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Left- and right-handed helical tubule intermediates from a pure chiral phospholipid
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Differential phase contrast microscopy under conditions of very slow cooling reveals the dominant self-
assembly mechanism of a chiral diacetylenic phospholipid into multilamellar tubules to be the rapid growth of
helical ribbons from spherical multilamellar vesicles. Surprisingly, in the first seconds of tubule formation, a
pure enantiomer of 1,2-kis0,12-tricosadiynoytsnglycero-3-phosphocholingDC(8,9PC] yields roughly
equal numbers of left- and right-handed helices, inconsistent with the heretofore observed relationship between
tubule helix handedness on phospholipid chirality. A much slower process follows by which tubules become
multilamellar with a prominent helical ridge upon the exterior. Interestingly, these exterior helical ridges are of
only a single handedneds$$1063-651X99)01203-9

PACS numbse(s): 64.70.Md, 61.30.Cz, 61.16.Ch, 64.60.Qb

[. INTRODUCTION slower addition of coaxial outer layers to form a multilamel-
lar tubule. The outer helical windings are uniformly of a
Saturated ethanolic/water solutions of the syntheticsingle helix sensgright handed for théR-DC(8,9)PC enan-
diacetylenic phospholipidDC(8,9PC] self-assemble upon tiomer], indicating that the molecule’s chirality is expressed
cooling into hollow cylindrical tube structures, highly un- in the slow process of layer addition.
usual for lipids, of typical length 1om<L<100um, and
diameterD~0.6um [1-3]. A variety of potential applica- Il. EXPERIMENT
tions derive from tubule structural features: they are hollow,
may be aligned with magnetic or electric fieldg5] can be
metal plated[6], and are easily polymerized. Electron mi-  The initial preparation of tubules is standard. TRhenan-
croscopy shows that the outer layers of multilamellar tubulegiomer of DQ8,9PC was obtained from the Naval Research
exhibit a helical structure of handedness related to the md-aboratory and synthesized by starting from egg-derived
lecular chirality[7], strongly suggesting that helically coiled L-a-glycerophosphorylcholingl7]. Lipid was dissolved in
phospholipid bilayer ribbons, such as sketched in Fi@),1 ethanol/watef75:25 volume to volumdv:v)] at a concen-
are an intermediate structure in tubule formation. Because dfation c=1 mg/ml, by heating with vigorous stirring t®
its novelty and the apparent role of chirality, the tubule for->T, _,,, thelL ,-to-isotropic transition temperature. The so-
mation process has attracted intense theoretical interest, with ~ *

A. Tubule preparation

descriptions of tubule formation incorporating chirality, a)

originating from either a chiral molecular structie8—14, :

or from spontaneous achiral symmetry breakjihg]. (@&&i
In this paper we present results of an optical microscopic &232&

study of the tubule formation process, observations made }}2

possible by providing sample conditions of extremely high- g @X, L,

temperature homogeneity and extremely low cooling rate.
We confirm that the dominant tubule formation mechanism
to be the growth ofLg helical ribbons from a high-

temperatureL , spherical vesicle phase, driven by an in- s
tralamellarL ,-to-L 4/ first-order chain freezing phase transi- b) ]420

tion [16]. Surprisingly, we find that with a pure enantiomer B f/
of DC(8,9PC, the probabilities of forming a left- or right- ifi{ %X/K
handed helical ribbons in this initial process are roughly j iff ijy
equal, suggesting that the initial helical ribbon formation jffjj/jx
process is not strongly influenced by intrinsic molecular |

chirality, i.e., molecular chirality is not the reason that the IO S

ribbons are helical, in contrast to all extant interpretations of )0715

tubule structure. The rapid lengthwise ribbon growth is con-

current with a slower ribbon broadening leading to closure FIG. 1. (&) Schematic diagram of helical tubule intermediate

into a cylindrical tubule. This is followed by a very much lipid bilayer structure(b) Schematic diagram of th& C-O vector
triad characterizing each monolayer and their relative orientation in
a bilayer. Monolayer-monolayer interaction involving the oblique

