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The structural integrity of proteins, DNA, and supramolecular

assemblie’s depends critically on the strengths of hydrogen Figure 1. Structure of the (g)>-Glu-C-Gly amphiphile, and its location

bonding, electrostatic, van der Waals, hydrophobic, and steric i, te composite bilayer. The inset depicts the hydrogen-bonded dimers
forces operating within these structures. Micromechanical mea- \yhich form between (g),-Glu-C,-Gly amphiphiles in contact.

surements have made possible the direct probing of these

individual molecular interactions. Using the surface force ap- 1OOE ] l
partus (SFA) and the atomic force microscope (AFM), the : ! pH 8.0
strengths of receptor/ligarfd)NA base-pairind,and functional [ ! 30% Chargezd
group interactior’s have been reliably quantified. Here, we 10 L - "1;‘11:0(‘)3;”
employ the SFA to make a realistic, mechanical measurement of | - : ) . No Adhssion
the structural integrity of model LangmuiBlodgett (LB) layer$ E !
which are stabilized by a combination of intermolecular forces. E 1L ‘,;

We have covalently linked the amino acid glycine to an ~ )
amphiphilic molecule by a flexible synthetic techniqusith the E '
N-terminus of glycine closest to the amphiphile and the C- 01 L ) o'zﬁ’“cﬁ;ged
terminus (acid form) distal from it (Figure 1). |1 AD=15A 5, =0.0011 Gim?

For the SFA experiment, bilayers of dipalmitoylphosphatidyl- : | OHP: D=108 A 17k = 600 A
ethanolamine (DPPE) and the glycine amphiphilg)&GIu-C,- MO | W= 161 mim?
Gly were compressed to the high-density regime and deposited 0.01 o 100 200 300 400 500 600
onto mica following a standard protocbl.Using AFM, the Distance (A)
bilayers were found to be largely defect-free and stable over a

period of days. A simple space-filling model argues that this Figure 2. Force profiles for DPPE/({)2>-Glu-C,-Gly bilayers in pure
composite bilayer should have a thickness of about 58 A in Water at various pH 5.6 and 8.0. Circles and squares represent first and
anhydrous forn¥. Force measurements (Figure 2) were made in S€¢ond approaches, respectively, at pH 5.6 (filled) and pH 8.0 (open).
Milli-Q-purified water (Millipore), whose pH was adjusted usin The zero of the distance axis corresponds to bare mica-bare mica contact.
high- ur;it HCl and KOI—F|) as ,neededp At pH EJBO a lar g AD is the decrease in contact separation distance from pH 8.0 (109 A)
eXg or?enti{;\ll increasing repulsion Was' meagured- b’e innir? ’atto pH 5.6 (94 A). The line is a theoretical fit considering electrostatic
abgut 1000 K from contgct F,)A theoretical fit to the forcegproﬁle? dogble-layer forcigi\:\l ithﬁ urfa(:je Ch?rge"; Debye slcreeg ing lengthe,
. . . . ' and separation of the charged surfaces (“OHP”) listed.
based purely on electrostatic considerations, describes the data P g ( )
well and indicates that the layers are about 30% charged at this h . | | . Isi
pH. The two bilayers can be compressed to a combined thickness, After the pH |s.de.creased 10 5.6, alower electrostatic repulsion
of 109 A, in good agreement with the space-filling model. No is observed beginning at about 600 A from contact; the electro-
adhesion' is observed even after very high compressions, and>tatic fit has these Iayers_ only 0.3% charged. At Very shortrange,
identical force curves are measured on repeated compression othe surfaces abruptly “jump together. A normalized pull-off
expansion cycles. orce of F/R)o = —74 mN/m was required to separate the bonded
surfaces. For comparison purposes, we calculate a corresponding
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Table 1. Titration of the DPPE/(&).-Glu-C,-Gly Bilayers 2.0 T ; ——
adhesion w charged probability W, attr. per j
energyW attractive fraction unchd pair unchgd pair

pH  (mJ/n¥) (mJ/n?) ® a-f?2 (kT) . 15¢F / .

6.0 15.6 16.1 0.022 0.956 1.6 o pH 6.8

6.8 11.4 13.2 0.054 0.895 1.4 : [ W =0.14 mJim?

7.6 8.1 11.7 0.13 0.757 15 o 1.0 r / - 7 K=35x10"dyne/cm> o

8.0 0 0.30 0 g i . .

