Chapter 5

Amphiphilic counterion activatorsfor DNA®



5.1 Introduction®

Cell-penetrating peptides (CPPgre guanidinium-rich oligomers and polymers thaveh
attracted much attention because of their bioldgitgortance to help cellular uptake of
various molecular cargos on the one hand and tosnplex behaviour on the other. It was
suggested early on that the activities of weakigiagolycations in general are determined
by their need to strongly bind multiple counteraisian order to minimize intramolecular
charge repulsiofi® Building on this concept of counterion-mediatechdiion, balanced
combinations of amphiphilic and hydrophilic couiat@ons were found to enable oligo- and
polyarginines to dissolve in chloroforfrpartition from water into chloroforrhmove across
bulk and lipid bilayer membranésand enter into living cell5(see also théntroduction to
Chapter 4). Other expressions of the same concept were stiovaccount for the voltage
gating of biological potassium chanreisd the conductance and selectivity of synthefic i
channel$. Moreover, CPP-counteranion complexes were alsoddo transport anions across
bulk and bilayer membranésy property that was exploited in the developmérstionulus-
responsive  CPP-counteranion complexes as multireezyletectors and multi-analyte
sensor$.

The rich multifunctionality that results from coerdéinion activation of polycations such as
CPPs raised the possibility that the charges cbelthverted i.e., that a countercation could
form a complex with an anion, such as DNA, and eghithe same function. The cellular
uptake of countercation-activated DNA and other klyedasic polyanions mirrors perfectly
the cellular uptake of counteranion-activated CBR$ other weakly acidic polycations; the
only difference is that the latter process can fr@ntaneous due to the presence of anionic
phospholipid activators in biological membranes. was wondered whether a DNA-
countercation complex could be developed that sithe multifunctionality of CPPs, such
that DNA molecules could be activated to functian aation transporters, multi-enzyme
detectors, or multi-analyte sensors.

In the work reported in this chapter calf thymusMias found to be successfully activated
by amphiphilic cations and it could transport casi@cross bulk and lipid bilayer membranes.
§In this chapter many compounds and proceduresnalieaited in abbreviated forms. To help the reader,

summary of these abbreviations are reported ifioll@ving legend

CPP: cell-penetrating peptides; ctDNA: Calf thymDIA; DG: dodecylguanidinium; DPX: p-xylene-bis-
pyridinium bromide; CF: 5(6)-carboxyfluorescein; HE 8-hydroxy-1,3,6-pyrenetrisulfonate; EYPC-
LUVsODPX/HPTS:egg yolk phosphatidylcholine large unilamellar eé=s loaded with the anionic fluorophore
HPTS and the cationic quencher DPX; pK: poly-L-hgsi
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The ion-carrier properties of counterion-actival¥dA were first characterized using the “U-
tube” techniqué® and in vesicles. Subsequently, a series of ampigipbola-amphiphilic,
aliphatic, aromatic, and macrocyclic ammonium aundrgdinium countercations was used, to
ascertain the nature of DNA activation. Finallyingsphytase and phytate as examples, the

unusual activity of DNA was explored in the contekmulti-analyte sensor8:**

5.2 Results and Discussion

521 DNA-Countercation Complexes as Cation Carriers in Bulk

Membranes’

To investigate the properties of our compoundghatbeginning, U-tube experiments were
performed, because, in contrast to the more comipek bilayer membranes, they provide
straightforward and unambiguous evidence for emtsteand selectivity of ion carrie?3? In a
typical experiment, a hydrophobic chloroform phase’;bulk membrane”, was placed at the
bottom of the U-tube and covered on both the cisthe trans side of the wall with separate
aqueous phaseg&i@. 5.1D). Calf thymus DNA (ctDNA) was employed as a repreative
carrier, and dodecylguanidinium (DG) was used aspaesentative amphiphilic counterion
activator. ctDNA and/or DG were added to the ciffdsitogether with a hydrophilic reporter
ion:** the concentration of this reporter ion in the srénffer was monitored as a function of
time (Fig. 5.1). Safranin &**was selected initially as a convenient reporteionafig. 5.1).
Only in the presence of ctDNA-DG complex safraninn@ved efficiently from the cis
aqueous phase across the bulk membrane to the drpreous phasdrig. 5.1A, @); no
transport was observed in the absence of the cangplg. 5.1A, O). Neither ctDNA Fig.
5.1A, 0O) nor DG activator aloneF{g. 5.1A, X) was able to transport safranin O with

comparable efficiency in the U-tube.

<>AII transport experiments here reported were carried out by Toshihide Takeuchi, in the laboratory of Prof.
Sefan Matile at the University of Geneva. The synthesis of the calix| n] arenes and of the Gemini compounds was
performed in our laboratory in Parma, while the synthesis of alkyl and aryl ammonium, and alkyl guanidinium
compounds was performed by Toshihide Takeuchi.
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Fig. 5.1. DNA-counterion complexes as cation carriers i thtube. A) safranin O (10QM) transferred from
cis buffer (0.5 mL) across bulk chloroform membma(@ mL) into trans buffer (0.5 mL) as a functiditioe in
the presence of calf thymus DNA&(O; 1.25ug/mL cis) and DG @, X; 50 uM cis). Buffer: 10 mM Tris, 107
mM NaCl, pH 7.4.B) Same for DPX (10QM cis) with ctDNA (@, O; 1.25ug/mL cis) and DG @, X; 50 uM
cis). (C) Same for CF@, 100uM cis) and HPTSIJ, 100uM cis) with ctDNA O, O; 1.25ug/mL cis) and DG
(O, O; 50 uM cis). (D) Experimental setup for U-tube experiments, anacsiire of cationic and anionic probes
used. The term “U-tube experiment” is maintaingtd@algh modern versions of U-tubes are often noh&aped.

The ability of DNA-counterion complexes to trangp@rxylene-bis-pyridinium bromide
(DPX)**3 across bulk chloroform membranes was studied r@xanges in the RP-HPLC
profiles of the trans phase over time suggestet dtiZaNA-DG complexes were acting as
carriers of DPX in bulk membranei¢. 5.1B, ®). Control experiments confirmed that DPX
is not transported without the presence of the DddAnterion complexHig. 5.1B, (O, O,
X)). The observed transport of aromatic cationhsae DPX and safranin O by ctDNA-DG
carriers is potentially interesting because bindmddNA duplexes could occur not only by
competitive counterion exchange at the polyphosphaickbone but possibly also by non-
competitive intercalation into thestack. However, it was previously shown that cetioh-

activated polyions other than double-stranded DN#& able to transport DPX. This

177



observation does not support the hypothesis ofithatcalation contributes significantly to
transport’

The ability of DNA-countercation complexes to carapions across bulk chloroform
membranes was evaluated with 5(6)-carboxyfluoresd@F)**® and 8-hydroxy-1,3,6-
pyrenetrisulfonate (HPTS) as classical reporteror@i No anion transport activity was
observed under conditions where ctDNA-DG complekasctioned as efficient cation
carriers Fig. 5.1C). Taken together, these U-tube experiments pravidempelling
experimental evidence that DNA-counteranion comgidegan function as selective cation

carriers.

