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Abstract: Accurate measurements of the association and dissociation kinetics of myristoylated and unmyris-
toylated forms of MARCKS-related protein using optical waveguide lightmode spectroscopy (OWLS) reveal
that the enhanced association of the myristoylated form is due principally to myristoylation inducing the protein
to adopt a more compact conformation, allowing enhanced packing at the membrane surface, rather than to
markedly different association and/or dissociation kinetics. The driving force for compaction appears to be the
shielding of the myristoyl moiety from unfavorable aqueous solvation.

1. Introduction alkylation (and certainly insufficiently to account for the
observed enhancement of the amount bound) and (ii) dissocia-
tion followed complex, nonexponential kinetics, rendering
problematical the customary application of the kinetic mass
action law (KMAL) to deduce the affinity from the quotient of
the association and dissociation rate coefficients.

Direct inspection of the data suggests a different interpreta-
tion: what if the myristoylated protein has a more compact
conformation, allowing it to pack more densely at the surface
f the membrane? Simply halving the araaoccupied per
olecule at the membrane would produce the observed en-
ancement of the amount bouund at saturation (Figure 1), even

Many proteins are posttranslationally provided with an alkyl
chain (myristate, palmitate, eté.)Since most of them have a
regulatory function involving association with lipid membranes,
it is widely assumed that the role of the alkyl chain is to enhance
the membrane affinity of the protein. The aim of this paper is
to examine whether the assumption is justified.

A number of investigations (usually based on an assay
whereby the protein is incubated with lipid vesicles and its
partitioning between membrane and solution assessed) have®
demonstrated that alkylation does indeed enhance the amoun

of protein bound to the membraA&/ery recently, the kinetics . L . . . .
P y y if all of the rate coefficients remained identical. The rationale

of membrane association and dissociation of the native (alky-f h tion is that th | iid ot Id
lated) and dealkylated forms of a protein have been measured " \N€ compaction is that the polypeptide moiety would arrange

more accurately than is possible with the vesicle-based assay,'tS(fEhc to ;h'eld the a_II;]thcham from dl"eCt’ energetically
using optical waveguide lightmode spectroscopy (OWLH)e unfavorable contact with the aqueous solvent.
OWLS measurements confirmed the earlier results insofar as The protein selected for this investigation was MARCKS-

more alkylated protein can indeed bind, but they further revealed related prqtein SMRP' also called MacMARCKS or ',:52)’ a20
that (i) the initial rate of association was barely enhanced by KD protein 50% closely related to MARCKS (myristoylated
alanine-rich C kinase substrate), predominantly expressed in
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Figure 1. The binding of myr ®) and unmyr ©) MRP (¢, = 0.2
uM) to a POPC/POPG (4:1) bilayer. Arrow 1: initiation of protein
flow; arrow 2: reversion to pure buffer flow.
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brain and reproductive tissuésnd believed to be essential for
brain development and postnatal survi¥étlappears to have a
flexible conformation in the native state.

2. Experimental Section

Proteins and ReagentsUnmyristoylated mouse MRP (unmyr) was
expressed irEscherichia coliand purified as described previously.
The N-terminal glycine residue was myristoylated cotranslationally
usingN-myristoyl transferase (NMT9yielding the myristoylated form
(myr). Proteins were stored in buffer A (10 mM B-morpholino)-
propanesulfonic acidNaOH (MOPS), pH 7.4, plus 0.1 mM EGTA)
at—80°C. In all our work with the protein, we found no evidence for
any degradation due to purification and storage.

Lipid Bilayer-Coated Optical Waveguides. Planar optical wave-
guides incorporating a grating coupler (grating constant 416.15
nm) were obtained from Artificial Sensing Instruments (Zurich,
Switzerland). They consisted of a thin (180 nm), high refractive index
(1.8) layer of Sj42Tio3d02 supported on an optical glass slide. The
waveguides were soaked overnight in buffer B (10 mM MOPS, pH
7.4, plus 0.1 mM EGTA and 0.1 M NaCl). To deposit a lipid bilayer

membrane onto the waveguides, lipid monolayers composed of

1-palmitoyl-2-oleoylsnglycero-3-phosphatidylcholine (POPC) and
1-palmitoyl-2-oleoylsnglycero-3-phosphatidylglycerol (POPGyb-
tained from Avanti Polar Lipids (Alabaster, AL), were mixed in the
molar ratio 4:16 compressed on a laboratory-built Langmuir trough
filled with buffer A to a surface pressure of 32 mN/m, the so-called
bilayer equivalence pressutend transferred using a combination of
vertical (Langmuir-Blodgett) and horizontal (LangmuiSchaefer)
movements$. Only bilayers for which the transfer ratio of each
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Figure 2. Desorption of bound unmyr MRP (Figure 1) while flushing
with pure buffer. The solid line is the best fit of eq 1 to the data (see
text). A single-exponential decay was not able to fit the data
satisfactorily.