* Authors to whom correspondence should be addressed. ordering Owill induce bilayer twist.
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lution was cooled througfﬁLaHLﬁ, at approximately 10 °C/h narrow gap also flattens larger spherical vesicles inLthe

to yield a flocculent precipitate of tubulétypically with L Phase.
~20um and a diameteD~0.6um). This precipitate was
centrifuged at 10 0@ at 5 °C for 30 min to obtain a concen- C. Optical microscopy tubule interior probe

trated paste, typically witte=100 mglipid/ml, which was A Nikon Diaphot 300 inverted microscope equipped with
maintained aff<T_ ., and diluted toc=10mglipid/ml.  60x and 100< Nomarski DIC objectives and a Dage
Optical microscopic examination of the resulting pellet re-VE1000 video camera coupled to a videocassette recorder
vealed no discernible change in tubule morphology induce@nd high-resolution video capture board was used to image
by centrifugation. standard-formed tubule interiors. A small amount of the stan-
dard 10-mg lipid/ml solvent preparation, known to have uni-
formly right-handed exteriors, was placed upon a glass mi-
. . . ) _croscope slide, air dried, mounted upon the microscope
The first set of optical microscopy experimental condi-stage, and covered with water. Ethanol was then added to the
tions were designed to enable very high-resolution opticajvater incrementally until the outermost layers of the tubule
microscopicin situ real-time observation of the first tubule dissolved. Videotapes of the procedure were digitized for
nucleation and growth events at the (spherical vesicleto  analysis.
Lg (cylindrical tubulg first-order phase transition at

TLQHLB,:37°C- It was found that concentrations D. Atomic force microscopy tubule interior probe
~10mglipid/ml were optimal, being large enough to en-

hance the probability of obzser_ving tubule intermediatesgyposed DEB,9)PC tubule cores were obtained with a Digi-
within the small (166K 100um) field of view, but having 51" |nstruments BioScope in the following manner: First,

sufficient separation between vesicles to enable isolated tlﬁwS-mglipid/mI tubule suspension was drawn across the
bule nucleation events. Our previous x-ray diffraction StUdylength of a 24 60-mm glass coverslip and air dried. The
[16] showed that tubules reversibly cycle between the spheriyjeq sample/coverslip assembly was then immersed length-

cal and cylindrical phases even at.t_hese high concentrationSise into a 90:10 ethanol4® (v:v) solution over the course
as long as the ,-to-isotropic transition temperatufB_ .., of 10 s. This lengthwise immersion generated a solvent-
=57°C is never exceeded. exposure gradient over the length of the coverslip: the first
A few drops of the 10-mg lipid/ml solvent preparation coverslip portion immersed endured approximately $Gof
were placed in Szm-deep optical microscopy cell, gently solvent exposure, while the last portion was immersed for
heated to~40°C to enter the spherical vesicle phase, antnly abouti s. The solvent was quickly washed away by
examined under cooling. Phase contrast microscopy imagegsiacing the coverslip into a large beaker of distilled water
were obtained with a Zeiss Axiovert 10 transmission modeand swirling it about. Finally, the sample/coverslip assembly
microscope with a Zeiss 160oil-immersion Nomarski dif-  was air dried a second time. This procedure created regions
ferential interference contradIC) objective and condenser, where the uppermost portion of the deposited tubules, that is,
and a Hamamatsu C2400 microscopy video camera couplafie outer lamellae, were dissolved away, exposing the cores,
to an electronic contrast enhancement module. Great catgut where the tubules continued to adhere to the glass sub-
was exercised to minimize thermal gradients within the coolstrate throughout contact-mode AFM probes.
ing sample, and cooling rates less than 0.25 °C/h were nec-
essary in the vicinity oﬂ'LaHLﬁ, (37 °0) to observe tubule IIl. RESULTS

