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ABSTRACT. A major protein of neuronal rafts, NAP-22, binds specifically to cholesterol. We demonstrate
by circular dichroism that NAP-22 contains a significant amoung-atructure that is not sensitive to
binding of the protein to membranes, suggesting that a major portion of the protein does not insert deeply
into the membrane. The free energy of binding of NAP-22 to liposomes of dioleoylphosphatidylcholine
with 40% cholesterol is-7.3 £+ 0.5 kcal/mol. NAP-22 mixed with dipalmitoylphosphatidylcholine and
40% cholesterol partitions into the detergent insoluble fraction in the presence of 1% Triton X-100. NAP-
22 also causes this insoluble fraction to become enriched in cholesterol relative to phospholipid, again
demonstrating the ability of this protein to segregate cholesterol and phospholipids into domains. Differential
scanning calorimetry results demonstrate that NAP-22 promotes domain formation in liposomes composed
of cholesterol and phosphatidylcholine. This is shown by NAP-22-promoted changes in the shape and
enthalpy of the phase transition of phosphatidylcholine as well as by the appearance of cholesterol crystallite
transitions in membranes composed of phosphatidylcholine with either saturated or unsaturated acyl chains.
In situ atomic force microscopy revealed a marked change in the surface morphology of a supported
bilayer of dioleoylphosphatidylcholine with 0.4 mole fraction of cholesterol upon addition of NAP-22.
Prior to the addition of the protein, the bilayer appears to be a molecularly smooth structure with uniform
thickness. Addition of NAP-22 resulted in the rapid formation of localized raised bilayer domains.
Remarkably, there was no gross disruption or erosion of the bilayer but rather simply an apparent
rearrangement of the lipid bilayer structure due to the interaction of NAP-22 with the lipid. Our results
demonstrate that NAP-22 can induce the formation of cholesterol-rich domains in membranes. This is
likely to be relevant in neuronal membrane domains that are rich in NAP-22.

A growing body of evidence shows that cholesterol-rich single-particle tracking™, 8) or by photonic force micros-
domains are present in the membranes of many mammaliarcopy @, 9). Cholesterol-rich domains are also found in
cells. They have been the subject of much recent attentionmorphologically distinct structures within the plasma mem-
because of their importance in certain signal transduction brane termed caveoliL().

pathways {—3). These domains typically exhibit low fluidity NAP-22, a myristoylated protein localized to the synapse
(4) and are rich in lipids such as sphingomyelin or glyco- (11), is a major component of the detergent insoluble, low-
sphingolipids that melt at high temperaturés §). These density fraction from rat brain. Unlike typical rafts discussed
domains, known as “rafts”, are believed to be in a unique above, the detergent insoluble fraction from neurons is
physical state, termed the liquid-ordered qrghase. This relatively low in sphingomyelin content but yet rich in
phase is characterized by lipid having extended acyl chains,cholesterol 12). The fact that NAP-22 is myristoylated is
like the gel phase, but rapid lateral mobility, like the liquid likely to be important for its ability to sequester to cholesterol-
crystalline phase. It is thought that sphingomyelin, becauserich domains £3). A protein with a high degree of sequence
of its high transition temperature, abundance of saturated acylnomology and likely with very similar properties, CAP-23,
chains, and tendency to associate with cholesterol, is neceswas first identified by Widmer and Carorii4). Along with
sary for the formation of these raft structuré&. (Rafts are ~ GAP-43 and MARCKS, CAP-23 is thought to regulate cell
transient in nature and have been observed directly only by cortex actin dynamicslg). NAP-22 is enriched in the growth
cone, a specialized neurological structure present at the tip
of an extended neuritd §), and is thought to share a unique
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It has been reported that NAP-22 binds specifically in vitro solved in a 2/1 chloroform/methanol mixture and the lipid
only to cholesterol-containing liposome4?2). It is also deposited on the walls of a glass test tube by solvent
known that in addition to binding to membranes, NAP-22 evaporation with a stream of nitrogen gas. The last traces of
binds to calmodulin X6), but without an accompanying solvent were then removed by evaporation 2oh under
conformational change in its calmodulin-binding domain vacuum. To this lipid film was added a solution of NAP-22
(19). Moreover, this protein has been shown to be particularly in 10 mM Tris-HCI, 150 mM NaCl, 2 mM MgGl| 0.2 mM
resistant to denaturatiorl). In this work, we study the  EGTA, and 1 mM dithiothreitol (pH 7.5) to give the desired
conformational and cholesterol binding properties of NAP- final lipid-to-protein ratio. The lipid was suspended by
22 and, in particular, investigate whether the specificity for vortexing the mixture at room temperature followed by three
cholesterol binding is sufficient to induce the formation of cycles of freezing and thawing. All lipid/protein mixtures,