could be measured rapidly and repeatedly. A flow-through cuvette
(diameter 9 mm, height 0.31 mm) was sealed with an “0”-ring onto
the lipid-coated waveguide surface. Initially, pure buffer B flowed over
the membrane to establish a baseline, and then the protein dissolved in
buffer B at three different bulk solution protein concentrations,
namely 0.2, 0.6, and 1.8M (4.2, 12.6, and 37.8g/cn¥), and last
pure buffer B again. Solution flow was controlled by a high-precision
mechanical syringe pusher delivering 2.14 ffenThe temperature of
the measuring head was maintained at 26.0.2 °C. From the two
effective refractive indices the amourit, of bound protein per unit
area was calculated with an uncertaintyied.2 fmol MRP/mng.10.12.13

3. Results and Discussion

Dissociation. The dissociation could not be well fitted to a
single exponential, but could be fitted very satisfactorily to a
double exponential, i.e.,

I'(t) = Lolf expCkoyt) + (1 —fexpCk ] (1)
wherely is the amount of membrane-bound protein at the onset
of the pure dissociation phase=€ 0) andf is the fraction of
MRP desorbing with rate coefficienk-;, the other rate
coefficient beingk—,. All our dissociation curves could be fitted

by eq 1 (an example is shown in Figure 2), and the correspond-
ing values ofk_; andk_, are given in Table 1.

monolayer was 1.0 were used. As a check for the possible presence of The existence of two desorption processes implies two distinct
unannealed nanodefects, the tryptic fragment (i.e., lacking a transmem'populations of MRP bound to the membrane. In analogy to the

brane domain) of cytochromigs, a small (17 kDa) protein with the

same isoelectric point (4.4) as MRP, was used as a probe. It is known

to adsorb to the uncoated waveguidebut we found it does not bind
at all to POPC:POPG membranes.
Optical Waveguide Lightmode Spectroscopy (OWLS)Membrane-

behavior of cytochromb5 binding to lipid vesiclesd? we refer

to the population which desorbs with the faster rate coefficient
(k-1) as the “loose” (i.e., loosely bound) conformation (L), and
the population which desorbs with the slower rate coefficient

coated waveguides were mounted in the measuring head of an 10S-1(k-2) as the “tight” (tightly bound) conformation (T).

integrated optics scanner (Artificial Sensing Instruments, Zutfohjth
which the effective refractive indices of two guided modes, the zeroth
order transverse electric (TE) and transverse magnetic (TM) modes

(5) Wu, M.; Chen, D. F.; Sasaoka, T.; TonegawaP®c. Natl. Acad.
Sci. U.S.A1996 93, 2110-2115; Stumpo, D. J.; Bock, C. B.; Tuttle, J. S;
Blackshear, P. PProc. Natl. Acad. Sci. U.S.A995 92, 944—948.

(6) Vergees, G.; Manenti, S.; Weber, T.; 3ainger, C.J. Biol. Chem.
1995 270, 19879-19887.

(7) Substitution of POPG by 1-palmitoyl-2-oleogtrglycero-3-phos-
phatidylserine (POPS) gave indistinguishable results.

(8) Marsh, D.Biochim. Biophys. Actd996 1286 183-223.

(9) Ramsden, J. Philos. Mag. B1999 79, 381—-386.

(10) Ramsden, J. J.; Roush, D. J.; Gill, D. S.; Kurrat, R.; Willson, R. C.
J. Am. Chem. S0d.995 117, 8511-8516.

(11) Tiefenthaler, KAdv. Biosensorsl992 2, 261—-289.

Association. Given the above evidence for two types of
membrane-associated MRP, we propose that MRP present in
'the bulk (MRR) binds initially to the membrane in the loose
conformation, which changes into the tight conformation at the
membrane in a first-order process characterized by a rate
coefficientk,. The complete reaction scheme is therefore

(12) Ramsden, J. J. Stat. Phys1993 73, 853-877.
mg13) The refractive index increment of the protein was taken to be 0.18
cm¥/g.

(14) When added to large preformed vesicles, cytochr@®ebinds
loosely, as characterized by the fact that it can be transferred to other
vesicles; when added to small vesicles or incorporated into vesicles by the
detergent-dialysis technique, it binds tightly and cannot be thus transteérred.