5.2.2 DNA-Countercation Complexes as Transporters in Lipid Bilayer

Membranes

The ability of DG-activated ctDNA to act as a catiwansporter in lipid bilayer membranes
was determined in EYPC-LUVDPX/HPTS (i.e., egg yolk phosphatidylcholine large
unilamellar vesicles loaded with the anionic flyamore HPTS and the cationic quencher
DPX).% Under these conditions, cation export (DPX), arégport (HPTS), and vesicle lysis
are all reported as an increase in fluorescencestoni of DPX Fig. 5.2). According to the
HPTS/DPX assay, ctDNA and DG alone were inactivagether, however, they were active
(Fig. 5.2). The fluorescence recovery in response to thatiaddof ctDNA-DG complexes
was calibrated against vesicle lysis and reporseflaetional activityY. Dose response curves
for Y against the concentration of either the countencadctivator or the DNA transporter
gave the correspondirteCso's, the effective concentration needed to redgkx. (Fig. 5.2B
and Experimental). The uptake of carriers into intact vesicles ¢an difficult to detect
unambiguosly“** However, because DNA-counterion complexes have skewn to enter
cells®*®and to move across bulk chloroform membraifég. 6.1), it was hypothesized that
DNA uptake into vesicles was likely possible. Tafion this hypothesis, using the same
conditions as above, EYPC-LUMBPX/HPTS were loaded with increasing concentratmins
poly-L-lysine (pK). As a result, an increase in #@®;y and a decrease Wyax of the ctDNA-
DG transporters were observedrid. 5.2B and Table 5.1). This inactivation of
extravesicularly added DNA by intravesicular pK kbwe interpreted to result from
inactivation of DNA uptake by binding to the hydhopc polycation in the vesicles.
Decreasingyax and increasingCso in the dose response curves for DNA suggestedathat
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inactive pK-ctDNA-DG complex was formed within tkesicles that prevented transport of
DNA, and therefore DPX, across the lipid bilayer.
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Fig. 5.2. Dependence of the activity of DNA-counterion céexes on the concentration of DNA (A, B) and
internal counterion inactivators (B)A) Fractional HPTS emission Ad, 413 nm,A.» 511 nm) as a function of
time during the addition of calf thymus DNA (t = §0(a) 0, (b) 0.2, (c) 0.3, (d) 0.5, (e) 0.7,Xf) and (g) 2.0
pg/ml final concentrations) to EYPC-LUYBIPTS/DPX (~12.5uM lipid) in the presence of external DG (50
MM). Conditions: 5 mM HPTS, 16.5 mM DPX, 10 mM Tri& mM NaCl, pH 7.4 (inside); 10 mM Tris, 107
mM NaCl, pH 7.4 (outside), 25 °C, calibrated byafiaddition of triton X-100, t = 300 s)BY Dose response
curves for DNA at constant concentration of extemmtivator DG and increasing concentration of rinét
inactivator pK (0 ©), 1 (@), 10 @) and 10QuM (x) inside; with curve fits to Hill equation, s@a&ble 5.1). (C)
Experimental setup for vesicle experimenty: Addition of polyions (e.g., ctDNA) and counteri@ttivators
(e.g., DG) to vesicles with internal reporter iafesg., DPX, HPTS) and counterion inactivators (epi)
possibly causesbj the formation of membrane-active polyion-courgaricomplexes (e.g., ctDNA-DG)¢)(
DPX export, ¢l) the formation of internal polyion-counterion colexes (e.g., ctDNA-DG-pK), etc; M = Na.
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Table5.1. Inactivation of ctDNA-DG transporters by intraiesar polylysine (pK):

Poly-L-lysine M)  ECso (Lg/mL)°  Ymax (%)°

1 0 0.37£0.04 47 +2
2 1 0.71 +£0.06 45+ 2
3 10 0.83+0.04 38+1
4 100 0.98 +0.01 14+0.1

%From DPX/HPTS export from EYPC-LUWVEDPX/HPTS at constant concentration of DG activatéGuM),

10 mM Tris, 107 mM NaCl, pH 7.4, 25 °C, sBa. 5.2. "Effective DNA concentration needed to reach 50%
activity (Yuaxe), data + SE. From Hill analysis of dose responseses inFig. 5.2. “Maximal fractional
fluorescence emission relative to lysis.

This interpretation, however, was not conclusivecamse the binding of DNA to
intravesicular pK, extravesicular pK and freshlfeased pK should give exactly the same
result. To detect uptake into intact vesicles mmevincingly, sequential DNA addition to
vesicles with internal pK inactivators and exterd& activators was explore&i@. 5.3). The
total DNA concentration was selected to producelpeamplete fluorescence recovery when
added all at once(g. 5.3A solid line, andb.2B). Addition of the same amount of DNA in
several small portions produced essentially novigtiFig. 5.3A, dashed line). Clearly,
stepwise DNA addition was not additive. This nomwlaidity demonstrated that, at low
concentrations, DNA-DG complexes move across hilayembranes non-destructively and
are trapped by pK within intact vesicles. pK retedsring counterion-mediated DNA uptake
would make sequential DNA addition additive. Coh&periments confirmed that sequential
DNA addition to vesicles without intravesicular activators is additiveHig. 5.3B).

The same additivity was found to occur with extsagelar rather than intravesicular pK
inactivators Fig. 5.3C). The resulting uniqueness of non-additive agtiwit DNA-counterion
with intravesicular pK only confirmed that this ploenenon originates from non-destructive
DNA uptake into and trapping within intact vesicles
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Fig. 5.3. Fractional HPTS emission | during the additiorcttdNA att = 50 s (1.Qug/mL final; solid traces) or
att=50s (0.;ug/mL), t = 200 s (0.12hg/mL), t = 350 s (0.12fhg/mL), t = 500 s (0.12Hg/mL) and t = 650 s
(0.125pg/mL; dashed traces) to EYPC-LUMBIPTS/DPX (~12.5uM lipid) with external DG (5QuM) and (A)
with internal pK (10uM), (B) without pK, or (C) with external pK (10 nMTonditions as iffrig. 5.2.

¢ (uM)

Fig. 5.4. Dose response curves for the activation of dayimus DNA (12.5ug/mL) by calix[4]arene5a
(increasing concentrations) in EYPC-LOMPTS/DPX @) and EYPC-LUVICF (O) at A) ~75uM, (B) ~50
UM and C) ~25uM EYPC. Fractional activitiey from conventionally calibrated curves were normedi to
maximal Y = 1 = Yyax) and minimal ¥’ = 0) before lysis.
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Different to the HPTS/DPX assay, the CF assay faildetect cation export and reports on
anion export and lysis only. As representative examples of the synthesizedrstithe
activation of calf thymus DNA by D@4% or calix[4]arenésa was nearly identical in EYPC-
LUVSOHPTS/DPX and EYPC-LUVSCF (Fig. 5.4A and 5.5). As a response to vesicle
dilution, the HPTS/DPX assay revealed decreasin§(EC whereas constantly high EC50’s
were found in the CF assa¥ig. 5.4A-C). High EC50’s with independence on vesicle
concentration supported that the CF assay detaxsrl pores or more dramatic events that
depend only on the CMC of higher-order DNA-courterassembliedg. 5.4A-C, O). Low
EC50’s with dependence on vesicle concentrationotsinated that HPTS/DPX assay reports
indeed on cation transportersig. 5.4A-C, ®). The differences found between HPTS/DPX
and CF assay thus suggested that under mild consljtDNA-counterion complexes can act
as cation transporters in intact vesiclesy(4C, ® vs O). In the present example, this is the
case ofba around 3uM, ctDNA 12.5ug/ml, and EYPC ~2%M (Fig. 5.4, dotted line). The
validity of this interpretation was confirmed by tUbe and intravesicular trapping
experimentsKig. 5.1 and5.3). The apparent transition from non-destructiveocatransport
toward the formation of larger pores and more dtarevents at higher concentrations of
DNA-counterion complexes was not surprising. Thacemtration dependence of transport
mechanisms, usually shifting from carriers overntieds and pores toward detergents with
increasing concentration, has been suggested fréso parominent examples such
valinomycin, melittin or triton X-100’