cholesterol-rich domains in membranes. as well as the controls, were then incubated for 30 min at
37 °C. The vesicles with bound protein were then pelleted
MATERIALS AND METHODS by centrifugation at 2000@0for 90 min at 25°C. The

supernatant was removed and assayed for protein and lipid.
Determination of Phospholipid Concentratiori$e con-
centration of phospholipid was determined by measuring the

lesterol was purchased from Northern Lipids (Vancouver, amount of inorganic phosphate released after digestion by

BC) and [7#H(N)]cholesterol from American Radiolabeled th%rrgethqd ?_f Amtfestﬁ(Z).P tein C tratioriEh
Chemicals (St. Louis, MO). etermination of the Protein ConcentratioriBhe con-

centration of NAP-22 was determined by either the BCA
assay (Pierce Chemical Co.) or the CBQCA assay (Molecular
Probes). In addition, the protein was identified by SDS

Materials.NAP-22 was isolated from the brains of 2-week-
old rats, as previously describetl2j. Phospholipids were
purchased from Avanti Polar Lipids (Alabaster, AL). Cho-

Circular Dichroism (CD).The CD spectra were recorded
using an AVIV model 61 DS CD instrument (AVIV
Associates, Lakewood, NJ). The sample was contained in a - . .
1 mm path length cell that was maintained at €7 in a PAGE after staining with Coomasie Blue.

thermostated cell holder. The CD data are expressed as thelzntlgel\t/lel_r?/egft ggﬁséavr\;itﬂ'\:lig]ot/)riﬂgﬁ;ezrzcﬂvggﬁt'gi%?rr]pogaé%d
mean residue ellipticity. The secondary structure was esti- 0 9o

: 3 ; .
mated using a neural network-based algoritag es well 7 9 L (SR ESEEN] Y CRETR AT R
as by the curve-fitting procedure of Yang et &1y, All ' ' P

CD runs were made with protein dissolved in 10 mM sodium gozn t:gllwv;/i t?]r;% tﬂigggﬁiﬁﬁ'& r(’::gll\évlaﬁ'hzeogﬁsAelrlgi%n
phosphate buffer containing 0.15 M NaF and 1 mM EDTA P ' P

(pH 7.4). Protein concentrations were determined using awoas cpoled in an ice bath, and an eql_JaI vo[ume of ice-cold
BCA protein assay. 2% Triton X-100 was added to give a final Triton concentra-

. 0 : . ;
Incorporation of NAP-22 into Multilamellar Vesicles tion of 1%. The mixture was then kept on ice for 30 min

1 i . . and then centrifuged at 4C and 200004 for 90 min. The
E}I\;/lltlj_r\z/a)nnglﬁpﬁ) dzfﬁmvéav?/itlr?Zosrgﬁjrt?;ido;r:;\c:a t;:]r?)tgr?mblrgnn?h/tl)y pellet and supernate fractions were separated, and the amount

: of [*H]cholesterol in each fraction was determined by
;rr:;_lH%lI’\Alj?hi?tme'\iltglc(lbli 7mé\;| 'I\Iflr?ecayin%lzp:gtlﬂiff;ﬁ’en- scintillation counting after correcting for quenching by Triton.
tration was~7 uM and that of the lipid 3.5 mM. The lipids Phospholipid concentrations were determined in the pellet

: . by phosphate analysi®?), and the protein concentration
tgzgl\;vgre léfeld W?ri 1-str<]aatrgy:-2h-oll_eoylpggs;)gatuiljylchloh_ne was determined in the supernatant as described above.
E Ioh ), h I?de?yhprOSpD?:::éc 0 Tet ( | 2)’| lplarrpl- Differential Scanning Calorimetry (DSCMultilamellar
o £ S0/B10% sucpensons of ozl t 3 concentato of 23
the form of multilamellar vesicles. The SOPC is similar to mL were prepared by hydrating dry lipid films with either

forms of phosphatidylcholine that occur in cell membranes; pure bqffer or a solunoq of NAP_ZZ as described above to
as a pure lipid, it has a melting temperature i while ' give a.flnal lipid-to-protein ratio of 500. The buffer that was