A a
aForce and adhesion data were obtained in 1 mM KBr to avoid “© - A

ionic-strength-dependenKp shifts. Charged fractiorf\was evaluated 05+ & 7 pH 82 7

as in Figure 2. The attractive part of the adhesion eneWdywas L 7 W=0

obtained by adding the maximum repulsive interaction energy observed = . K = 3.2 x 10 dyne/em? 1

during force measurements to the pull-off derived re%ult. 0.0 " J ) ‘ ) ‘ ) ]

. . 100 0O 100 200 300 400 500 600
The contact thickness of these adhered bilayers decreased to Load (dyne)

94 A at the lower pH. This 15 A of additional rearrangement or - : -
interpenetration of the bilayers exposes amide groups to the Figure 3. JKR adhesion analysis for DPPE(gz-Glu-C-Gly bilayers
interface for the formation of amine/carbonyl hydrogen bonds showing pr(_)nounced _hystere5|s at pH 6.8. Loading data (filled circles)
(Figure 1). At high pH, strongly repulsive forces prevent this and unloading data (filled squares) are measured at the sameRspot (

h . . . . . 1.5 cm). At pH 8.0, no adhesion hysteresis is observed between loading
interpenetration and resulting interfacial hydrogen bonding, ; ) :
mainr'zaining the bilayer thiCkngss at 109 A. yarog 9 (open circles) and unloading (open squares) data (.3 cm). The solid

. . line represents a fit of the loading data at pH 6.8. The broken line
Previously contacted adhesive surfaces could not be broughtrepresentS a fit of loading and unloading data at pH E.@nd W are

into smooth adhesive contact a second time, due to molecular-yo i ed from unweighted least-squares fits of eq 1.
sized roughness on the surfaces (Figure 2). Apparently, portions
of supporting bilayers are uprooted from the mica surface in order u

to maintain headgroup contact. The separated surfaces areg nloaded, the hydrogen-bonded amphiphiles are uprooted from

roughened by this disruption, leading to additional repulsive forces
which appear at about 120 and 60 A from adhesive contact, the
thickness of two and one bilayers, respectively.

The extent of charging of the layers smoothly increases as the

layers are titrated between pH 5.6 and 8.0 (Table 1). Over the
same range, a corresponding decrease in adhesion energy betwe
the layers is observed. Considering the decreasing likelihood (1
— f)? that two uncharged amphiphiles meet for hydrogen bonding
as the uncharged fractiof) decreases with pH, we calculate a
fairly constant value for the adhesion energy per uncharged
amphiphile pair of 1.5 0.1 kT (pH 5.6— 7.6). Because of the
amphiphile uprooting, we cannot fairly compare this value to
hydrogen-bonding energies, but it may be considered a lower
bound.

During an SFA experiment, we can further load the bilayers
after the initial contact, monitoring the change in contact area.
The JKR theory* describes this relationship:

& E(P +37WR+ y62WRP+ (37WR? (1)
Here,a is the radius of the contact ardRjs the mean radius of
curvature Wis the adhesion energy per unit arBas the applied
load, andK is the elastic constant of the contacting bodies. A
two-parameter fit of eq 1 can be made to a load profile, yielding
K andW.

The load profiles for the ((),-Glu-C,-Gly layers at pH 6.8
(Figure 3) show significant hysteresis. A two-parameter fit of
eq 1 to the loading curve give&/ = 0.14 mJ/m, much lower
than the value calculated using pull-off force data (11.4 rdJ/m

he membrane, leading to the high adhesion energy. At pH 8.0
(adhesion-free conditions), we observe no hysteresis in the load
profiles (Figure 3). This observation precludes the possibility

that plastic deformations in the glue, mica, or glass lens are

responsible for the adhesion hysteresis.

n We have demonstrated that hydrogen bonding between glycine
eadgroups can provide impressive structural support in supramo-
lecular assemblies and, by extension, biological macromolecules.
Indeed, upon separating hydrogen-bonded layers, the bilayers

would rather sacrifice a strong hydrophobic anchorage of am-

phiphile tail$? than sever energetically weaker hydrogen bonds
between headgroupd. However, for surfaces separated under
dynamic loading, the length over which fracture occurs must be
considered* While hydrogen bonds must be broken almost
simultaneously, over a rangd 4 A or less, lipid pull-out can
occur as a series of short, energetically inexpensive steps in which
only a few methylene groups are exposed to water at a time. Our
observations confirm that simple energetic considerations alone
are not sufficient to predict the mode of fracture when biological
macromolecules or membrane structures are subjected to realistic
mechanical forces, due to this interesting competition between
hydrophobic and hydrogen-bonding interactions. Such forces may
be experienced in protein separation processes, detachment of cells
from surfaces under flow conditions, or during circulation of
liposomes in vivo.
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