MRP Membrane Association/Dissociation Kinetics

Table 1. Parameters Obtained by Fitting the Sum of Integrated
Eqgs 4 and 5 to the Data using the ASIEVAL Software written by
R. Kurrat

parameter unmyr MRP myr MRP myr/unmyr
ki/(10* x M~1sY) 23+0.2 3.5+0.3 15
k-1/(1072 x s7%) 1.5+0.2 2.6+ 0.8 1.7
k(1073 x s79) 2.1+0.3 1.2+0.3 0.6
ko/(1074 x s7Y) 3.0+ 0.6 0.6+ 0.1 0.2
KU/(10° x M™Y) 15+0.2 1.3+04 0.9
K/(10" x M7 1.2+0.3 5.8+1.2 4.8
a/nn? 17.0+1.7 10.7£ 1.7 0.6

aK characterizes the overall affinity of MRP for the membrane and
is defined byK = ki(k: + k-2)/(k-1k-2); K. is an apparent association
constant characterizing the affinity of the loose conformation for the
planar bilayer and is defined & = ki/k-1. a is the area occupied per
adsorbed molecule. The adsorption rate coeffidightis been converted
from the heterogeneous units (cm/s) implied by eq 5 to homogeneous
ones (M s™1) by multiplying by aNa/1000, whereN, is Avogadro’s
number. Uncertainties give the range over the entire data set.

k k
MRP, <= MRP_ <= MRP; @)
~1
and the corresponding kinetic equations are
dl' /dt = k¢, — k_,I'| + kIt — kI, 3)
and
dl'f/dt = k,I', — k_,I'; 4)

wherel'L andI't are the respective amounts of MR&hd MRR
at the membrane surface, their sdiv= I'L + I't being the
actual quantity determined experimentally. Hence, the kinetic
traces should be fitted by integrating eqs 3 and 8incek_;
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Figure 3. Measured binding of unmyr MRR® ¢, = 0.2 M) to a
POPC/POPG (4:1) bilayer. Arrows 1 and 2 indicate respectively the
initiations of protein and buffer flows. Long dashes, predicted associa-
tion and dissociation of unmyr MRP using egs 3 and 4 withand
k_, predetermined by fitting eq 1 to the dissociation part only (following
arrow 2). Solid line: Fit of eqs 4 and 5 to the data (see parameters in
Table 1), again wittk-; andk_, predetermined from eq 2. All three
concentrations could be fitted with the same parameters (i.e.,anly
was changed). The short dashed and dashdetied lines show the
calculated amounts of the L and T forms, respectively.

where b; (0.8237),b, (0.458), by (0.67), andb, (0.87) are
empirical constants an@ = 0/6;, with 6; being the fractional
surface coverage at which deposition of a particle becomes
sterically impossible, i.e., at whigh= 0 (the so-called jamming
limit). It was put equal to 0.55 since this value is valid for
spheres as well as for rodlike particles with an axial ratio of
42021 Hence, we can replace eq 3 by

dr' /dt = k,Gyp — kT + kT — kT, (5)

andk_, are determined from separate analyses of the dissociation

alone and the lower limit ok; is fixed by (d'/dt)-o < KiCp
which can be estimated directly from the data, the only fully
adjustable parameterks. With this procedure it was impossible

to obtain satisfactory fits (Figure 3, long dashes). The constraints
onk;, k-1, andk_, imply that significantly higher amounts of

The incorporation of the available area functigrallowed
the data to be fitted satisfactorily (Figure 3, solid line), wéth
as an additional free parameter. The same parameters (except
for ¢p) could be used for all of the different bulk concentrations
investigated, provided that the protein was of the same type

protein should be deposited on the membrane than those actuallfmyr or unmyr). Hence we ended up with two sets of parameters,

measured.
To resolve this apparent paradox we have to consider that

which are collected in Table 1.
Fitting Other Models. We also investigated a parallel model

eq 3 does not account for the fact that at most a single monolayerin Which L and T are preformed in the bulk solution and bind

of MRP can bind to the membrane, which will therefore be
gradually filled up and this feature must be included in the
association kinetics. Let the functi@fl’) give the probability
that a protein arriving at the membrane will find a vacant region
large enough for it to bind. At the start of adsorptign= 1,
and binding ceases whep = 0. For adsorption onto a
continuum, ¢ can be expanded in powers of the occupied
fraction 6 of the surface (defined a8 = T'a/m, where m

(= 3.33x 107 1* ug) is the mass of a single MRP moleculg).
We used the accurate interpolation formtfia,

¢ =(1—0)%1— b0+ b,0°— b0°+ b0

(15) Vergees, G.; Waskell, LBiochimie1995 77, 604-620.

