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Abstract: Neutron reflectivity has been used to determine the thickness and surface coverage of monolayers
of two 14-residue S-hairpin peptides adsorbed at the air/water interface. The peptides differed only in that
one was labeled with a fluorophore, while the other was not. The neutron reflection measurements were
mainly made in null reflecting water, NRW, containing 8.1% D,O. Under this isotopic contrast the water is
invisible to neutrons and the specular signal was then only from the peptide layer. At the highest
concentration of ca. 4 ug/mL studied, the area per peptide molecule (A) was found to be 230 + 10 and 210
+ 10 A2 for the peptides with and without a BODIPY-based fluorophore, respectively. The thickness of the
peptide layers was about 10 A for a Gaussian distribution. With decreasing bulk peptide concentration,
both surface excess and layer thickness showed a steady trend of decrease. While the neutron results
clearly indicate structural changes within the peptide monolayers with increasing bulk concentration, the
outstanding structural feature is the formation of rather uniform peptide layers, consistent with the structural
characteristics typical of g-strand peptide conformations. These structural features are well supported by
the parallel measurements of the adsorbed layers in D,O. With this isotopic contrast the neutron reflectivity
provides an estimate about the extent of immersion of the peptide layers into water. The results strongly
suggest that the 14-mer peptide monolayers were fully afloat on the surface of water, with only the carboxy
groups on Glu residues hydrated.

Introduction usually leads to the formation of two distinct types of interfaces
Many synthetic peptides with short and intermediate lengths Within the layered structure: a hydrophilic interface comprising
have recently been shown to self-assemble into interestingpolar and charged side chains and a hydrophobic interface
hierarchical structure organizations of filaments, bundles, and comprising hydrophobic side chains. The self-assembly of these
networkd 5 in aqueous solution. For peptides containing Peptides is often driven by the combined effect of hydrophobic
alternating hydrophilic and hydrophobic amino acid side chains, and electrostatic interactions, in addition to the hydrogen

a strong tendency toward formation ffsheet structures has  bonding. The stability of the resultingrsheet and its transition
been widely reporte:12 This type of molecular assembly into related model structures are found to depend on primary
sequence, solution ionic strength, ion specific interactions, and
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realize the potentials afforded by peptide surface assembly, itformer, the peptide films may not be in thermodynamic
is important to be able to control the structure and morphology equilibrium with the bulk solution, while in the latter equilibrium
of the peptide layers formed at the interfaces. Understanding may not be reached in the time scale of the experiment. Recent
the effects of primary sequence and solution conditions on the fluorescence studies have shown that in adsorbed monolayers
structural properties of surface layers constitutes an essentialof peptide F the early interfacial processes are dominated by
step toward the improved fundamental understanding necessandynamic events; depending on the conditions, islands of peptide
for developing the applications of peptide monolayers. Although in the two-dimensional liquid or solid phase can be formed. In
peptide layers that are of direct technical relevance are mainly contrast, previous AFM studies have been done at the solid/air
those formed at the solid/solution interface, peptide layers interface in attempting to provide better structural information
adsorbed or spread at the air/water interface can serve as af the immobilized peptide layer. The AFM results showed that
template from which films with delicate structural orientations L—B deposition of the labeled 14-mer peptide from spread
can be prepared, through direct or modified LangmBilodgett monolayers onto mica yielded a well-ordered molecular array
(L—B) depositiort*15Knowing the orientation of the molecules  in which the molecular area was proposed to be ca. 280 A
in the precusor peptide monolayer at the air/water interface is molecule and the thickness to be 7 A. The neutron reflection
very important for the formation of functional films with a  work to be described here aims to complement and extend the
specific structure. early work by providing structural information on the peptide

A very powerful technique for obtaining structural informa- layers under the conditions of equilibrated adsorption. The
tion about a monolayer is neutron reflectivity (NR), which neutron reflectivity measurements have been made directly from
determines the scattering length density profile of the surface adsorbed surface monolayers in equilibrium with bulk peptide
layer. In previous studi€§; 22 we showed that neutron reflection  solutions. The present study of the peptide layers on the surface
is capable of simultaneous measurement of the thickness andf water will enable direct comparisons to be made between
volume fraction of any protein layer in a direction along the the structures of the peptide layers at the two interfaces. Because
surface normal, with depth resolution at the level of3LA. DMBDY is quite bulky and hydrophobic, the analogue of
This high depth resolution, together with the three-dimensional peptide F (shown below, different only in that it lacks a Cys
structural information, allows us to assess the structural orienta-residue that can be labeled) was also prepared.
tions of protein molecules at a given surface and solution .
conditions and to determine the extent of deformation and Peptide NF: H-Glu-Nle-Glu-Nle-Glu-Val-dPro-Gly-Val-
structural unfolding of globular proteins. Peptides of small and Glu-Nle-Glu-Nle-Glu-NH,