formation. The large thermal mass of the microscope, in con-
tact with the heated sample by virtue of its oil-immersion
objectives, produced unacceptable thermal gradients within Figure 2 shows four frames from a video clip of a typical
the sample, which were eliminated by placing the entirenucleation and growth event, obtained while cooling at
microscope/video camera assembly in a thermally controlle®.25 °C/h. The sequence begins withlgpspherical vesicle,
hutch in which mK sample temperature homogeneity andn which lies a nodule of unknown structdiedicated by the
cooling rates as low as 0.15 °C per hour were reliably attainwhite arrow in(a)] that had appeared several minutes earlier.
able. The structure of the evolved tubules was also probethis nodule initially nucleates three helical ribbons(by,
via scanning electron microscog$EM) by transferring the which are apparently fixed to the nodule and grow in length
sample(lipid solution and tubulesfrom the optical micros- at a roughly constant velocity af=1 um/s along the tubule
copy cells onto graphite or epoxy substrates, and into thaxis. This is followed by many other ribbon nucleations to
SEM vacuum with no further preparation. form a nest of tubules, the growth of which depletes material
The 5.um gap between the substrate and the cover slip i$rom the vesicle, as evident in the last frafdae The reverse
larger than the~0.6-um tubule diameter, but far less than process, the slow heating and melting of isolated tubules,
the approximately 10@sm length which tubules grow to un- occurs by a spherical vesicle forming at one end of the tubule
der very slow cooling16]. This narrow cell gap forces tu- which consumes it with the net volume of the two phases
bule growth to be primarily parallel to the sample cell plane.remaining essentially constant, as shown in Fig. 3, suggest-
However, under our conditions we find the mean tubule diing that in this rapid transformation between the spherical
ameter to be the same as tubules formed in bulk solutionand cylindrical phases the principal material transport is be-
and tubule lengths are limited by collisions with other tu-tween these phases and not to or from the saturated solution.
bules forming in the highly concentrated lipid solution. The However, we find that slow tubule growth can occur upon

B. Optical microscopy kinetics probe

Contact-mode atomic force microscopyFM) probes of

A. Optical microscopy kinetics probe
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FIG. 4. Nomarski DIC microscopy video frame obtained while
cooling at 0.25 °C/h, showing the simultaneous growth of left and
right handed D@B,9)PCL 4 helical ribbons. The Nomarski images
the side of the helix closest to the objective more clearly, preferen-
tially illuminating regions where refractive index increases along
the DIC axis. Thus the apparent handedness of the helix winding is

) ) ] not altered by either through focusing or rotation of the sample
FIG. 2. Four Nomarski DIC microscopy video frames, spacedinrough any angle. The scale bar iguin long.

by 3.1 s and obtained while cooling at 0.25°C/h, showing
DC(8,9PCL s helical ribbon growth nucleating at a nodulehite A very surprising observation is that both left- and right-
arrow at the edge of &, spherical vesicle. The nodule appeared nanded helices form during a single nucleation/growth event.
10 min earlier in the cooling cycle. The sphencgl vesicle is ulti- Figure 4 shows neighboring tubules of opposite handedness
mately consumed by the tubules. The scale bar jgrblong. having just grown in a vesicle-to-tubule transition of the type
depicted in Fig. 2. Occasionally a helix possessing one sense
cooling in absence of a spherical vesicle, but that this growtfpf handedness is seen to sprout from a tubule of the opposite
velocity is much slower(=0.1 um/s), and, interestingly, handedness.
nearly the same as that of the addition of outer Iayers onto These unexpected ﬁndings led us to Carefu”y Study and
already formed tubule cores, as we discuss below. consider the role of the DIC microscopic imaging process in
determining the apparent helix handedndssst, we have
verified that the apparent helix handedness is independent of
the sample orientation, i.e. does not change upon rotation of
the sample stagel8], and is also independent of the position
of the microscope objective focal plane relative to the tubule
plane; i.e. apparent helix handedness does not change dur-
ing a through-focus scarnin view of the demonstrated in-
variance of the apparent helix handedness under conditions
of varying orientation and focal plane position, images such
as Fig. 4 unambiguously show that left and right helices are
simultaneously present. Furthermore, the image shows that
only one of the helix sides, either the side nearest to objec-
tive or furthest from the objective always dominates the helix
image.