! . used included 10 mM Tris-HCI, 150 mM NaCl, 2 mM
that of SOPS is 17C. The DPPC has a melting temperature .~ "0 5> mp EGTA, and 1 mM dithiothreitol (pH 7.5).
at 42°C, similar to that of sphingomyelin. The samples were

subjected to three cycles of freezing and thawing. In the caseSUSpenSions were degassed under vacuum before being
of mixtures with DPPC, a lipid with a phase transition loaded into a NanoCal high-sensitivity calorimeter (CSC,

o Spanish Forks, UT). Both heating and cooling DSC scans
teearzﬁefrraetgr(_enof 4§ﬁ:’|f[h%/s?$2|.isr\:¥.ertergiatzg to gl?a;t:rthe were run at a rate of 0.78C/min. The observed phase
zIing. Ipia/protet IXtures, w transition was fitted, using Origin 5.0, with parameters
controls, were then incubated for 30 min at 7.

; : - describing an equilibrium with a single van’t Hoff enthalpy.
Centrifugation Assay for Membrane Binding of NAP-22. Preparation of Samples for AFMDOPC and 0.4 mole
Membrane binding of NAP-22 was assessed by modification 5 q(ion cholesterol were combined in a solution of chloro-
of the previously described procedutE), except that the
lipid was in the form of MLV instead of sonicated vesicles.

The DOPC mixed with 40 mol % cholesterol was codis-

form and methanol (2/1, v/v). The lipids were deposited on
the walls of a glass test tube by solvent evaporation under a
stream of nitrogen. The last traces of solvent were removed
under vacuum for 2 h. The film was hydrated with 10 mM
! Abbreviations: DSC, differential scanning calorimetry; MLV,  sodium phosphate buffer and 0.15 M NaCl (pH 7.4) to give

multilamellar vesicles; AFM, atomic force microscopy; TMAFM, ; ini ; ; ;
tapping mode AFM: DOPC, dioleoylphosphatidyicholine; SOPC, a final lipid suspension of 1 mg/mL. This suspension was

1-stearoyl-2-oleoylphosphatidylcholine; DPPC, dipalmitoylphospha- then placed in a bath type sonicator for approximately 20
tidylcholine; SOPS, 1-stearoyl-2-oleoylphosphatidylserine. min, until the suspension became clear or only slightly hazy.
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This lipid suspension was then applied to the surface of 7,71 Secondary Structure of 181 NAP-22 at 37°C
freshly cleaved mica and the lipid allowed to adhere to the
mica surface over a period of @0 min.

secondary structure (fraction of total)

Atomic Force MicroscopySolution tapping mode atomic condition a-helix  p-structure  random
force microscopy (TMAFM) images were acquired on a buffer 0.07(0)  0.51(0.47) 0.42(0.53)
65% TFE/buffer 0.08(0.08) 0.41(0.16) 0.51 (0.76)

Digital Instruments l\_la_noscope A MultiMode scanning "z’ vt SOPC and 0.4 moleND (0) ND (0.30) ~ ND (0.70)
probe microscope (Digital Instruments, Santa Barbara, CA)  fraction cholesterol

using 120um oxide-sharpened silicon nitride V-shaped 0.5 mM SOPS and 0.4 moleND (0) ND (0.36) ND (0.64)
cantilevers installed in a combination contact/tapping mode fraction cholester6l

liquid flow cell. The flow cell was fitted with inlet and outlet aValues are given for analysis by a neural network progra, (
tubes to enable direct fluid exchange during imaging. The followed by an estimate given in parentheses that was obtained by

AFM cantilevers were irradiated with UV light prior to analysis of the same data using the curve fitting procedure of Yang et
al. (40). ND indicates that the method was not able to estimate the

imaging to remove any adventitious organic contaminants. value within a reasonable uncertaintncludes 10 mM sodium
which has a maximum lateral scan area of 14n6 x 14.6 lipid molar ratio was 1/500.
um. All imaging was performed at tip scan rates from 1.25