mtern:]edlflte_rlﬁ ngthts ma_ls_/ be predl;spotsed tlo fc;frnatﬂgépgces ‘ The properties of this peptide were studied in parallel.
or p-sheets. These transitions can be strongly affected by surface Neutron Reflection. Neutron reflectivity, R(«), is usually

?r]pdksolutlon (ejnvonmen(';, regt:lhnfg na dr:ffehrefnt tsr]urfagetla}l)/e(jr measured as a function of momentum transfeperpendicular
ickness and packing density, from which further detailed | =, reflecting surface where

structural projections and orientations within the peptide layer
can be inferred. The 14-mer peptide used in this work is _4msing

composed of two strands of alternating hydrophobic (Nle and K=" @)
Val) and hydrophilic (Glu) residues attached to a d-Pro-Gly _ o

p-turn. This sequence, shown below, forces the peptide to adoptWhere 6 is the incidence angle andl the wavelength of the
a B-hairpin conformation at the air/water interface, with the incidence neutron beam. Through Fourier transformaior)

hydrophilic and hydrophobic side chains segregated on oppositeis related to the interfacial composition characterized by changes
sides of the molecule. in the scattering length density(2), perpendicular to the

interfacial plane?32*wherep(z) depends on chemical composi-
Peptide F: H-Glu-Cys(DMBDY)-Glu-Nle-Glu-Val-dPro- tion through the following equation:
Gly-Val-Glu-Nle-Glu-Nle-Glu-NH
p= znibi (2)

wheren; is the number density of the elementandb; is its
scattering length. Because different isotopes have diffdrent
values, a variety of neutron reflectivity profiles can be produced
for a given chemical structure by isotopic substitution. A
common practice in isotopic substitution is to use a mixture of
the deuterated and hydrogenated forms of a solvent. Thus, the
(14) Powers, E. T.; Kelly, J. WJ. Am. Chem. So@001 123 775. neutron signal from the peptide layer adsorbed on the surface

(15) Egg%rg,zli-lT-lizY?ang, S. 1.; Lieber, C. M.; Kelly, J. Wngew. Chem., Int.  of water can be optimized by the use of water containing 8.1

The Cys residue of peptide F is labeled with the 5,7-dimethyl
derivative of the BODIPY fluorophore (DMBDY). In previous
experiments, this tag enabled fluorescence microscopy experi-
ments to be performel:15>Peptide F can form monolayers on
the surface of water either by spreading from a volatile organic
solution or by adsorption from an aqueous solution. In the

(16) Lu, J.R.; Su, T. J.; Thomas, R. K.; Penfold, J.; Webstel, Ghem. Soc., VOl % D2O. Under this isotopic contrast, the contribution from
Faraday Trans 1998 94, 3279. i i i
(17) Lo 0 B Sur T 3. Howiin. B, Phys. Chem. B999 103 5903, bulk solungn is completely removed and the solvent is called
(18) Su, T.J.; Lu, J. R.; Thomas, R. K.; Cui, Z.F Phys. Chem. B999 103 null reflecting water (NRW).
3727. i ; ; ;
(19) Su, T. J.; Green, R. J.; Wang, Y.; Murphy, E. F.; Lu, J. R.; Ivkov, R; Although the p”nCIpaI relatlonshlp_bgtweéa(yc) andp(z) 1S
Satija, S. K.Langmuir200Q 16, 4999. very straightforward, neutron reflectivity profiles are usually
(20) Lu, J. R.; Su, T. J.; Penfold, Dangmuir1999 15 6975. analyzed by means of the optical matrix formalism, which has

(21) Su, T. J.; Lu, J. R.; Thomas, R. K.; Cui, Z. F.; Penfold].JPhys. Chem.
B 1998 102 8100.

(22) Lu, J. R;; Su, T. J,; Thomas, R. K.; Rennie, A. R.; CubitJRColloid (23) Lu, J.
Interface Scil1998 206, 212. (24) Lu, J.