In transmission microscopic imaging at the high numeri-
cal aperture employed here, objects of dimengiom the
range 0.5um<d<1.0um, or of thicker samples having in-
ternal structure in this range, it is the side closest to the
objective which is imaged most clearly in a through-focus
scan[19]. Thus, in assigning the handedness of a particular

FIG. 3. Four Nomarski DIC microscopy video frames spaced bthbUIe’ we assume that it is the helix side closest to the

3 s obtained while heating at 2 °C/h, showing a(BQPC L,  ©Obiective thatis being imagg@0,21. _

tubule melting into arl, spherical vesicle. During this process, ~Additional confirmation of the suitability of DIC optical
material is transported principally from the tubule to the vesicle,MiCroscopy, a transmission-mode probe, in helix handedness
and not to or from the aqueous solvent. The spherical vesicle almo§tetermination has been provided through atomic force mi-
always forms at a tubule end, as seen in the vertical tubule at theroscopy, a scanning-mode prop2l]. In the aforemen-
left-hand side of each frame; however, occasionally the sphericdioned system, AFM-generated height maps of stable helices
vesicle forms along the tubule body, as seen to the right of thallowed unambiguous assignment of helix handedness; left-
vertical tubule in the first frame. and right-handed helices were found in the same ratio, as
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FIG. 5. Four low-magnification Nomarski DIC microscopy
video frames spaced by 13 s obtained while cooling at 0.25°C/h,

showing the sheathing of a B&YPCL 4 tubule. During this pro- FIG. 6. Nomarski DIC microscopy video image of an exposed
cess material is transported to the tubule principally from the coolDC(8,9PC tubule core that was formed in bulk solution, and then
ing saturated solution. The scale bar ig# long. exposed by dissolution of the tubules’ outer layers as described in

the text. The scale bar is Am long.
indicated by optical microscopy. While the rapidly-growing

helices of the current D@,9)PC kinetics study cannot be for this sequence does not permit resolution of any underly-
probed by AFM, we are nevertheless quite confident the opyg heical structure in either lamellaOccasionally, tubules
tical o_bservatlon of Ieft- and right-handed cores is correcty e geen to form in the absence of spherical vesicles, appar-
and will presently furnish AFM da_ta of gxpo;ed [KE.»PC ently through the accretion of lipid from the cooling satu-
tubule cores that further substantiate this point of view. Jated solvent to both ends of the tubule. These “free-

Efforts to measure the numbers of left- and right-handed, .\ 1 hles form concurrently with the secondar
helical ribbons in the evolving samples are hindered by thé 9 y y

necessarily small field-of-view required for high magnifica—grOWth shown in F'gi 5.' a_nq with the same Quiiv/s axial .
tion and the transient nature of the state in which the sense @FOWth rate. These S|m|lgr|t|es ;u_ggest that tgbule sheathing
ribbon handedness was clearly resolvablighen the helical 'S &/S0 @ result of accretion of lipid from solution. Core for-
ribbon has widened to form a closed cylinder, the index ofNation, however, is a very different processes: While en-
refraction discontinuity found at the ribbon edge/solvent in-Sheathment is the slow accretion of monomer from the cool-
terface, which DIC is optimized to detect, disappears. DIC is/Nd: Saturated solution, core formation is the rapid
in general, not capable of detecting the helical ridge found offONVersion of a large reservoir df,-phase materialthe

fully formed tubules. The largest sample from a single event SPherical vesiclg which, due to hysteresis, is usually below
such as in Fig. 2 was ten helices, of which six were rightTL,~Lg N0 Lz -phase tubule cores. We will argue below
handed and four left handed. Summing identifiable heliceghat the slower ensheathment process allows molecular
from 20 samples yielded a fraction of right-handed heliceschirality to be expressed in the helical sense of handedness,
Ng/(N,_+Ng)~0.60. This surprising result is compounded while the rapidL ,-to-L 5, interconversion does not.