The dependence of the activity of ctDNA-DG compkex@n other variables was not a
surprise. For instance, EC50’s increased #pgk decreased with increasing ionic strength
(Fig. 5.10, seeExperimental). This finding confirmed the importance of ion qag and ion
exchange for the activity of ctDNA-DG complexes.w.anembrane fluidity gave poor
efficiencies Fig. 5.11, seeExperimental). This trend was consistent with but not exclusive
for an ion carrier mechanisft>'®The presence of anionic lipids in the bilayer dad much
influence efficiencies Kig. 5.12). This insensitivity of polyanionic DNA to anionic
phospholipids was in meaningful contrast to thergirdependence of polycationic CPPs and
potassium channels, where anionic lipids in the brame can act as intrinsic counterion

activators?®
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Fig. 5.5. Countercation activators for DNA carriers, dedestand sensors.

5.2.3 Counterion Activators

The activity of countercation-activated polyanidmsyond DNA decreased with increasing
basicity of the involved anions (DNA, RNA, polypiptste >> hyaluronan, polyglutamate).
This series complemented the decreasing activityoohteranion-activated polycations with
increasing acidity of the involved cation and tlwamfirmed intramolecular charge repulsion
as general origin of counterion-mediated funcfidn.

To quantify the activation of calf thymus DNA by #ie amphiphiles, theECsy's, maximal
activities Yyax, and efficienciesrq2b were determinedHg. 5.13 in the Experimental Section
andTable 5.2). The results revealed that high activator hydaodytity is essential for high.
Ammonium cations{0-73) were less efficient than guanidinium catioiid, (75). This trend
was not further surprising considering the prefeeemf phosphate anions to pair with

guanidinium rather than ammonium catigns.
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Table5.2. Countercation activators of DNA transporters.

Activator  Chargeé EGCso (UM)®  Ymax (%) n®

1 70 +1 - - -

2 71 +1 - - -

3 72 +1 108 £5 100 + 3 34
4 73 +1 7.7+1.4 735 57
5 74 +1 33+2 81+3 44
6 75 +1 46+0.2 83+3 72
7 76 +1 - - -

8 77 +4 - - -

9 78 +4 0.86 + 0.02 52+2 59
10 79 +4 0.78 + 0.09 70+4 81
11 80 +4 1.0+0.01 90 +4 100
12 81 +6 - - -
13 82 +4 6.1+0.7 34+3 28
14 5a +4 15+0.1 57+3 60
15 5b +4 13+0.1 90 +5 96
16 5C +4 14+0.1 85%5 90
17 14b +2 190 + 12 81+3 22

®From DPX/HPTS export from EYPC-LUBDPX/HPTS at constant concentration of calf thymus$AD(1.25
pg/mL, ~4 uM phosphate), 10 mM Tris, 107 mM NaCl, pH 7.4, X5, °seeFig. 5.6 and 5.13 (see
Experimental), 70, 71, 76, 77 and 81 were inactive Yuax < 15%).°Maximal charge corresponding to the
number of guanidinium/ammonium cations, ignoringgible charge reduction by proximity effectffective
activator concentration needed to reach 50% agtiM{iax»), data £ SE. From Hill analysis of dose response
curves (e.g.Fig. 5.6). “Maximal fractional fluorescence emission at sataratith activator relative t&2,
calculated after calibration to constant valuesrditsis.°Relative activator efficiency = f XY yax XpECso(mM),
f=0.37.

Countercations with alkyl tails7Q-75) were better than aryl tail§§, 14b). This trend was
contrary to the charge-reversed situation with CR®eere the high efficiency of aromatic
counteranion activators was explained with thewofable partition into and translocation
across bilayer membrang&® The reversed preference for alkyl over aryl attiz@with DNA
carriers could suggest that activat@fsand14b preferably intercalate into the DNA duplex
and thus prevent their aromatic tails to mediatditpming into the bilayer membrane.
However, poor efficiencies with polyions other th@muble-stranded DNAdid not support

this interpretation (not shown).
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Fig. 5.6. Dose response curves for the activation of d¢gtinus DNA (1.25ug/mL) by calixarene§7 (x), 78
(d), 79 (), 80 (@), 81 (+) and82 (O) in EYPC-LUVOOHPTS/DPX.

Intercalation into DNA can be excluded with nonf@a aromatic macrocycles such as
calixarenes® However, tetraguanidinium calix[4]arenes with ifiiient amphiphilicity such
as77 failed to activate DNA transporters. Expansiorcatix[6]arenes §1) did not solve the
problem. Increasing amphiphilicity of calix[4]areneesulted in increasing efficiency to
activate DNA transporters. Considering the preseatefour guanidinium cations per
activator, the efficiency of calixaren@8-80 and5a-c was comparable to or slightly better
than that of the best alkylguanidinium activafé However, comparisons at high activator
efficiency should be done with caution becausebiginning of stoichiometric binding can
obscure significant differencés.

The bola-amphiphilic 1,3-alt isomer2 was clearly less active and caused only 34%
fluorescence recovery compared to the 52% of itghaphilic isomer78 (Fig. 5.6, ® vs O).
This important difference further supported amphigky as essential characteristic of
counterion activators. The acyclic anal@was >100-times less efficient than calix[4]arene
5b. Multivalency, macrocyclic preorganization and @mting intercalation into DNA
probably contribute to this quite important cateae effect.

5.2.4 DNA as Sensorsin Lipid Bilayer Membranes

The discovery that CPP-counteranion complexes immets anion carriers in bulk and bilayer
membranes was useful for the development of new dalivery and sensing systefidhe
here reported discovery of the charge-inverted DddAntercation complexes as cation
carriers could therefore be expected to have alaimidiverse and important impact.
Whereas cellular uptake of DNA-countercation comete is extensively studied and
routinely used in many variatiods!° their potential to function as multienzyme detestand

multianalyte sensot$** remained to be clarified.
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Among several possibilities to develop counteriotivated DNA transporters into sensing
systems, inactivation by hydrophilic and anionialgtes was explored first. Phytate (or IP6)
was selected as important representative of thislf&? Competitive pairing of phytate with
calixarene activatoba cleanly inactivated DNA transportersSig. 5.7A, ®, IC50 = 450 + 30
nM). Similar inactivation did not occur with the ropletely dephosphorylated inositdgtig.
5.7A, O). Enzymatic phytate hydrolysis by incubation wiphytase was detectable as
fluorescence recovery caused by the activation dfAfalixarene complexes-(g. 5.14, see
Experimental). This successful example for the detectabilityepzyme activity with DNA-
calixarene complexes implied that other approadessloped for synthetic pofésaand CPP-
counterion complexé$ will be applicable to DNA-counterion complexesas.