; Lee, E. M.; Thomas, R. Kcta Crystallogr.1996 A52 11.
; Thomas, R. KI. Chem. Soc., Faraday Tran$998 94, 995.
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been described in detail elsewh@@® The main difficulty in 1E-2
Fourier transforming these reflectivity profiles, as indicated
previously, is that the data were measured over too narrew a 1E-3
range to allow for a reliable determination of phases. A typical
modeling procedure usually starts with an assumption of a
structural model for the adsorbed layer, followed by calculation g 184
of the reflectivity based on the optical matrix formula. The 8
calculated reflectivity is then compared with the measured data. B 1E-5
The structural parameters are then varied in a least-squares
iteration until a best fit is found. The structural parameters used
in the fitting are the number of layers, thicknesy, (and 186
corresponding scattering length densjyfor each layer (related XD
to layer composition as in eq 2). For a uniform layer adsorbed 1E-7
0.00 0.05 0.10 0.145 l

on NRW, the area per moleculd)(for a peptide can then be
calculated from

Momentum Transfer/A-1

Figure 1. Neutron reflectivity measured from the 14-mer peptide without
the fluorophore label (peptide NF) adsorbed at the air/NRW water interface

mpbp employing peptide concentrations of 3.83)(1.53 (+), 0.77 (»), and 0.38
A= 3) ug/mL (©). The continuous lines represent uniform layer fits with structural
pT parameters given in Table 1.

where) mpb, is the total scattering length for the peptide.

In the cases wherg,, is nonzero and the peptide layer is
predominantly immersed in water, the uniform layer model will
still apply. Equation 3 needs to be modified to take into account
the contribution of scattering length arising from the water
associated with the peptide layer. However, in a more general
situation where the adsorbed peptide layer is partially immersed
in water, the upper part of the layer is out in air and the lower
part of the layer is predominantly immersed in water. This
uneven water distribution can be approximated to a two-layer
model, with the upper part of the layer completely dry and the
lower layer fully immersed in water. Although eqgs 2 and 3 are
developed under the condition of uniform layer distribution, they

are directly applicable to each of the sublayers when more than_l_h flectivity dat b " vzed using th
one layer is required to model the density distribution profiles. e refiectivily data were subsequently analyzed Using the
The total adsorbed amounts are obtained by summing over theunn‘orm layer model fits. The cont_lnuous lines shown in Figure
sublayers used in the fitting procedure. The choice of the ”“mbef;ﬁrg dcsac:(r:l;’ggz? ;SSJOTJZSt?J;E%Ze?:i:nﬁa% f;l fg][g;g

f subl is d dent th tent of inh it . .
of sublayers 1S dependent tpon the extent of Inhomagene ymL to 13+ 2 A at the highest concentration of 3.g/mL.

across the interface. However, in general the minimum number . . . "
g The thickness derived in the model fitting corresponded to the

of layers that will successfully fit the data is chosen. Ina mixed "~ |2 idual t indicating the deviation betw
layer system the volume fraction of each component within the minimal *, a residual term incicating the deviation between
the measured and calculated data.

layer is expressed as . - .
As can be seen in eqs 3 and 4, the model fitting simulta-

neously produces scattering length densi)yand thicknesst.
The difference irp reflects the different amounts of adsorbed
peptide in terms of area per molecul&).( The change oA
with the bulk peptide concentration is shown in Figure 2. It
can be seen that change in the concentration over the two higher
concentrations results in little variation A However, a further

The surface adsorption of the two 14-mer peptides was first decrease in the bulk concentration to the two lower concentra-
measured in null reflecting water. Under this isotopic contrast, tions causes substantial reduction in layer thickness and the
the entire specular neutron signal was only from the adsorbedassociated increase in the area per molecule. The structural

layers. For all the concentrations studied, the reflectivity was parameters obtained from the model fitting are given in Table
mainly detected over the low momentum transfey region 1.

below 0.1 A At x> 01 At it rapidly fell off to the The above calculations require the total scattering length,
background level which was associated with incoherent scat-\\hose value was obtained from the primary sequence of the
tering from the solvent. The attainment of constant background peptide given previously. Because the peptide contains labile
and the fast signal decay were indications of the formation of hydrogens on the main peptide chain and the amino acid side
thin interfacial layers. Figure 1 shows the reflectivity profiles groups, which readily exchange with,O, due consideration
after subtraction of constant background. For each reflectivity gnouid be given to the effect of H/D exchange on the total

the exact background was obtained by averaging the measured
reflectivity between 0.3 and 0.5 A. Differences between
reflectivity profiles after background subtraction reflect changes
in layer thickness and composition. Increase in the slope of the
reflectivity reflects thickening of the peptide layer, while
increase in the level of reflectivity indicates the increased
amount of adsorbed peptide. Figure 1 shows that change in bulk
solution concentration mainly results in a shift of the level of
reflectivity. In contrast, the shape of the reflectivity varies much
less.