0

to 2 Hz, using cantilever drive frequencies-©8.9 kHz at 2>
ambient temperature. All images were captured as %12 £33
512 pixel images and were low-pass filtered. Feature size & g -25009
and volumes were calculated using the Digital Instruments @ &=

X . © £ -5000-
Nanoscope software (version 4.21) and a shareware image 3 &
analysis program, NIH Image (version 1.62). Supported ‘g § 750041
bilayers were formed by directly injecting500 uL of the x 5
1 mg/mL lipid suspension into the AFM fluid cell, previously § ;%l 10000
sealed against a piece of freshly cleaved mica, and allowing =

the vesicles to fuse in situ. The cell was flushed with buffer, -12500
and reference TMAFM height and phase images were
acquired in protein-free 10 mM sodium phosphate, 150 mM

] i ini Ficure 1: Circular dichroism spectra of 28M NAP-22 in 10 mM
NaCl buffer at pH 7.4 to confirm formation of a stable lipid sodium phosphate, 140 mM NaF, and 1 mM EDTA (pH 78 (

bilayer. Approximately 50@L of the protein splution in thg and diluted with TFE to 65% TFEA).

same buffer was added and the sample imaged again to

obtain reference images of the membrane-associated proteins.

Since the AFM fluid cell volume is~200 uL, we have in the CD spectra as the solution pH was varied from 7.4 to
ensured complete replacement of the original imaging buffer. 4.5, the latter pH being close to the isoelectric point of NAP-

At no time was the AFM cell removed from the mica surface, 22. The addition of sonicated liposomes of SOPC or of SOPS

T T T T T T 1
180 200 210 220 230 240 250
nm

nor was the lipid bilayer exposed to air. containing 0.4 mole fraction cholesterol also did not promote
any significant secondary structure changes (Table 1). The
RESULTS minor changes are likely a consequence of light scattering
. . . . . effects.
Circular Dichroism (CD). Little is known about the Membrane BindingThe lipid dependence of NAP-22

conformational properties of NAP-22. The protein has been pinging to small sonicated vesicles has already been reported
shown to be resistant to denaturatiob€) Secondary  py \aekawa {2). Since sonicated vesicles are strained, we
sFruqt_ure predictions sugggst that NAP-22 could contain a paye repeated and extended these results using MLV,
significant amount ofa-helical character 1). We have  genarating membrane-bound and free protein by centrifuga-
therefore undertaken a CD study to characterize the secondiion 1n the absence of cholesterol, none of the three forms
ary structure of NAP-22 and to assess how sensitive this of phosphatidylcholine (DPPC, DOPC, or SOPC) nor SOPS
structure is to variations in pH and buffer conditions as well oyiracted significant amounts of NAP-22 from the superna-
as to the presence of liposomes. tant into the pellet fraction, in agreement with the results
Under a variety of conditions, NAP-22 has very little reported earlier with PC and with PS membrari®.(With
a-helical structure (Table 1). Even the addition of 65% (.4 mole fraction cholesterol and either SOPC, DOPC, or
trifluoroethanol, a solvent that is very potent in inducing DPPC, the major fraction of NAP-22 did transfer to the
helical structure, had only a very modest effect on either membrane. In the case of DPPC, the samples were heated
the CD spectrum (Figure 1) or the calculated secondary to 45°C after each freezethaw cycle so that the lipid would
structure (Table 1). However, the CD results do indicate that pe in the L, phase. The dependence of the partitioning of
NAP-22 does contain significant amounts @fstructure ~ NAP-22 to MLV on the SOPC/cholesterol ratio (data not
(Table 1). Although estimates gfstructure content by CD  presented) was similar to that previously observed using
are not very accurate, our results strongly suggest that NAP-sonicated vesiclesl?). The results presented here confirm
22 is essentially devoid ofi-helical structure but has a the findings of Maekawa and further demonstrate that the
significants-structure content. binding of NAP-22 to cholesterol-containing membranes
The secondary structure, as determined by CD spectros-does not require the high curvature strain of sonicated
copy, is not sensitive to changes in conditions in aqueous vesicles. In addition, we have found that NAP-22 partitioning
solution as evidenced by the lack of significant variations is insensitive to the fatty acid composition of the phospha-
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Ficure 2: Binding of NAP-22 to membranes of DOPC with 40% B
cholesterol. 100
90+
tidylcholine. However, in contrast to the acyl chains, = 807
changing the headgroup from zwitterionic phosphatidylcho- e (7;8:
line to anionic phosphatidylserine virtually completely S 50
eliminated binding to lipid even in the presence of an 2 40-
equimolar amount of cholesterol, in agreement with the 30+
previously published findingslg). 20
We have also measured the affinity of binding of NAP- 12:
22 to membranes of DOPC with 40% cholesterol (Figure Lipid Lipid  Protein
2). The binding curve was analyzed to obtain a partition in pellet inpelet in
coefficient 3, 24), and the free energy of NAP-22 binding supernate
to this membrane was calculated to-b&.3 + 0.5 kcal/mol -Protein +Protein
of protein. Ficure 3: Triton solubility of a mixture of DPPC and 40%