The applicability of DNA-calixarene complexes tonsig in complex matrices was then
explored. Almond extracts were prepared followingtine procedure¥. DNA-counterion
complexes were efficiently inactivated by theseaihextractsKig. 5.7B, ®). Incubation of
almond extracts with phytase practically removeglrthbility to inactivate DNA-counterion
complexes Kig. 5.7B, O). This demonstrated that the inhibitory activityadmond extract
originated mainly from phytate. Comparison of tkb0’s before and after incubation with
phytase with calibration curves afforded the expeqthytate content (21 mg/g expecteds

+ 1 mg/g found).

The sensing of phytate and the relatedhH&s been explored previously with synthetic pores
and CPP-counteranion compleX@snith CPP-counteranion complexes, phytate competes
with the counteranion activator for binding to fhaycation. With the complementary DNA-
countercation complexes, phytate competes with plodyanion for binding to the
countercation activator. Interestingly, phytate sseg revealed to be more sensitive with
DNA (IC50 = 450 = 30 nM) than with CPP transportéS50 = 5.4 + 1.1uM). However,
counterion exchange in both sensing systems isd#&sent than phytate binding within
synthetic pores (IC50 = 45 £ 5 nM). Successful pte/sensing implied that related sensing
approaches will be applicable to DNA-counterion pteres as weff® including the recent
method to sense hydrophobic analytes with CPP-ediont complexe8.However, the most
important sensing applications of stimuli-respoasiNA-counterion transporters will take
advantage from DNA chemistry in the broadest seisguding the use of aptamers,

enzymes, intercalators, or more complex topologies.
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Fig. 5.7. Dose response curves for the inactivation of ttelinus DNA (1.25ug/ml) and calixaren&a (2.5 M)
in EYPC-LUVOHPTS/DPX by (A) phytate®) and inositol ©) and (B) almond extract befor®@) and after
phytase treatment)). Fractional activities Y’ are as Fig. 5.4.

5.3 Conclusions

In summary, we provided compelling experimentaldewice that amphiphilic counterions in
complex with DNA can act as cation carriers, anowad that the active complexes can be
used as detectors of enzyme activity and as malitan sensors in complex matrices. These
results are important from a conceptual point @&wi® because counteranions have been
shown previously to activate polycationic CPRst only for purposes of cellular upt&keut
also as anion carriefsmultienzyme detectofsand multianalyte sensotsThe theoretical
basis of counteranion-mediated multifunctionaligstbeen clarified® Complementary to the
weak acidity of CPPs, DNA molecules are weakly basilyanions. The evidence provided
herein that DNA-counterion complexes can functisrcation carriers, multienzyme detectors
and multianalyte sensors is important becausentotstrates that the multifunctionality of
polyion-counterion complexes is general, occurmvith low-basicity polyanions exactly as
with low-acidity polycations.

Stimulus-responsive DNA transporters, detectorsl sensors are of general and practical
interest. Application of the lessons learned witPPCsensors concerning hydrophobic
analytes, signal amplification, etc., will be sytatforward and useft*> The prospective use
of DNA for multianalyte sensing in fluorogenit chromogenié? or chirogenié vesicles is
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particularly attractive. Current efforts focus ometuse of DNA aptamérsas analyte-

responsive transporters in membrane-based sengtenss. Considering the broader impact
of research on counterion-activated CPPgesearch on counterion-activated DNA as
transporters, detectors and sensors in vesicliéely to influence other topics such as the

development of non-viral gene vectors.

5.4 Experimental section
Materials

All salts and buffers were of the best grade abésldrom Sigma or Fluka and used as
received. 5(6)-carboxyfluorescein (CF) was fromkBlu8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium salfHPTS), safranin O and poly-L-lysine were from Sayrandp-xylene-bis-
pyridinium bromide (DPX) was from Invitrogen. Egglk phosphatidylcholine (EYPC), egg
yolk phosphatidylglycerol (EYPG), dipalmitoylphogifdylcholine (DPPC), and a Mini-
Extruder used for vesicle preparation were from mivaPolar Lipids. ESI-MS were
performed on a Finnigan MAT SSQ 7000 instrumé&dtand*®C spectra were recorded on a
Bruker 400 MHz spectrometer and are reported asida¢ shifts §) in ppm relative to
solvent peak. Spin multiplicities are reportedaasinglet (s), doublet (d), triplet (t), with
coupling constantsJ] given in Hz, or multiplet (m). Fluorescence measuents were
performed with a FluoroMax-2 spectrofluorometerbjdeYvon Spex) equipped with a stirrer
and a temperature controller. HPLC was performadguan Agilent 1100 series apparatus
with a photodiode array detector. The U-tube expents were performed using house made
“U-tube”. They consist of a small beaker (innerndéeter, 16 mm) with a wall in the middle,
separating two areas named andtrans for the sampling and receiving areas, respectively
The CHC} layers below theis andtrans aqueous phases are connected by a small opening
(height, 6 mm) at the bottom of the wall separathnggis andtrans buffers.

Abbreviations

CF: 5(6)-carboxyfluorescein; DMSO: dimethylsulfogjd DPPC:
dipalmitoylphosphatidylcholine; DPXp-xylene-bispyridinium bromide; EYPC: egg yolk
phosphatidylcholine; EYPG: egg yolk phosphatidybtglsol; HPTS: 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt; LUVs: large unilather vesicles;  Tris:
tris(hydroxymethyl)aminomethane.

Synthesis of 1-dodecylguanidinium, chloride (74).
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To a solution of 1-dodecylamine (1.4 g, 7.6 mmpolEtOH (10 mL) was added 1H-Pyrazole-
1-carboxamidine hydrochloride (1.2 g, 8.0 mmol)heTreaction mixture was refluxed at 86
°C and stirred for 2.5 h. After stirring, the saltewas removedn vacuo and the crude
product was recrystallized from EtOAc/petroleumeet(il:9) to give a pure guanidine as a
white solid (1.5 g, 88%)H NMR (400 MHz, CDC{/MeOD 19:1)3 3.06 (t,J = 7.4 Hz, 2H,
CHyNH), 1.56-1.48 (m, 2H, B,CH;NH), 1.32-1.14 (m, 18H, (8,);CH,CH,NH), 0.81 (t,J

= 6.4 Hz, 3H, Ei3). *C NMR (100 MHz, CDGYMeOD 19:1)5 157.1, 41.6, 31.9, 29.6, 29.5,
29.4, 29.3, 28.7, 26.7, 22.7, 14.1. MS (ESI): daled for [M + H[ m/z = 228.4, foundnz =
228.0.