Quantitative information about the structure and composition
of the peptide layers was obtained by fitting the data to models
using the optical matrix approach, as outlined previoés#.

(4)

wherep, and py are the scattering length densities of protein
and water an@y, and ¢, their respective volume fractions.

P = dpPp T Dupy

Results and Discussion

(25) Born, M.; Wolf, E.Principles of OpticsPergamon: Oxford, 1970.
(26) Lekner, JTheory of ReflectionNijhoff: Dordrecht, 1987.

scattering length of the peptide. Because the peptide chain is
fully exposed, the encapsulation associated with hydrophobic
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Figure 2. Variation of area per peptide with bulk concentration for the
14-mer peptide with£) and without Q) fluorophore attachment.

Table 1. Structural Parameters Obtained from Single Layer Fits to
Reflectivities Measured from the 14-mer Peptide without
Fluorophore Adsorbed in NRW

Gaussian area per volume
concentration uniform layer thickness peptide fraction
(ugimL) thickness (z/A) (olh) (AIA?) (@)
4.42 13+ 2 11+ 2 240+ 10 0.67
1.77 12 10.5 27& 15 0.64
0.88 10 8.5 38at 20 0.54
0.44 8+3 7+3 540+ 30 0.48

effect and hydrogen bonding that hinders the exchange proces
in the case of globular protein structufé® is not expected.

H/D exchange is thus expected to be complete upon dissolution

of the peptide. As the scattering lengths ar@.74 x 1075 A
for H, 6.5x 105 A for C, 5.8 x 1075 A for O, and 9.4x 10°°
A for N, b, was calculated to be 3.43 1073 A. As the NRW
water contains 8.1% f® and the scattering length for D is 6.67
x 1075 A, by is 3.48 x 1073 A for the peptide in NRW and is
4.06x 103 Ain D,O. The volume of the peptide was estimated
by adding all the residues and backbone fragments tog&tffer,
giving a value of ca. 1900 A& The scattering length density
(pp) Was subsequently calculated to be 1:830°6 A=2for the
peptide in NRW and 2x 1076 A=2in D,O. In comparison,
because DMBDY is a bulky group, it will contribute to the total
size and scattering length of the peptide. The valuépdbr
the 14-mer peptide with the DMBDY attachment was calculated
to be 4.35x 1073 A in NRW and 5.01x 1073 A in D,O. The
corresponding values @f, were found to be 2.% 10°8A~2in
NRW and 2.3x 1076 A~2in D,O. The accuracy of these values
is affected by the estimated molecular volume, but it is
reassuring to find that these values are within 2.30°6 A2
of those obtained for lysozyme and HSA (human serum
albumin) when NRW is the solvent. On the other hand, ®D
pp is substantially lower, indicating that there are fewer labile
hydrogens in the two peptides than in lysozyme and HSAL
Similar neutron reflectivity measurements have been made
using the 14-mer peptide with the DMBDY group (peptide F),

(27) Radford, S. E.; Buck, K. D.; Topping, K. D.; Dobson, C. M.; Evans, P. A.
Proteins: Struct. Funct. Genet992 14, 237.

(28) Huvidt, A.; Nielsen, S. OAdv. Protein Chem1966 21, 287.

(29) van Krerelin, D. WProperties of Polymers3rd ed.; Elsevier: New York,
1990.