. e . cholesterol with and without NAP-22. (A) Percent of total
Triton Solubilizationln the absence of protein, the DPPC cholesterol in the Triton insoluble pellet vs the Triton soluble

with 40% cholesterol forms, as expected, a detergent supernate without (left) or with (right) NAP-22. (B) Percent of total
insoluble material. In this pellet, we find only 40% of the lipid in the Triton insoluble pellet without (left) or with (right) NAP-
total initial amount of cholesterol (Figure 3). This is 22 an_d percent of_total protein_in'the Triton soluble supernate (right).
somewhat smaller than that found by Schroeder eps); ("€ lipid to protein molar ratio is 200/1.

however, in that work, a lower ratio of Triton to lipid was
used (personal communication), and their lipid was in a Table 2: Calorimetric Heating Transitions

different physical for_m as detergent-dialyzed Igrge u_n_ila- Tu AHea total AHe
mellar vesicles. Addition of NAP-22 at a protein to lipid NAP-22 (°C) component (kcal)  (kcal)
molar ratio of 1/200 increases the amount of cholesterol in pppc no 422 56 56
the pellet but decreases the amount of phospholipid in the ppPC yes 421 5.4 5.4
pellet. The cholesterol was assayed in both pellet and DEE% no %g-% L %-87 0.8

; ; yes . .
supernate fractions, but the DPPC was assayed only in theP ves 331 2 01 0.8

pellet fraction because of interference by Triton in the pppcando3chbl  no 414 0.14 0.14

phosphate assay. The protein was assayed only on theoppcC and 0.3 chol yes  41.3 1 0.15
supernatant because of interference by lipid in the protein DPPC and 0.3 chol yes 419 2 0.08 0.23

assay. DPPC and 0.4 chol no 40.5 1 0.12
L . DPPC and 0.4 chol no 41.6 2 0.10 0.22

Effect of NAP-22 on Lipid Phase Beliar. We employed DPPC and 0.4 chol yes 405 1 0.19
differential scanning calorimetry (DSC) to monitor lipid DPPC and 0.4 chol yes 421 2 0.11 0.30
phase transitions both in the presence and in the absence olPP';C a”g O-i CEO'I yes 952 005  0.05

NAP-22. At a protein to lipid molar ratio of 1/500, NAP-22 ~S9PCand0.4.chol  no 6.0 03 03

SOPC and 0.4 chol yes 35 1 0.01

was found to have no effect on the temperature, enthalpy, sopc and 0.4 chol ~ yes 55 2 004
or cooperativity of the L. to Lg phase transition of DPPCin  SOPC and 0.4 chol yes 7.0 3 0.02 0.07

the absence of cholesterol (Table 2). Since the chain meltingSOPC and 0.4 chol ~ yes  36.8 003 003
transition of DPPC at 42C is sharp and of high enthalpy, S9PCand04chol  yes 950 001 ool
even a minor change in the transition characteristics could When present, the NAP-22-to-lipid molar ratio is 1/58@holes-
have been detected by the calorimetric analysis. Remarkably 0! (¢hol) given as mole fraction.

