Supplementary Infor mation

Vesicle aggregation by multivalent ligands: relating crosslinking ability to surface affinity.
Xi Wang, Robert J. Mart and Simon J. Webb*

S.1. ITC measurements on the binding of membrane-bound Cu(2) toligands 2, 3 and 4.

Ligand binding was monitored after dilution of tharent vesicle solution 1 in 10 to give a solut2omM in lipid. Heat flow to and from the
sample was measured after each addition of anadlmfuigands2, 3 or 4 (2 mM in histidine residues). All calorimetric nsmements were
repeated several times; shown in Figures S1 araté&S2ome representative data.

Table S1. Thermodynamic data obtained at 298 K from the ITC
titrations of Cul)/DSPC vesicles (0.1 mCu(l) and 2 nv in total lipid)
with histidine-containing ligand, 3 or 4.

Ligand Kay (M) AH (kJ mol™)  AS (I mol*K™)
2(Hiske  (5.6+£1.6)x<10° -14+3 25+ 9
3 (Hisks  (5.8+ 1.5)Xx 10° 9£2 42+ 9
4AcHis  (32+05)x10° -6.6+0.2 45+ 2

Enthalpy changes due to non-specific vesicle-vedigleractions during vesicle aggregation have bmeasured by other researchers and
were found to be endothermic and smiafi?heat flows were dominated by the formation of #jzecrosslinking bonds. To try and estimate
the contribution that vesicle-vesicle interactionake to the enthalpy change in our system, theigfilienthalpy of a concentrated DSPC
vesicle suspension was measured. Addition of DSRZles (800 nm diameter, 20 mM in lipid) in MOPSfbuat pH 7.4 to buffer solution
revealed an exothermic enthalpy of dilution of 3kKJ mof* per phospholipid, equivalent to an endothermitiaipty change of +0.6 kJ mol

1 per Cu() lipid for the reverse process; concentratingIPSPC vesicles (5 % mol/mol CL)j. Comparison to the enthalpy changes in
Table S1 suggests heat flows resulting from briggiesicles into proximityia aggregation should be a small contribution tortéAH.
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Figure S1. Representative ITC traces for the titration of DSRSicle suspensions containing 5% mol/moliF¢@ mM in lipid, 0.1 mM in Cul)) with L-
histidine containing ligandaithout enthalpies of ligand dilution subtracted?a(His),g, b) 3 (His)26 and c) acetyl histiding.
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Figure S2. Representative ITC data for the titration of DSRGi#le suspensions containing 5% mol/molXp¢® mM in lipid, 0.1 mM in Cul)) with L-
histidine containing ligandsith enthalpies of ligand dilution subtractecd®aHis)s, b) 3 (His)zs and c¢) acetyl histiding.

Curve fits to the subtracted data were obtainedgugia One Site binding isotherm in Ori§iwith the number of equivalent binding sites
= 1. In cases of weak binding the value of is difficult to determine from the shape of th&dtion curve and may give unrealistic values
during fitting. In these cases it is better to fix= 1; the insignificance of any potential seconddimg constant was evident during the
analysis of the cumulative heat release data. Metets fitting the data using floating’in the One Site binding isotherm in Orifigave
values ofK that were the same within error as those fount imit fixed at 1 (see Table S2).

S.2. Therelationship between individual microscopic binding constants and the valence-cor rected binding constant.
Calculating the binding constant on a per bindinig er valence-corrected basis greatly simplifies @halysis of multivalent binding for

highly valent species, and affords the geometrianmainding constant. The valence-corrected freeggnzhange from a multivalent ligand
interacting withn receptors i$>



Thus K,, = (K1K2K3 ..... Kn)/n where eaclK; is a microscopic binding constant.