(30) Stryer, L.Biochemistry3rd ed.; W. H. Freeman and Company: New York,
1988.
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Figure 3. Sensitivity of the fit to layer thickness as demonstrated by
comparing the reflectivities calculatetd@A (short dashed line) and 20 A
(long dashed line) with the best fit of 13 A (solid line). The area per peptide
was fixed at 230 A

and the same data analysis approach was used to extract
structural parameters. Again, the thickness of the layers was
calculated to be between 8 and 13 A, indicating that within
experimental error the attachment of the DMBDY group had
little measurable effect on layer thickness. The corresponding
area per molecule was also found to decrease with increasing
bulk concentration, and the values are also plotted in Figure 2
for comparison. It appears that the DMBDY attachment has
caused a slight increase & This increase could result from
éhe bulky size of this group and is consistent with differences
found in the limiting molecular areas of these peptides as
recently determined from surface presstagea isotherms.
However, it should be noted that the difference in the total
scattering length used here was calculated assuming stoichio-
metric attachment of DMBDY to the thiol group. An incomplete
reaction or subsequent detachment/deterioration would mean
possible overestimate bf and hence a greaté this, however,

is unlikely, as the linkage between the DMBDY and the peptide
is robust and the peptide is initially 100% labeled.

We commented previously that although the neutron reflec-
tivity measurements are sensitive to the area per molecule, it is
less sensitive to the layer thickness and the possible inhomo-
geneity within the layer along the surface normal direction. As
an example, we show in Figure 3 the effect of thickness variation
on the calculated reflectivities. As can be seen from Figure 3,
the change in layer thickness mainly affects the reflectivity at
the relatively highe, where the signal starts to drop substantially.
For all data measured in this work, the reflectivity profiles fall
into the background at > 0.12 A-L. The signal could however
be significantly improved if the hydrophobic side chains were
deuterated. This enhanced reflectivity level would make the
measurement more sensitive to the thickness of the fayér.

Although the uniform layer model is mathematically the
simplest to implement, it may not be the best to represent the
distribution of the peptide chains. As discussed previously, the
adsorbed layers are usually loosely packed and contain structural
disorder arising from thermal roughness and side chain projec-
tions. These effects tend to make the actual layer distribution
(n(2)) better represented by the Gaussian function with its width
o defined by

n2) = n, exp(—4Z1o%) (5)
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Table 2. Structural Parameters Obtained from Single Layer Fits to 1E-24
Reflectivities Measured from the 14-mer Peptide with Fluorophore
Adsorbed in NRW

Gaussian area per volume 1E-31 (a)
concentration uniform layer thickness peptide fraction
(ugimL) thickness (z/A) (alR) (NA?) (#») .
3.83 13+ 2 11+ 2 210+ 10 0.65 g 1E-41
1.53 12 10.5 24 15 0.65 )
0.77 10 8.5 330 20 0.57 A
0.38 9+ 3 8+3 550+ 30 0.38 1E-51 R,
s
~ ~~
=~ Ny S o
wheren, is the maximal number density ads the distance 1E-6; b
normal to the surface layer. In the case of surfactant distribu- 0.10 0.20 ==
tions, there is evidence from computer simulation that the Momentum Transfer/A"
Gaussian model is more appropriétd-or egg white lysozyme 1E.2e

adsorbed on the surface of water at pH 7, our previous neutron
reflection has convincingly shown that the layer is better
described by the Gaussian distributiéiwe have also showns3 1E-3;
that the relationship betweenandt is ¢ = (v/3/2)r. Thus,
according to the Gaussian model, the width of the peptide chains 3 ,¢_4]
is some 10% narrower. This means that for the thickest layer

of 13 A derived from the uniform layer model its thickness is
reduced to 11 A in the Gaussian model. The values ahdt

so obtained for both peptides at the four concentrations studied

1E-5

are listed in Tables 1 and 2. 1E-61
The discussion given above assumes no contribution to the P PP N
thickness from capillary waves. The presence of thermal Momentumn Transfer/A-1

fluctuation on a liquid surface tends to broaden the distribution Figure 4. Neutron reflectivity measured from adsorption of 14-mer peptides
of the interfacial region. The contribution can be estimated using gtstge 'c;ir/EéO int_gff?\lclg- In (a) the begt U_nrifohrm lalyelr fit c(j)f 1# A from thk_?h
. . i 3233 .83ug/mL peptide NF was compared with the calculated reflectivities wit
the following simple equatioff a thickness b7 A (short dashed line) and 15 A (long dashed line). The
layer was assumed to be fully afloat. In (b) the solid line represents the

o? = 0%+ o? (6) best uniform model fit of 11 A dry layer to the reflectivity measured at
4.42 ug/mL peptide F. The dashed line assumes the whole layer is fully
wherew is the contribution from thermal roughness arids immersed in RO.