even the B to L, phase transition of DPPC, which occurs

at 36°C and is known to be very sensitive to the presence (26) and SOPC Z7) with cholesterol exhibit both a sharp
of additives in the membrane, is hardly affected by the and a broad component for thg to L, phase transition.
presence of NAP-22 (Table 2). However, NAP-22 has a The transition enthalpy of mixtures of a phosphatidylcholine
significant effect on the jto L, phase transition when a  with cholesterol is much lower than that of the same
phosphatidylcholine was mixed with cholesterol. It is known phospholipid in pure form. There is also a still broader
that even in the absence of protein, mixtures of both DPPC component that would require higher concentrations to be
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FIGURE 4: Heating scans of SOPC with 0.4 mole fraction Crystallite transition at 93C. Top two curves are in the presence
cholesterol at a scan rate of 0.7&/min showing cholesterol ~ Of NAP-22 at a protein-to-lipid ratio of 1/500 with the next to the
crystallite transitions. This plot was expanded to show the low- [OP curve being the first scan and the top curve being the second

enthalpy, broad peaks of the phospholipid transition. The bottom N€ating scan. The bottom two curves are with the same lipid
curve is a control for SOPC with 0.4 mole fraction cholesterol. COMPOsition but without protein, with the first scan being the one

The middle curve is the first heating scan of SOPC in the presence ©n the bottom.
of NAP-22 at a protein-to-lipid ratio of 1/500. The top curve is the
second heating scan of the same sample of SOPC with NAP-22.undercooling, and at the scan rate used here, TC/&in,

the transition occurs at19 °C (29). These same transitions,

observed accurately. Since large amounts of protein werecorresponding to the polymorphic transition of anhydrous
not available, this aspect was not investigated. cholesterol, were observed with the samples of SOPC

Addition of NAP-22 to DPPC with 0.3 mole fraction containing 0.4 (Figure 4) or 0.5 (not shown) mole fraction
cholesterol results in the observable sharper component beingholesterol but only in the presence of NAP-22. In the
split into two components. One of the components observedabsence of this protein, no cholesterol crystallites have ever
upon the addition of protein has a transition temperature closebeen observed for phosphatidylcholine mixtures hawifgh
to that of the pure DPPC in the absence of cholesterol (Tablemole fraction cholesterol.
2). This suggests that NAP-22 can sequester cholesterol into There was no effect of NAP-22, at a similar 1/500 molar
domains in the membrane, leaving other regions largely ratio, on the phase transition properties of SOPS containing
devoid of this lipid. A similar splitting of the main transition 0.3 mole fraction cholesterol. This is consistent with the lack
is observed with SOPC containing 0.4 mole fraction cho- of binding of NAP-22 to these membranes. Higher choles-
lesterol (Table 2). The fact that NAP-22 can significantly terol concentrations were not used since we have shown that,
increase the enthalpy of the observed transition (Table 2), even at 0.4 mole fraction cholesterol, there is a considerable
and split it into two peaks, one of which is coincident with amount of cholesterol crystallites found in pure lipid samples
the phase transition temperature of the pure phospholipid,with SOPS without NAP-2229). Thus, although cholesterol
indicates that the protein is depleting a region of the crystallites form more readily in SOPS than in SOPC, NAP-
membrane from cholesterol. The NAP-22 thus induces the 22 promotes the formation of these “crystallites” specifically
formation of a phospholipid-rich region which has a higher in SOPC.
enthalpy and altered phase transition temperature. Since the AFM. In situ AFM imaging revealed the gradual formation
amount of cholesterol does not change, this must also mearof a molecularly smooth bilayer by direct fusion of sonicated
that cholesterol-enriched domains are forming in the mem- pOpPC vesicles containing 0.4 mole fraction cholesterol to
brane. freshly cleaved mica. Removal of the deposited bilayer from

The sequestering of cholesterol into domains in the a small region allowed measurement of the thickness of the
membrane is further demonstrated by appearance of peaksleposit. The thickness of the bilayer, measured from an
corresponding to phase transitions of cholesterol “crystallites” exposed mica surface, not immediately surrounding the
(Figures 4 and 5). These peaks appear in PC/cholesterokexposed mica, is 5.4 0.2 nm (Figure 6A). While these
samples containing NAP-22, but not in pure lipid samples bilayer heights are somewhat greater than the 4.5 nm
of the same lipid composition. It is known that anhydrous measured for DOPC bilayers by diffractioBQ( 31), water
cholesterol undergoes a polymorphic transitiom~&8 °C between the bilayer and the supporting mica may account
(28). In cooling scans, this transition undergoes a marked for this difference 82).
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Ficure 6: Examples of height measurement in regions of the
specimen in which a small region of bare mica appears. (A) DOPC
with 0.4 mole fraction cholesterol in the absence of protein. (B)
Same lipid after the addition of NAP-22.