by the outcome of electron microscopy probes done tens of

minutes after such a “mixed” sample is observed: all 134 B. Optical microscopy tubule interior probe

tubules from the sample havimdg/(N, +Ng)~0.60 were
found to have right-handed exteriors. This latter observatiorﬂa
is in agreement with the previously reported correspondencge
between molecular chirality and the handedness of the hel
cal “barber-pole” stripe found on tubule exteriof8]. The
implication of these observations it that there is a hand-
edness conversion mechanism for the helices, for what w
observe with DIC microscopy is the formation of the inner-
most part of the multilamellar tubules, and what is observe
subsequently with SEM is the outermost lamella. Rather, th
implication is that there exist tubules with left-handed heli-

Given our particular experimental conditions, namely, the
ttening of the larger spherical vesicles by the microscopy
II's size, the anisotropy of the microscopy cells, the high
hpid concentrations, and the unusually slow cooling, it was
of interest to check whether left-handed cores within right-
handed exteriors would appear under the standard tubule for-
fhation conditions in bulk solutiofi7] used initially to pre-
are the tubules. Tubule interiors were exposed as described
n Sec. Il B, resulting in structures such as that shown in Fig.
%, in which a left-handed helical core is revealed. Once
. . . . again, focal-plane translation through exposed tubule cores
ces in the core, and rlght_—har_lded helices on the exterior. di% not inver?the sense of tubule hgmdedpness, and the frac-
The sequence.shown in F|g. 5 a secor_mdary gfowth abmffon of right-handed tubules was found to be approximately
a now-closed helix, several minutes after its formation, su a:at of the rapidly forming tubule cores in the anisotropic

. . . t
gests a simple mechanism for the apparent change in han icroscopy cellsNg/(N, + Ng)~0.60.

edness from the inner to outer lamellae. Our interpretation o
the sequence is that the tubule core serves as a nucleation site
for phospholipid monomer precipitation from the cooling

saturated solution, and so becomes multilamellar. This sec- The pertinent virtue of AFM is that a true height map of

ondary growth rate is an order of magnitude slower than théhe specimen is created by measuring the vertical deflection
initial tubule formation, with approximately 0.Am/s axial of an atomic-dimensioned tip as it is scanned across the
growth rates as opposed to 1gm/s for the tubule core specimen. This three-dimensional map enables unequivocal
formation. (Unfortunately, the low magnification required assignment of helix handedness through the unambiguous

C. Atomic force microscopy tubule interior probe
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enantiomeric excess of our sample is near unity, an issue that
must be raised at this point is the extent to which any
SDC(8,9PC enantiomer present in the sample would affect
the understanding of our results. We examine the ramifica-
tions of such chiral contamination by interpreting two of our
experimental observations in the context of the Ising-based
models of collective achiral symmetry breaking developed
by Selinger and Seling¢22] to describe the helical winding

of achiral homopolymer chains resulting from the addition of
chiral sidegroup$23-2§.

First, we observe that all tubule cores are completely left
Tefitunded  Right Ui or right handed; that is, there are never kinks in the helices
Exposed ribbon edge where the sense of handedness changes. In the Ising model
“ - Tddenrbboncdee of a finite chain(tubul® having N kink sites, this corre-