(16) Strictly speaking, in eq 3 we should write naf but c,, the
concentration of MRP in the immediate vicinity of the surface, and
complement egs 3 and 4 by a third equation giving the rate of change of
c¢,.1” We found, however, that, deviates significantly fron, only at the

independently to the membrane, that is,

k
MRP, | 3= MRP, (6)
and
k2
MRP; + 5=~ MRP; (7)

The experimental data could be fitted equally satisfactorily
to the equations describing this scheme. The fitted values of
k-1, k2, anda were identical to those obtained with the first
scheme, and the values kf andk, were somewhat different.
We do not favor this scheme on independent grounds, however,
since no other results have revealed multiple protein types in
solution in the concentration range used in our studies.

Significance of the Parameters.Association of myr is

very beginnings of the adsorption and desorption phases, and hence neglecslightly faster than unmyr, but this is compensated for by faster

the deviation.
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Dekker: New York, 1998; Chapter 10.
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(20) Viot, P.; Tarjus, G.; Ricci, S. M.; Talbot, J. Chem. Phys1992
97, 5212-5218.
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Vergaes, G.J. Biol. Chem1996 271, 26794-26802.
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dissociation of L, hence within experimental uncertaiitty 4. Conclusions
formal affinity K_ is the same. Conversion to T is about twice
as fast for myr compared with unmyr, but its dissociation is 5

times slower, resulting in the overall affinitKf of myr being accumulated at the membrane. Compaction of the myristoylated
abouF s-fold greater than that of unmyr. . protein in solution is likely to reflect conformational rearrange-
Strikingly, the area per molecule of unmyr is almost double ment to minimize exposure of the myristoyl moiety to water.

The main effect of myristoylation is to induce a more compact
form of MRP, which allows, inter alia, more protein to be

that of myr, andit is this difference which is primarily The molecular interpretation of the loosely and tightly bound
responsible f_or the significantly greater amounts of myr bound membrane states is that the protein is peripherally associated
compared with amounts of unmyr. with, but not inserted into, the membrane in the former state.

Energetics of AssociationThe differenceAAG between myr Conversion to the latter requires conformational rearrangement,
and unmyr equalRT times the natural logarithm of the ratio  possibly to enable hydrophobic side chains and in the case of
of the affinities. Since the ratio of th€, is practically unity, it myr, the myristoyl moiety, to insert into the membrane. That
can be inferred that the myristate group does not confer any kemyr < Kz,unmyrreflects the fact that this rearrangement is more
enhanced membrane affinity to the protein bound in the loose extensive in the case of myr than for unmyr.
form. It has, however, been demonstrated that the myristate does A final conclusion concerns the value of the methodology
ultimately insert into the membrasiehe energetic contribution ~ adopted in this paper to deduce structural information about a

of which is given by the ratio of thi, i.e., AAG ~ 4 kJ/mol. protein. Conventional approaches (X-ray diffraction, nuclear
In inferring affinities from rate coefficients (i.e., making use Magnetic resonance) have been tried without success with

of the KMAL) it should be borne in mind that Olmj_ subsumes MARCKS and MRP. The circular dichroism of both MARCKES

the diffusion coefficienD of the protein as well as the interfacial 21d MRP*are consistent with the protein being a random coil

(protein-membrane) energetiéd7D is inversely proportional N Solution. Other techniques such as analytical ultracentrifu-
to the hydrodynamic radius of the protein in solution. If the gation and quasi-elastic light scattering require protein concen-

smaller a (corresponding to myr) reflects a more compact trations at ]east an order of magn_itude greater than the highest
conformation of the dissolved protein, theéd should be concentration we have used (which already probably exceeds

inversely proportional tova, implying that the ratioky m the concentrations prevailing in vivo, i.e., in the cytoplasm) and
Y prop ’ 1,5 ying L,my one cannot extrapolate from the high concentrations to the lower
K¢,unmyr Should equaldunmyd/amy)*’% From Table 1, the ratio of

; ) i ] ones without demonstrating that the state of the protein is the
the ki is 1.5+ 0.2, and the ratio oiais 1.3+ 0.1, in same in both, especially since proteins with affinity for lipid
agreement with the postulate. We attempted to corroborate ourembranes are necessarily amphiphilic, making them prone to
values ofa by estimatingD from analyti.cal uItrgcentrifugation aggregation (micellization) at high concentrations. Moreover,
(AU). Results from unmyr were consistent with an elongated hese ‘techniques only yield information on the solution form
form (axial ratio estimated at between 7 and 12, depending on of the protein, whereas our goal is to investigate what happens
the supposed degree of hydration of the préi@iThe surface {5 the protein at the solution/membrane interface. From an
occupied (projected area) by such a prolate molecule lying with gna)ysis of the kinetic adsorption data, we have been able to

its long axis parallel to the membrane falls in the range 24 reliably deduce the area occupied per molecule, as well as the
nn¥, in agreement with our determinationafrom the binding association and dissociation rate coefficients and hence the
kinetics. affinities.
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