In situ imaging performed immediately after the addition
of an aliquot of the NAP-22 protein revealed a dramatic
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of a myristoyl group to a membrane. Thus, the energy of
interaction between the protein and membrane is largely
accounted for by the insertion of the myristoyl group into
the membrane. The protein portion of NAP-22 does not have
a high affinity for these membranes.

Nevertheless, NAP-22 does exhibit lipid specificity for
binding to membranes and will only bind to liposomes
containing cholesterol. A property that is frequently used to
identify raft components of cholesterol-rich regions in
membranes is their detergent insolubility. By this criterion,
NAP-22 is a typical raft protein, since it essentially com-
pletely partitions into the detergent insoluble fraction (Figure
3). Interestingly, NAP-22 also causes the cholesterol-to-
phospholipid ratio to increase in the detergent insoluble
pellet, compared with the protein-free control. This may help
to explain the high fraction of cholesterol found in the
detergent insoluble fraction of neuronal membranes that is
enriched in NAP-22 12). NAP-22 is known to be myris-
toylated (@9), and such lipidation has been shown to be
sufficient to cause proteins to partition into detergent
insoluble domains13). It has been suggested that high-
melting sphingolipids or phospholipids promote the seques-
tering of cholesterol into rafts because of favorable interac-
tions between saturated acyl chains and cholestg&yol'be
lipid in these domains is in the liquid ordered phase.
However, at high cholesterol mole fractions, the physical
state of the membrane with phosphatidylcholine having
saturated acyl chains may not be very different from those
containing low-melting, unsaturated acyl chaiB8)( even

change in the surface topography of the bilayer (Figure 7). though the mixtures with unsaturated acyl chains are not
As can be seen in the gray-scale encoded height imagesdetergent insoluble?f). Thus, although neuronal rafts appear
extended duration in situ imaging revealed the gradual not to have a high mole fraction of sphingomyelin, their
expansion of micrometer-sized dendritic domains extending physical state may not be very different from that of the
~1.5 nm above the underlying bilayer (Figure 6B) over the sphingomyelin-rich rafts and caveoli. However, the driving
span of several hours (Figure 7). These regions did not appeaforce for the formation of the neuronal rafts appears to be
molecularly smooth (Figure 8). quite different, being dependent on the interaction of proteins
such as NAP-22 with cholesterol, while for the more
DISCUSSION common types of rafts, the phase behavior of the lipid

Proteins that insert into membranes acquire a high contentcomponents alone appears to be sufficient to explain the
of secondary structure, most oftenhelical. The fact that ~ formation of these domainS4).
NAP-22 does not have a higher content of secondary We demonstrate by a variety of methods that NAP-22 is
structure in the presence of liposomes indicates that thiscapable of enriching membrane domains with cholesterol,
protein does not insert deeply into the bilayer. This is in including the formation of cholesterol aggregates that give
agreement with the binding energy ef7.3 kcal/mol that rise to calorimetric transitions. Pure anhydrous cholesterol
we find for NAP-22 binding to liposomes of DOPC with exhibits a polymorphic transition at38 °C, and in excess
40% cholesterol. This is comparable to the value-8fkcal/ water, these crystals slowly transform, over a period of many
mol found by Peitzsch and McLaughlig4) for the binding hours, to crystals of cholesterol monohydrate that normally

R

L

Ficure 7: AFM height images of DOPC with 0.4 mole fraction cholesterol in the presence of NAP-22 taken 10 (A), 15 (B), and 20 min
(C) after the addition of protein. The calibration bar shown in panel A representsuih2¢hd is the same for all three images (full size,
5um x 5 um). These images were taken over the same region of the specimen for the various time points.
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Ficure 8: Three-dimensional topology of DOPC with 0.4 mole fraction cholesterol in the presence of NAP-22 in a domain showing rough
surface contour.