sponds to a regime whefe= N exp(—E,/kT)<1, f being the

FIG. 7. (left) Contact-mode atomic force micrograph of an ex- Number of changes of handednésinks) per tubule, and
posed DE8,9)PC tubule core. The handedness of the ribbon is esthe Kink energy. Second, because we observe the nearly ra-
tablished by distinguishing in the image those parts of the edge ofemic 60:40 ratio of left- to right-handed tubules in a system
the ribbon which are exposed, i.e., on the top layer, from those part¢ith an enantiomeric excessb¢e) near unity (Pe=1),
which are covered by a layer of ribbon. This microstructure pos-we must be in an Ising regime whekg , the energy differ-
sesses a left sense of helical handedness. Note the splotchy resideece between aB and R molecule in, say, a right-handed
distributed upon the substrate by tubule dissolutisight) Sche-  tubule is quite small. WherE, is small, the collective
matic drawing of flattened left- and right-handed helical ribbons.symmetry-breaking model predicts a nearly linear variation
The helix exteriors are white, the interiors are gray, and the ribborof average helix handedness with enantiomeric excess over
edges are drawn to emphasize whether they are exposed to, or highe range of & ®, <1, with, in particular, nothing dra-
den from, the observer. matic happening a®, .—1. Thus the Ising model, which

works very well to describe the polymer case, indicates that
determination of which alternate helix segments are nearesmall amounts of chiral impurities, if present, cannot pro-
to, or further from, the viewer. duce the nearly equal numbers of left- and right-handed tu-

Figure 7 shows a contact-mode atomic force micrograpipule cores we observe. Furthermore, the Ising model con-
of a left-handed tubule core exposed through the differentialains precisely the regime we propose for the tubules,
solvation procedure outlined in Sec. Il C. The AFM reveals anamely, largeE, and smallg,. .
flattened helical ribbon, composed of areas that lie either At the present time there is no satisfactory theoretical
~105 or ~210 nm above the substrate. We interpret themodel of tubule formation and structure. Our observations
lower-elevation region&reasA andF) to be single layers of provide benchmarks that should serve to guide development
the flattened helical ribbon and the higher-elevation regionsf such a model, which must relate the structural feature of
(D, B, E andG) to be double layers. For example, the trian- DC(8,9PC required for tubule formation, namely, the phos-
gular regionsB andE are nearly coplanar, differing only by pholipid triple bonds, to the three key aspects of tubule for-
the rms surface roughness of 8 nfihe featureC separating mation: (1) the highly anisotropid. z -phase growth veloci-
regionsB andE is a crease that goes to a depth of 19.0)nm. ties in the ribbons, which differ by a factor 6100x along
The top and bottom portions of the regi@C E lie 123.8  and perpendicular to the direction of ribbon growt®) the
and 115.8 nm above regiodsandF, respectively, which in  curling of the ribbons into helical cores of either handedness;
turn lie 102.6 and 103.4 nm below regioBsandG, respec- and(3) the uniform handedness of the tubules’ outer layers.
tively. The handedness of the ribbon is established by distinWe now discuss these in turn.
guishing in the image those parts of the edge of the ribbon First, our experiments make it clear that the general as-
which are exposed, i.e., on the top layer, from those partsumption that the ribbon is an equilibrium structure in the
which are covered by a layer of ribbon: the ribbon edge inmodels cited abovE8—14 is simply not correct. Clearly, the
the top layer should image sharply, whereas the covered rigibbon is agrowth form and not an equilibrium structure.
bon edge should not. For example, the cre@s@ high-  That the ribbon is a growth form is evident since fast growth
elevation regiorB C E corresponds to the expected gap be-0ccurs only as ribbons, whereas slow growth is in the form
tween successive helical ribbon turns on the opposite heli®f sheets or tubes. Indeed, results from our laboratory indi-
side. The drawing at the left of Fig. 7 illustrates flattenedcate that the slow-growth bilayers conform to whatever
left- and right-handed helices, and the AFM of Fig. 7 isStructures are already present, e.g., the helically wound fast-

clearly consistent only with a left-handed helical sense. growth ribbons, and thence the entire tubule structure origi-
nates in the anisotropy of the fast growth process, and is not

IV. DISCUSSION an equilibrium structure at all. The growth of ribbons is a
form of needle-shaped crystal growth, which occurs, for ex-
Despite the enantiomerically unambiguous synthesis odmple, in orthorhombic or hexagonal systems which form
our R-DC(8,9PC, and its measured optical rotatory power,low energy surfaces parallel to a high symmetry crystallo-
which is comparable to the value obtained for puregraphic axis.
R-DC(8,9PC quoted by Singhet al.[17], indicating that the Second, our experiments call into question the assumption