Synthesis of 1-hexadecylguanidinium, chloride (75).

To a solution of 1-hexadecylamine (480 mg, 2.0 mnmlEtOH (5 mL) was added 1H-
Pyrazole-1-carboxamidine hydrochloride (308 mg, &hiol). The reaction mixture was
refluxed at 86 °C and stirred for 2.5 h. After sitig, the solvent was removeéd vacuo and
the crude product was recrystallized from EtOAgfgeum ether (1:9) to give a pure
guanidine as a white solid (550 mg, 97%).NMR (400 MHz, CDCYMeOD 19/1).5 3.06

(t, J = 7.0 Hz, 2H, @;NH), 1.57-1.49 (m, 2H, B,CH,NH), 1.31-1.16 (m, 26H,
(CH2)1:CH,CH,NH), 0.81 (t,J = 6.4 Hz, 3H, El3). **C NMR (400 MHz, CDG/MeOD 19/1)

0 157.0, 41.6, 31.9, 29.7, 29.6, 29.4, 29.3, 2&7{,22.7, 14.1. MS (ESI): calculated for [M
+ H]" m/z= 284.5, foundwz = 284.0.

Synthesis of Activators 77-82, 5a-5¢c and14b.

Activators77-82, 5a-5¢c and14b were prepared following previously reported procedtf
U-Tube Experiments (Fig. 5.1)

CHCI; (3 mL) was placed in a U-tube and ttis andtrans buffers were added on top of the
organic layercis phase, aqueous buffer (10 mM Tris, 107 mM NaCl, 4 including calf
thymus DNA (1.25pg/mL), activator74 (50 uM) and fluorescent dye(s)rans phase,
aqueous buffer (10 mM Tris, 107 mM NaCl, pH 7.4)eTorganic layer was slowly stirred at
room temperature. Aliquots were taken from thans phase as a function of time. The
concentration of safranin Q\d, 519 NnM;Aem, 579 NM), CF Xex, 490 NM;Aem, 512 nm) and
HPTS Qex, 413 Nm;Aem 508 Nnm) were determined from the fluorescencessiom intensity
of the diluted aliquots in comparison with the bedtion curve. The concentration of DPX
were determined by injecting those aliquots inte BP-HPLC instrument (column, YMC
ProC8, 4 x 50 mm; mobile phase, linear gradiertt%faqueous TFA to TFA/GIEN = 1/99
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over 10 min; flow rate, 1 mL/min; UV detection &8®nm,tr = 0.81 min, solvent fronttr =
0.57 min) and comparing the integration value whiga calibration curveHig. 5.1).
General Proceduresfor Vesicle Experiments
i. Vesicle Preparation
A thin lipid film was prepared by evaporating a wan of 25 mg EYPC in 1 mL
MeOH/CHCE (1:1) on a rotary evaporator (r.t.) and thanvacuo overnight. The resulting
film was hydrated with 1.0 mL buffer [5 mM HPTS,.56nM DPX, 10 mM Tris, 72 mM
NaCl, pH 7.4 (for EYPC-LUVSHPTS/DPX, vesicle A) or 1 mM HPTS, 3.3 mM DPX, 10
mM Tris, 100 mM NaCl, pH 7.4 (for EYPC-LUV#HPTS/DPX, vesicle B] for more than 30
min, subjected to freeze-thaw cycles (5%) and sitns (15%) through a polycarbonate
membrane (pore size, 100 nm). Extravesicular compisnwere removed by gel filtration
(Sephadex G-50) with 10 mM Tris, 107 mM NacCl, pH.Final conditions: ~5 mM EYPC;
inside: 5 mM HPTS, 16.5 mM DPX, 10 mM Tris, 72 mM@®l, pH 7.4 (for vesicle A) or 1
mM HPTS, 3.3 mM DPX, 10 mM Tris, 100 mM NaCl, pHqfor vesicle B); outside: 10
mM Tris, 107 mM NacCl, pH 7.4.
ii. Polyanion Activation Experiments
EYPC-LUV stock solutions were diluted with a buff@ mM Tris, 107 mM NaCl, pH 7.4)
and placed in a thermostated fluorescence cuv@séQ) and gently stirred (total volume in
the cuvette, ~200QL). HPTS efflux was monitored at, 511 nm Aex 413 nm) as a function
of time after addition of cationic activators at= 0 s (10uL stock solution in DMSO),
transporters at= 50 s (2QuL stock solution in buffer) and 1.2% aqueous tri¥6A00 att =
300 s (40pL, 0.024% final concentration). Data were normalize fractional emission
intensityl(t) using equation (1)
1(t) = (e —1o) / (1o —10) 1)

wherely = I at transporter addition,, = I; at saturation after lysis (e.drig. 5.8A). Effective
concentratiorECso and Hill coefficientn were determined by plotting the fractional actiwt
(= I(t) at saturation before lysis, ~200 s) as a fumctif cationic activator concentratiogion
(or transporter concentrati@gna) and fitting them to the Hill equation (2)

Y = Yo + (Ymax —Yo) / {1 + (ECs0/ Cation) '} (2)
whereYy is Y without an cation (or DNA transporteMuax iS a value with an excess cation
(or DNA transporter) at saturation (e.gig. 5.8B).
Poly(Lys)-L oaded Vesicles (Fig. 5.2 and 5.3)
I. Vesicle Preparation
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A thin lipid film was prepared by evaporating a wan of 25 mg EYPC in 1 mL
MeOH/CHCE (1:1) on a rotary evaporator (r.t.) and thanvacuo overnight. The resulting
film was hydrated with 1.0 mL buffer containing arying concentration of poly(Lys) (5 mM
HPTS, 16.5 mM DPX, 10 mM Tris, 0-1Q@M poly(Lys), pH 7.4) for more than 30 min,
subjected to freeze-thaw cycles (5x) and extrus{tfs) through a polycarbonate membrane
(pore size, 100 nm). Extravesicular components wam@ved by gel filtration (Sephadex G-
50) with 10 mM Tris, 107 mM NacCl, pH 7.4. Final abtons: ~5 mM EYPC; inside: 5 mM
HPTS, 16.5 mM DPX, 0-10aM poly(Lys), 10 mM Tris, 72 mM NacCl, pH 7.4.