undergoes a dehydration transition~a80 °C (28). Only in crystallites, NAP-22 increases the enthalpy of the phospho-
the presence of anionic lipids, such as phosphatidylserinelipid chain melting transition and it induces the formation
(29), does cholesterol forms crystallites at mole fractions of of a cholesterol-depleted domain having a sharp phase
<0.5. We have recently shown that, in membranes of transition at the temperature corresponding to that of the pure
phosphatidylserine and cholesterol, the dehydration transitionphospholipid. These phenomena occur to a detectable extent
is shifted to 95°C after incubation of aqueous suspensions at a relatively low protein to lipid molar ratio of 1/500, and
of the sample for several days, but never in fresh samplesthey do not require sphingomyelin or saturated forms of
(35). Corresponding to the dehydration of cholesterol, this phosphatidylcholine.

same transition is observed in freshly prepared SOPC/ Atomic force microscopy provided dramatic evidence of
cholesterol (Figure 4) and DPPC/cholesterol mixtures (Figure the ability of NAP-22 to initiate domain formation. This
5) when NAP-22 was present. Furthermore, unlike the approach has been used by others to characterize lipid domain
irreversible dehydration that occurs at 80, we find that structures 36, 37). Addition of the protein to a supported
the 95 °C transition, both with a phosphatidylserine/ bilayer of DOPC and 0.4 mole fraction cholesterol led to
cholesterol mixture after incubation (without protein) and the rapid formation of an irregularly shapedl nm thick
with a SOPC/cholesterol mixture in the presence of NAP- overlayer on the supporting lipid bilayer (Figure 7). We
22, is partially reversible on reheating (Figures 4 and 5). A attribute this effect to direct deposition of NAP-22 onto the
transition at this temperature has never been observed withsurface of the bilayer as a consequence of binding (Figure
membranes of phosphatidylcholine and cholesterol in the 8). Since the overlayer thickness is smaller than the calculated
absence of protein and is only seen with phosphatidylserine/model diameter (3.7 nm) of NAP-22, modeled as a 22 kDa
cholesterol mixtures after many days of incubati®8®)( Our globular protein, this would suggest that the NAP-22
observations of this transition in fresh samples of phospha- molecule either is partially embedded into the supporting
tidylcholine and cholesterol in the presence of NAP-22 are lipid bilayer or has adopted an anisotropic orientation, which
strong evidence that the protein is affecting the reorganizationis consistent with our CD data indicating a high degree of
of cholesterol in the membrane. We believe that due to the 5-structure.

high solubility of cholesterol in phosphatidylcholine mem- X-ray diffraction studies have shown that the addition of
branes, it is unlikely that cholesterol is forming a crystal of an equimolar concentration of cholesterol to egg phospha-
macroscopic dimensions. Rather, these crystallites maytidylcholine bilayers results in a small 0.2 nm increase in
represent clusters of cholesterol molecules within the mem-thickness 88). This difference is within the error of AFM
brane. In addition to promoting the formation of cholesterol using different samples, i.e., comparing the thickness of the
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pure lipid bilayer with that of the smooth region of the bilayer
in the presence of NAP-22. We therefore cannot conclude
from our AFM measurements whether these smooth regions 14-

devoid of an overlayer, which are observed in the presence

of NAP-22, are depleted of cholesterol. However, AFM does
show the different texture of the protein-rich regions and 1¢.

illustrates that these regions are spatially segregated in the

13.

15.

membrane and that the protein does not protrude very far 17.
from the surface of the membrane.
The lack of binding of NAP-22 to membranes of PS may

be a consequence of the protein having an overall negative

charge at neutral pH and therefore not binding to anionic
lipid. However, NAP-22 has a cluster of cationic residues oq

near the amino terminus, and it has been suggested that NAP-

22 binds to the anionic lipid, phosphatidylinositol diphos-
phate (5). Furthermore, NAP-22 is a substrate for protein
kinase C, an enzyme requiring a cluster of cationic residues 22-
for specificity. It is possible that the affinity of NAP-22 for
a DOPC/cholesterol mixture will increase when low mole
fractions of PS are added to the membrane (work in
progress).

This work demonstrates that when NAP-22 binds specif-
ically to membranes containing a high mole fraction of
cholesterol, it promotes the formation of cholesterol-rich
domains in these membranes. This could be of relevance in 27-

the mechanism by which these domains form at the neuronal

growth cone in the developing brain. Furthermore, AFM
shows very directly that NAP-22 induces the formation of
domains when it binds to the surface of membrane bilayers.
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