I}
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that the helicity of the ribbons has its origin in molecular and (iv) the direction of oligomerization giving the chain
chirality. The current theoretical treatments of tubule struc-direction if polymerization of the triple bonds into polydi-
ture account for the helical curling of the ribbons by com-acetylene is initiated. The necessity of the diacetylenic tails
bining molecular tilt and intrinsic molecular chirality, since suggests thativ) is the most likely, bu{ii) and (iii) cannot
such chirality imparts a tendency for director twist or bendpe ruled out, since, for example, a preference for a smectic
and, as a consequence, a bilayer patch composed of tiltgqd ,_phase may be a consequence of the tail structure.

molecules will not be flat but rather saddle shaped in its Thes-C-0 triad, and thus any monolayer characterized by

g;%inﬂjstagzezh;rse’stgrilelgagﬁzgpﬁo% tzﬁct# ngfar)l/g-r twi %uch a vector triad, is chiral. For théayer to be chiral, the
[8—14]. However, our observations indicate that the helical andedness of the upper and lower monolayers must be the

bilayer twist does not have its origins in molecular chirality, same, which is obtained by sliding the triad across the top

. .’ monolayer, around the ribbon edge, and onto the bottom
but rather is the result of a spontaneous symmetry breakm%onola er. with the result shown in Fig(al. Thus, to ob-
to a twisted state, twist instabilityof an achiral state, simi- yer, glak '

lar to that found recently in smectic freely suspended filmstaln a chiral bilayer, the handedness chosen in a monolayer

. A " S symmetry breaking to chirality must propagate to the other
[27,28, in the “majority rules” spontaneous chiralization of rr?onolay)e/r with t%e same Zign CIF:aarFI)ygthe symmetry-
achiral homopolymer$23—-2€¢, and recently discussed for ) _ ' ' ) -
tilted bilayers of tilted achiral moleculd45]. That is to say, allowed interactions between the monolayers involving C
the bilayer has an intrinsic tendency for twist irrespective ofand Owill tend to generate a twist of the bilayer. Since we
handedness, but which is slightly weighted toward right-,sq med achiral molecules to begin with, 8€-O triad of
handed helices by molecular chirality. Thus the bilayer freeopposite handedness will occur with equal energy.
energy density vs twist is a double—_well potential V.Vit.h abar- g finding of left- and right-handed tubule cores in the
rier AF at the planar statezero twisy, and the minimum g onantiomer also requires the reinterpretation of some ex-
corresponding to right handed helices whichdB higher  yon; qata. For example, with a model of molecular chirality-
‘t‘han' that for Left-hangjgd helicesiF <AF, producing @  griven helix formation, the observation of both left- and

majority rules |_nstab|I|ty to one of the h_ellcgl states. A right-handed tubules in racemic DEYPC preparations,
general observation regarding crystallization is that SI_OlecouId only be interpreted to indicate micro-phase separation
grown crystals tend to .be closer to the thermodynqmlcallyof the R and S enantiomers into left- and right-handed tu-
ideal structure than rapidly grown crystals. Thus, while mo- 165341 Qur results, indicating that the effect driving the
lecular chirality favors right-handed ribbons, the fluctuations,qjix formation is not directly related to the molecules’

in the young, rapidly evolving, system permit nucleation of o;rgjity, clearly suggest that helix formation could occur in
the metastable left-hand state; for the very much slower prog,q racemate without phase separation.

cess of tubule sheathing shown in Fig. 5, the molecule’s  circiar dichroism measurements on B®PC solutions
intrinsic chirality emerges as the determining factor of theghow that in the tubule phase there are strongly enhanced
ou_termost Iay_ers uniform right handedness. The result of;,;iar ellipticities in UV absorption band84,35, which can

this process is tubules whose outermost Iay_ers are of thgs associated with the diacetylenic grd@a]. This data in-
expected handedness, but whose inner cylinders may Qfcate clearly that the molecular chirality results in a much
trapped in the metastable left-handed state. more strongly chiral local environment for the diacetylenic