Ii. Polyanion Activation Experiments

The poly(Lys)-loaded EYPC-LUVSHPTS/DPX stock solutions were diluted with buffée (
mM Tris, 107 mM NaCl, pH 7.4) (~12.6M final EYPC concentration) and placed in a
thermostated fluorescence cuvette (25 °C) and gstitted. HPTS efflux was monitored at
Aem 511 nmM Aex 413 nm) as a function of time during addition afignic activator74 (50
pMM), a varying concentration of calf thymus DNA (®B2ug/mL final concentration) and
1.2% aqueous triton X-100 (0.024% final concentrgti Data were normalized to fractional
emission intensity according to equation (1) (e.grig. 5.2A ), andECso and Hill coefficient

n were determined by plotting the fractional activit (= | just before lysis, ~200 s) as a
function of DNA transporter concentratiopya and fitting them to the Hill equation (ZFi@.
5.2B and Table5.1).

iii. DNA-Trapping Experiments with Poly(Lys)-Loaded Vesicles

The poly(Lys)-loaded EYPC-LUVSHPTS/DPX (10uM poly(Lys) inside) stock solutions
were diluted with buffer (10 mM Tris, 107 mM Na(H 7.4) (~12.5uM final EYPC
concentration) and placed in a thermostated fluamese cuvette (25 °C) and gently stirred.
HPTS efflux was monitored atm 511 nm Rex 413 nm) as a function of time during addition
of cationic activatoi74 (50 uM), calf thymus DNA (1ug/mL at once, or 0.pig/ml first and
then 0.125pg/ml (4x) at every 150 s) and 1.2% aqueous tritorilOR (0.024% final
concentration) Kig. 5.3A). In either case, the final concentration of thdADtransporter in
the cuvette is the same (y/ml). The control experiments were performed widsicles
without poly(Lys) Fig. 5.3B) and vesicles with external poly(Lys) (10 nNFid. 5.3C).
HPTS/DPX Assay vs CF Assay (Fig. 5.4)

I. Vesicle Preparation for CF-Loaded Vesicles

A thin lipid film was prepared by evaporating a wan of 25 mg EYPC in 1 mL
MeOH/CHCE (1:1) on a rotary evaporator (r.t.) and thanvacuo overnight. The resulting
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film was hydrated with 1.0 mL buffer (50 mM CF, @M Tris, 10 mM NacCl, pH 7.4) for
more than 30 min, subjected to freeze-thaw cycheg @nd extrusions (15x) through a
polycarbonate membrane (pore size, 100 nm). Exdrem@ar components were removed by
gel filtration (Sephadex G-50) with 10 mM Tris, 16 NaCl, pH 7.4. Final conditions: ~5
mM EYPC,; inside: 50 mM CF, 10 mM Tris, 10 mM Na@H 7.4; outside: 10 mM Tris, 107
mM NacCl, pH 7.4.

ii. Polyanion Activation Experiments

The above EYPC-LUVSCF or EYPC-LUVSIHPTS/DPX stock solutions were diluted with
buffer (10 mM Tris, 107 mM NaCl, pH 7.4) (~75, ~5hd ~25uM final EYPC
concentration) and placed in a thermostated fluamese cuvette (25 °C) and gently stirred.
The fluorescent change was monitored&t 517 nm Rex 497 nm) for CF or akem 511 nm
(Aex 413 nm) for HPTS as a function of time during &ddi of a varying concentration of
cationic activator74, calf thymus DNA (12.5.g/mL final concentration) and 1.2% aqueous
triton X-100 (0.024% final concentration). Data wenormalized to fractional emission
intensity | according to equation (1), arfCso and Hill coefficientn were determined by
plotting the fractional activityY (= | just before lysis, ~200 s) as a function of canion
concentratiortaion and fitting them to the Hill equation (Zi. 5.4).

Dependence on Lipid Concentration

Varying volumes of EYPC-LUMSHPTS/DPX stock solutions were diluted with buffé@o (
mM Tris, 107 mM NacCl, pH 7.4) (total ~2 mL, ~6-19M final EYPC concentration) and
placed in a thermostated fluorescence cuvette @5ahd gently stirred. HPTS efflux was
monitored at\em 511 NM Aex 413 Nm) as a function of time during addition ofiwator 74
(50 uM, 75 uM or 100 uM final concentration), transporter (calf thymus ANooly(G) or
oligonucleotide) and 1.2% aqueous triton X-100 Z@% final concentration). Data were
normalized to fractional emission intensityaccording to equation (1), ar€Cso and Hill
coefficientn were determined by plotting the fractional actiwt (=1 just before lysis, ~200
S) as a function of transporter concentrat@fsporerand fitting them to the Hill equation (2)
(Fig. 5.9).

Dependence on lonic Strength

i. Vesicle Preparation

A thin lipid film was prepared by evaporating a wan of 25 mg EYPC in 1 mL
MeOH/CHCE (1:1) on a rotary evaporator (r.t.) and thanvacuo overnight. The resulting
film was hydrated with 1.0 mL buffer containing arying concentration of NaCl (1 mM
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HPTS, 3.3 mM DPX, 10 mM Tris, 0-1000 mM NacCl, pH4)/for more than 30 min,
subjected to freeze-thaw cycles (5%) and extrusfhbg) through a polycarbonate membrane
(pore size, 100 nm). Extravesicular components wam@ved by gel filtration (Sephadex G-
50) with the extravesicular buffer containing ayag concentration of NaCl which is
balanced with intravesicular ionic strength (10 ik, 10-1000 mM NacCl, pH 7.4). Final
conditions: ~5 mM EYPC; inside: 1 mM HPTS, 3.3 mMPX, 10 mM Tris, 0-1000 mM
NaCl, pH 7.4; outside: 10 mM Tris, 10-1000 mM NagH 7.4.

ii. Polyanion Activation Experiments

The above EYPC-LUMSHPTS/DPX stock solutions were diluted with buffentaining the
balanced salts (10 mM Tris, 10-1000 mM NaCl, pH)7(4125 pM final EYPC
concentration) and placed in a thermostated fluemse cuvette (25 °C) and gently stirred.
HPTS efflux was monitored atm 511 nm Rex 413 nm) as a function of time during addition
of a varying concentration of cationic activait4, calf thymus DNA (12.5ug/mL final
concentration) and 1.2% aqueous triton X-100 (%02Mnal concentration). Data were
normalized to fractional emission intensityaccording to equation (1), ar€Cso and Hill
coefficientn were determined by plotting the fractional actiwt (=1 just before lysis, ~200
s) as a function of canion concentrat@iion and fitting them to the Hill equation (2ffi@.
5.10).

Dependence on Membrane Fluidity

i. Preparation of DPPC-LUVSOHPTSDPX

A thin lipid film was prepared by evaporating a w@n of 25 mg DPPC in 1 mL
MeOH/CHCE (1:1) on a rotary evaporator (r.t.) and thanvacuo overnight. The resulting
film was hydrated with 1.0 mL buffer (1 mM HPTS33nM DPX, 10 mM Tris, 100 mM
NaCl, pH 7.4) for more than 30 min at 60 °C (whishwell above the phase transition
temperature}® subjected to freeze-thaw cycles (5%, liquid &hd 60 °C water bath). The
extruder was assembled and placed on top of albtg o warm up to 60 °C, which was
controlled by measuring the temperature inside ekeeuder. The vesicle suspension was
extruded (15x) through a polycarbonate membranee(sze 100 nm) and extravesicular
components were removed by gel filtration (Sepha@ex0) with 10 mM Tris, 107 mM
NaCl, pH 7.4. Final conditions: ~5 mM EYPC; insidemM HPTS, 3.3 mM DPX, 10 mM
Tris, 100 mM NacCl, pH 7.4; outside: 10 mM Tris, 1% NaCl, pH 7.4.

ii. Polyanion Activation Experiments
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EYPC-LUVSIHPTS/DPX (vesicle b) or DPPC-LUV$IPTS/DPX stock solutions were
diluted with buffer (10 mM Tris, 107 mM NaCl, pH4j.(~125uM final lipid concentration)
and placed in a thermostated fluorescence cuvgi®g °C) and gently stirred. HPTS efflux
was monitored akem 511 nm Aex 413 nm) as a function of time during addition ofeaying
concentration of cationic activat@é4, calf thymus DNA (12.5ug/mL final concentration) and
1.2% aqueous triton X-100 (0.024% final concentrgti Data were normalized to fractional
emission intensityl according to equation (1), anBCso, and Hill coefficientn were
determined by plotting the fractional activiYy(= | just before lysis, ~200 s) as a function of
canion concentratiot:ation and fitting them to the Hill equation (Zi@. 5.11).

