivo, thus attesting to the suitability of Brij58-mediated solu-
bilization approach in characterization these types of membrane
microdomains.

Also intriguing is the presence of most of CD3{ in heavy DRMs
and its timely coordinated redistribution with active Lck to light
DRMs. While it suggests that heavy DRMs could represent a
membrane structural component supporting the communication
between the Lck regulatory and TCR triggering modules [58], a bet-
ter understanding of the structural heterogeneity and functional
diversity of heavy DRMs is needed to support such a conclusion.
Nevertheless, based on data presented in this study, a simpli-
fied model of the distribution of essential TCR signaling molecules
to various membrane microdomains can be drawn (Fig. 7). This
model is consistent with the suggestion that TCR/CD4 coaggrega-
tion increases the affinity of heavy DRMs to coalesce with light
DRMs in a tubulin-dependent manner, and thus juxtaposes the
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