It can be shown thd{,, is the value calculated when determining a valemreected binding constant using the One Siteibinchodel in
the Origin™ curve-fitting package accompanying aidcal VP-ITC. This package uses the fractionalipency of sites?, to calculateK.
The expression used to calcul&drom 0 and the concentration of receptor [R] in the Sin8kt of Identical Sites Model in Origin™ is
given by>*

_ 8 _ [RIK .
K= 0=—— Equation S1.
il—HiR] 1+[R]K

This expression is equivalent to the relationskipveend andK,, for ann-valent ligand®®

Rl __ Rl _ [RK,
(Ky)+R] (1]+[R] 1+[RIK,,

av

6=

r Equation S2.
n

Thus the valence-corrected valuekotalculated using the Single Set of Identical Sieslel in Origin™ is actually better describedkag,

the geometric mean of all the microscopic bindingstant;...... K. Strictly speaking, Equation S2 is only true if laihding sites are
identical, but a good fit to our data was obtainsihg this model presumably because of the highedegf multivalency in our ligands and
the similarity between the individual affinities tfe different binding sites. Indeed many otherkeos have used this valence-corrected
approach to assess average binding constants by?ITC

S.3. Comparison of | TC binding constants obtained using different methodsto fit the I TC binding.
Table S2. Comparison of ITC binding constants obtained usiiffgrent methods to fit the ITC binding.

Method Ligand
2 (HiS)3g 3 (HiS)zzs 4 AcHis
Ka (L mol™) (5.6 +1.6) x 10° (5.8 +1.5) x 10° (3.2+0.5) x 10°

Origin® with the heats of ligand dilution subtracted and “n” = 1.

Ka (L mol™)

(4.5 +1.5) x 10°

(5.4 +1.6) x 10°

(2.7 £0.4) x 10°

Origin® with the heats of ligand interaction with undoped DSPC
vesicles subtracted

Ka (L mol™) (7.2 £ 2.6) x 10° (7.0 £1.4) x 10° (2.5 +0.2) x 10°

Dynafit using a 1:1 binding model

Ka (L mol™) (9.4 +2.3) x 10° (8.7 £2.3) x 10° (3.0 +£0.5) x 10°

Origin® with the heats of ligand dilution subtracted and “n”
floating

S.4. Comparison of the valence-corrected turbidimetric and I TC data obtained for the binding of membrane-bound Cu(1) to ligands
2, 3and 4 respectively.
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Figure S3. Plots showing the lack of correlation between litichange (due to vesicle aggregation) and cutiveldeat release (due to the binding of
histidine containing ligands to the surface of QIRSPC vesicles). Data is shown for titration ofietes (5 % mol/mol Cd) and 2 mM in total lipid) with
ligands ap, b) 3 and c}.



S.5. Each observed binding event is composed of two microscopic binding events; inter- and intra- membrane binding.

If we assumeK,™ is less tharK, for alli > 1, then at low values gf K, <K, . By making a few assumptions, it is possible tovslthis
mathematically:

. Each binding unit on the multivalent ligand canséxin three configurations: unbound, bound to remefR through an
intermembrane link or bound to receptor R througlin&ramembrane link. Therefore the partition fioretis>’

E - 1+ Kiimer[R] + Kiimra[R]

SinceN = @6_5 , then:
= J[R]

[R](Kiinter + Kiintra)
1+ (Kiinter + Kiintra)[R]

N= Equation S3.

which is equivalent to the binding isotherm forgde site binding of a ligand which can only bindone mode: N =%

Whel’e Ki = Kiin!er + Kiintra

obs inter
K7 KT + Ky Equation S4.
K K

thus K™ =K"™ +k x and <

1 1 1

S.6. Increasing ligand valency may not change K,, significantly for a highly multivalent ligand

. The average (geometric mean) binding constant fouléivalent ligand is given by:

K obs K obs
K:v = "V KlKZObS"'KnObs SO K:V = K1" z —— Equation 85
Ke K

Combining Egns. S4 and S5 gives:

inter inter
Ka =K [KZ +£){][K— +£){J Equation S6.
Kl Kl Kl Kl

SinceK™®" < K, for all 2<i <n, then ag — 0, then:

Kiinter Ki
—+—x|<1
Ko Ky

for all 2<i <n. ThereforeK,," < K; at low values ofy.

Furthermore, provided that we assumedalre approximately the same for 1 (as implied from the ITC data we obtained
from our multivalent system), then for high veduwdn there will be little change in the affinity of timeultivalent ligand for the
surface as the valency increasesKe= K .

av

obs obs
KZ Kn

n then KEW=n
Ki K K, K K

obs obs
Since K[ =Kz K, K

Since we have assumedllare approximately the samekaS?then:

n obs TT.;[
% = E%J Equation S7.
1 1

For large values (thheni1 ~1,S0K} =K.
n+



Furthermore, increasing the valuenofill not significantly changé,,” asi1 will still approximate one,
n+

n+l

i.e. fork,m?,
n+2

—
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