Dependence on Negative Charge on Vesicle Surface

i. Vesicle Preparation

A thin lipid film was prepared by evaporating awtan of EYPC and EYPG (25 mg total) in
1 mL MeOH/CHC} (1:1) on a rotary evaporator (r.t.) and thenvacuo overnight. The
resulting film was hydrated with 1.0 mL buffer (S3W/HPTS, 16.5 mM DPX, 10 mM Tris, 72
mM NaCl, pH 7.4) for more than 30 min, subjectedrémze-thaw cycles (5x) and extrusions
(15%) through a polycarbonate membrane (pore i@, nm). Extravesicular components
were removed by gel filtration (Sephadex G-50) wlithmM Tris, 107 mM NaCl, pH 7.4).
Final conditions: ~5 mM lipid; inside: 5 mM HPTS6.5 mM DPX, 10 mM Tris, 72 mM
NacCl, pH 7.4; outside: 10 mM Tris, 107 mM NaCl, gH.

ii. Polyanion Activation Experiments

EYPC/EYPG-LUV$SIHPTS/DPX stock solutions were diluted with bufféd(mM Tris, 107
mM NaCl, pH 7.4) (-12uM final lipid concentration) and placed in a thestaied
fluorescence cuvette (25 °C) and gently stirredTSRfflux was monitored atem 511 nm
(Aex 413 nm) as a function of time during addition atignic activator74 and calf thymus
DNA (1.25 pg/mL final concentration) (for DNA activation), atodecylphosphate and
polyarginine (75 nM final concentration) (for pRtigation), and 1.2% aqueous triton X-100
(0.024% final concentration). Data were normalized fractional emission intensity
according to equation (1), arifCso and Hill coefficientn were determined by plotting the
fractional activityY (=1 just before lysis, ~200 s) as a function of ad¢tivaoncentration
Cactivatorand fitting them to the Hill equation (Zyig. 5.12).

Activator Screening (Fig. 5.6 and Table 5.2)

EYPC-LUVEIHPTS/DPX (vesicle A) stock solutions were dilutedhwouffer (10 mM Tris,
107 mM NacCl, pH 7.4) (~12M final EYPC concentration) and placed in a therates
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fluorescence cuvette (25 °C) and gently stirredTSRfflux was monitored atem 511 nm
(Aex 413 nm) as a function of time during addition fthe cationic activator§l5 nM-500
UM final concentration), calf thymus DNA (1.2hg/mL final concentration) and 1.2%
aqueous triton X-100 (0.024% final concentratioBata were normalized to fractional
emission intensityl according to equation (1), anbCsp, and Hill coefficientn were
determined by plotting the fractional activi¥y(= | just before lysis, ~200 s) as a function of
canion concentratiot:ation and fitting them to the Hill equation (Zi¢. 5.6 and5.13, Table
5.2).
Inhibition Experiments with Phytate (Fig. 5.7A)
EYPC-LUVEIHPTS/DPX stock solutions (vesicle A) were dilutedhwouffer (10 mM Tris,
107 mM NaCl, pH 7.4) and placed in a thermostakgoréscence cuvette (25 °C) and gently
stirred. HPTS efflux was monitored &¢m 511 nm Rex 413 nm) as a function of time during
addition of varying concentrations of phytate, \aator 5a (2.5 uM final concentration), calf
thymus DNA (1.25ug/mL final concentration) and 1.2% aqueous triteA00 (0.024% final
concentration). Data were normalized to fractiaralssion intensity using equation (3)

1= (i=10) / (I —1o) )
wherely = |; at polyanion additionl,,, = I; at saturation after lysi$Cso and Hill coefficientn
were determined by plotting the fractional activity(= | just before lysis, ~200 s) as a
function of phytate concentrati@gnyateand fitting them to the Hill equation (4)

Y =Yoo + (Yo—Ye) /{1 + (Conytate/ 1Cs0)"} 4)
whereYy is Y in the absence of phytaté, is Y with excess phytatéCsg is the concentration
of phytate required for 50% inactivation amé the Hill coefficient Fig. 5.7A).

Detection of Phytase Activity

Phytate (50QuM) were incubated with phytase (0.03-1 units/mL)5l0 mM sodium acetate

buffer, pH 5.5 at 58 °C. Aliquots (2}8.) were removed periodically and added to buffeér (1
mM Tris, 107 mM NaCl, pH 7.4) containing EYPC-LUVYEPTS/DPX (vesicle A) and

activatorba (2.5 uM final concentration). Aliquots are to be dilutea concentration of 1

UM in the cuvette. The time-dependent fluoresceange after addition of calf thymus DNA
(1.25ug/mL final concentratiomjvas monitored, and activitie¥, were calculated and plotted
as a function of time as described abdvig.(5.14).

Phytate Sensing in Almonds (Fig. 5.7B)

i. Phytate Extraction Procedure.
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The extraction procedure was modified from previpusstablished method$?® 1 g of
ground almonds were placed into a flask and defatteernight by stirring in 30 mL
petroleum ether. The sample was centrifuged, tipersatant was removed, and the solid
precipitate was drieth vacuo for 1 h. The dried solid (0.413 g) was then exegddy stirring

in 10 mL of 0.8 M HCI for 2 h. The sample was thmmtrifuged and the supernatant was
collected. 3 mL of the supernatant was diluted wath mM sodium acetate buffer and
adjusted pH with NaOH to 5.5 (total volume was atgd to 15 mL).

ii. Inhibition Experiments with Almond Extract.

500 uL of the crude almond extract was diluted with p00of 50 mM sodium acetate buffer
(pH 5.5) and used for phytate sensing experim&&C-LUVSIHPTS/DPX stock solutions
(vesicle A) were diluted with buffer (10 mM TrisDZ mM NaCl, pH 7.4) and placed in a
thermostated fluorescence cuvette (25 °C) and gstitred. HPTS efflux was monitored at
Aem 511 nm Aex 413 nm) as a function of time during addition @irying volumes of the
above almond extract (0-3fL), activator5a (2.5uM final concentration), calf thymus DNA
(1.25 pg/mL final concentration) and 1.2% aqueous tritonl100 (0.024% final
concentration). Fluorescence intensities were nlizathas described above, and activitiés,
just before membrane lysis, were plotted as a fonaif extract volume. The resulting plot
was fit to the Hill equation to obtain\& value, which is the volume of extract required for
50% inhibition, of 2.3 + 0.0L (Fig. 5.7B).

iii. Inhibition Experiments with Phytase-Treated Almond Extract.