Our experiments suggest that the carbon-carbon triplg, o ns in the tubule phase than in thgphase. On this basis
bonds in the tails must in some way be responsible for thehese authors concludé) that the molecular chirality is ex-

achiral twist instability. Figure (b) illustrates theminimal ressed in some kind of chiral molecular packing in the tu-
symmetry require_ments fo_r a chiral ri_bb<_)n and. a pos_sibl ule phase, andi) that the chiral packing of the molecules
mechanism for this effect, in which chirality originates in a 6545 girectly to the formation of helical ribbons. While the
way akin to the appearance of chirality of the smedtic ¢, mer interpretation is clearly correct, the latter interpreta-
phases of achiral molecul¢89-33. For this argument We 5 "\hich is directly at odds with our observations, is, in
first consider independently each monolayer of the bilayerg, o ot warranted by their data. Specifically, there are in the
assuming the monolayer to be made of achiral moleculesieratyre unambiguous counter examples to the assumption
and characterized locally by, the outward-directed mono- that a direct correlation exists between molecular-scale chiral
layer normal, expressing the fact that the outer monolayepacking and theum-scale macroscopic expression of chiral-
surface is different from the interior monolayer surface, andty. For example, polybenzyll-glutamate(PBLG) is a ho-

two vector quantities parallel to the bilayer planedigected ~ mopolypeptide which forms a rod-shaped chirally-packed

along the ribbon growth direction an?jtmlique to C Given a-helical structure in a variety of organic solvents, as evi-

the highly anisotropic characteristic of ribbon growth it is d_enced py circular dichroism in the UN36,37). At suffi- .
ciently high concentration these molecules form a chiral

likely that Cis parallel to the molecular rows of some Miller nematic phase in which the chirality appears in the form of a
index of the hexatic or crystalline lattice. It may also be amicron scale helical winding of the director. However, in
moIeCLiIar tilt direction. There are several vector properties;chiral binary solvent mixtures of dioxane and methylene
which Omay representi) the molecular tilt direction if this  chloride, the director helix unwinds with increasing dioxane
is a smectid. phase[32]; (ii) the crystallographic direction concentration, with the pitch ultimately diverging to infinity
of the superlattices describing the head group position ifit a particular solvent composition. As more dioxane is
there is head group ordering, i.e., if this islan phasg33];  added, the helix reforms with the opposite sense of handed-
(iii ) the glycerol bond joining the two tails in each molecule; ness[38]. The UV circular dichroism in these solutions at
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lower PBLG concentratioiithe isotropic phase where there varies linearly with chiral biasing, their model readily ac-
is no contribution to the molar ellipticity from the director counts for our observation that, /Ng=<1.

helix) remains unchanged through this composition range,
indicating that this change in sense of macroscopic helicity
occurs with invariant handedness of the moleculdrelical
winding [37]. Thus there is no fundamental reason that mo- We gratefully acknowledge the Exxon Research and En-
lecular chirality must result in a particular helix sense orgineering Company for their generous extension of office
even in a helix at all. While in the PBLG system there is aspace, microscopy, and computing equipment. We thank R.
fixed relationship between helix sense under particular solShashidar of the U.S. Naval Research Laboratory for provid-
vent conditions and the chirality of the amino acid sideing the phospholipid. B.N.T. and N.A.C. were supported in
chains, this situation is not found in the tubules. In the tu-part by National Science Foundation Grant No. DMR 96-
bules there is a strongly collective instability to a state 0f14061 to N.A.C. C.M.L. was supported in part by a grant
twist of either handedness which is only weakly biased byfrom the Exxon Education Foundation and by the University
chirality. The PBLG data show that macroscopic twist sens®f Wyoming Faculty Grant-In-Aid Program. An acknowl-
can be weakly coupled to molecular packing. Since theedgment is made by B.N.T. to the donors of The Petroleum
model of Selinger and Seling€22] shows that the limit of Research Fund, administered by the American Chemical So-
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