500 pL of the crude almond extract was added to pDM®f buffer (50 mM sodium acetate,
pH 5.5) containing 2 units/mL phytase, giving afiphytase concentration of 1 unit/mL. The
solution was incubated at 58 °C for 1 h and usedirihibition experiments. EYPC-
LUVSOHPTS/DPX stock solutions (vesicle A) were dilutedhwbuffer (10 mM Tris, 107
mM NaCl, pH 7.4) and placed in a thermostated #soence cuvette (25 °C) and gently
stirred. HPTS efflux was monitored &, 511 nm Rex 413 nm) as a function of time during
addition of varying volumes of the digested almemxdract (0-30QuL), activator5a (2.5 uM
final concentration), calf thymus DNA (1.25/mL final concentration) and 1.2% aqueous
triton X-100 (0.024% final concentration). Fluoresce intensities were normalized as
described above, and activitieg, just before membrane lysis, were plot as a fonctf
extract volume. The resulting plot was fit to thil Hquation to obtain &5 value, which is
the volume of extract required for 50% inhibitiar the digested extract, of 97 + iR (Fig.
5.7B).
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iv. Determination of Phytate Content in Almonds.
The inhibitionwith the phytase-treated almond extract resultsfumknown inhibitors in the
extract whichare not phytate, as all of the phytate has beersuwnad after enzymatic
treatment. Upofiitting the dose-response curves to the Hill equataVs of 2.3 £ 0.07uL
was obtainedor the almond extract and\&, of 97 + 12uL was obtained for the phytase-
treatedextract. With the assumption that the inhibitiorthe undigested extract results from
phytate inhibition, the addition of 2.3 (x 0.0k almond extract to the cuvette leads to a
concentration equal to th€s, of phytate determined from calibration curvegy(5.7A, 1Cso
= 450 = 30 nM). By multiplying this concentratioly khe dilution factor in theuvette, we
obtain an estimate for the phytate concentratiohénalmond extracBecause this estimated
phytate concentration erroneously includes othkibitors than phytate in the crude extract,
contributions from non-phytate inhibitors has toeb&luded by subtracting the resaftthe
enzyme-treated extract from the above estimatedaphywalue. Specifically, the phytate
concentration in the almond extractwas determined by equation (5),
€= (ICs0 X Viot/ Vi50) — (1Cs0 X Viot/ V50, phytasp (5)

where Vs is the volume of the almond extract (not treateth whytase) required for 50%
inhibition (2.3 £ 0.07uL), VsophytaselS the volume for the phytase-treated extractireguor
50% inhibition (97 £ 12uL), ICsp is the phytate concentration required for 50% brtlan
which is determined from the calibration curve oplayate sample of known concentration
(450 = 30 nM), and/y is the total volume in the fluorescence cuvet@®L(RuL). By applying
this equation to the almond extract used for pey&gnsing experiments, we obtained a
phytate concentration of 384 + M. In order to translate this value into a concatin of
phytate in the almond, the concentration of almerttact was converted to the mass of
phytate extractedVipnyate @ccording to equation (6),

Mphytate= C (UM) % 0.010 (L) x 10 x 660 (g/mol) (6)

where 0.010 (L) is the total volume of 0.8 M HCEkddor extracting phytate from the almond
powder, 660 g/mol is the MW of phytate, and muitiglion by 10 accounts for the fact that
the HCI supernatant after centrifugation was ddusetimes with buffer, and further diluted
(x2) with buffer just before vesicle experimentsbioth cases. By this analysis, we obtain a
Mphytate Value of 25.3 = 1.4 mdViphyaeWas then divided by the total mass of almond sample
usedMsampie(1 ), by equation (7)

PCsample= Mphytatd Msample (7)
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to obtain the final phytate contefCsample In the almond solid as 25 + 1 mg/g. The error in
the PCsamplevValue is determined from curve fitting errors. TP@sampievValue is in agreement
with the value of 21 mg/g and 19 = 2 mg/g determime the literature using an HPLC

method®and synthetic por&sespectively.
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Fig. 5.8. (A) Representative normalized kinetics of transpemediated increase in HPTS fluorescence,
following addition of calf thymus DNA (1.2fg/mL final concentration) at= 50 s and triton X-100 (0.024%
final concentration) att = 300 s, demonstrating increasing DNA transporetivity with increasing
concentrations of activat@a (0.05-3.75uM). (B) Representative dose-response curve for DNA aaivavith
activator5a obtained by plotting the fractional activit®yagainst concentration of activatea, giving ECs, for

5a of 1.3 + 0.1uM andYyax of 54 + 4%.
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Fig. 5.9. Optimization of lipid concentration for transpartactivation with activator4. (A) ECs, (o) and Yyax
(o) for calf thymus DNA in the presence of activatdr(100 uM) in EYPC-LUVSIHPTS/DPX were plotted as
a function of vesicle volumé&/. (B) ECs, for calf thymus DNA ¢, o, ¢), poly(G) (x, +) and 29-mer
oligonucleotide &) in the presence of 50M (¢, +, A), 75uM (o) and 100uM (o, x) activator74 in EYPC-
LUVsOHPTS/DPX were plotted as a function of vesicle wod/. 10 L of vesicle volume corresponds to ~25
UM final EYPC concentration.
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Fig. 5.10. Dependence of DNA activation with activaf@¥ on ionic strength.A) Dose-response curves for the
activation of calf thymus DNA (12.ag/mL final concentration) by activat@? in the presence of 10 m\b)|
107 mM @), 250 mM @), 500 mM (x) and 1000 mM (+) NaCB) ECs, (o) andYyax (o) for 74 were plotted
as a function of NaCl concentration.
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Fig. 5.11. Dependence of DNA activation with activai@¥ on membrane fluidityECs, (o) andYuax (o) for 74
in DPPC-LUVEIHPTS/DPX A) and EYPC-LUVEHPTS/DPX B) were plotted as a function of temperature.
The dotted line ir indicates the phase transition of DPPC at 41.4 °C.
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Fig. 5.12. Dependence of transporter activation with amplhghctivator on surface negative charge on vesicl
Yuax (A) and ECso (B) for calf thymus DNA/activatoi74 (o) and polyarginine/dodecylphosphate) (were
plotted as a function of EYPG concentration in EYEYXPG-LUVSIHPTS/DPX.
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Fig. 5.13. Activator screening for DNA activationA{D) Dose-response curves for the activation of dajfrtus
DNA (1.25pg/mL final concentration) by0 (o in B), 71 (o in B), 72 (o in A, ¢ in B), 73 (o in A, x inB), 74 (0
inA),75(xinA), 76 (A inA),77(0inC),78 (oinC), 79 (0inC),80(xinC),81(+inC),82 (A inC),5b
(oinD), 5a (¢ in D), 5¢ (x in D), 14b (o in D).
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Fig. 5.14. Monitoring enzyme activity with DNA activation kactivator5a. Phytase activity was detected with
the activation of calf thymus DNA (1.259/mL) by activatorsa (2.5 pM) upon conversion of phytate (strong
inhibitor) to inositol (inactive) with 1), 0.3 @), 0.1 ¢) and 0.03 (x) units/ml phytase. Fractional acfivitwas
plotted as a function of incubation time with pteda
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