the intrinsic layer thickness after roughness removal. Schwartz
et al3* have shown that the amplitude of the thermal motion in
a pure liquid is inversely proportional to the square of its surface

tension. For pure water at 2%, its surface tension is around o . .
b The -hairpin structure of peptides F and NF is supposed to

72 mN/m and its root-mean-square amplitude is 2.8 A. In terms te the hvdrophobi d hvdrophili id H
of the Gaussian distribution used here, this is equivalent to g.5 Segregate the Nydrophobic and yarophilic residues. However,

A. From the Langmuir film experiment carried out previously it should be r_l_oted that only th? e_nc_is of th.e Glu residues are
for peptide P4 the surface tension at the highest peptide truly hydrophilic. Because of this, it is possible that the entire

concentration is about 63 mN/m, giving a thermal roughness peptide except. for the garboxylates Is located abovg the surface
of 6.9 A. Taking the total layer thickness of 11 A, the use of eq of the water, in the air phase. If so, the adsorption can be
6 gives the value o’ of 8.6 A. Given the inaccuracy in the described by assuming a layer of peptide _a_dsorbed on ”“? top
depth resolution of the technique as already explained, this Valuesurface of RO. The thickness and composition of_the peptide
is consistent with the expected mean thickness f@sheet layer can be taken to be the same as that obtained from the
peptide monolayer corresponding NRW solution, except that the labile hydrogen
The reflectivity profile measured from the peptides adsorbed egchantges V}”th HB dneﬁg t‘: :I;)e ta/keC |tr;]to laccount. ttFOT the
at the DO/air interface contains information about the peptide f S?[Lpo'lon (')t peptide fa ?g {no_é A?Z tayelr;calg[lglg
distribution and its relative location to the surface of water. < UENSILy INCreases irom 0 23 x

Because the peptide layer is very thin, the reflectivity obtained A. * when n DO. 'Lhekbest mf‘ shzv:c/n a; 6} contlnl;ous “n.e. n
under this condition is likely to be dominated by the contribution Figure 4?’ gives "j.lt ickness of 11 /A for the ayer. The sensm.v[ty
from the solvent. However, comparison of the reflectivity to' the thickness is demqnstrated by comparng the reflectivity
profiles measured from the two peptides with and without the with those calculated with the layer thickness0A (short

: : S dashed line) and of 15 A (long dashed line), respectively.
fl h h that f ’
uorophore with that from pure fD gives a clear indication The optimal values of thickness from the uniform layer model

of suppression, showing that despite the dominance,Gf the
reflectivity profiles still offer useful information about the
structure of the peptides.

(31) Bocker, J.; Shlenkrich, M.; Bopp, P.; Brickmann,JJPhys. Chem1992 on the surface of BD are 2-3 A shorter than those derived
96, 9915.

(32) Lu, J. R Simister, E. A: Thomas, R. K. PenfoldJJPhys. Condens. from the NRW daFa from the same mpdel but are comparable
Matter 1994 6, A403. to the values obtained from the Gaussian model. The difference

(33) Lu, J. R.; Lee, E. M.; Thomas, R. Kcta Crystallogr.1996 A52 11. ; B PR f

(34) Schwartz, D. K.; Schlossman, M. L.; Kawamoto, G. H.; Kellogg, G. J.; m_ay Igrgely arise from the different _se_nsmwty to the thlckness
Pershan, P. S.; Ocko, Bhys. Re. A 1990 41, 5687. with different water substrates. A similar approach applied to
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alr Conclusions
EEEETS eSS Although neutron reflectivity has been used for studying
§§§§§ adsorption of proteins and synthetic polymers, this is the first
o o time the technique has been used to determine the limiting area
per molecule and thickness of an adsorbed peptide layer.
water Although the signal obtained with the 14-mer peptide layers in
NRW was relatively weak, it was sufficient for the determination

Figure 5. Schematic representation of the adsorption of peptide F on the Of layer thickness, volume fraction, and hence the area per
surface of water. molecule. The reflectivity profiles in D showed less variations
because the signal mainly arose from the solvent, but these
the DO profile for peptide F at 4.24g/mL again gave the  profiles offered further reliable assessment of the thickness of
optimal thickness value of 1011 A. The results thus provide  the layer, thus complementing the information obtained from
a consistent picture of smaller thickness when the same uniformNRW. The limiting areas per molecule for peptides F and NF
model is applied on the surface of,®. This observation is  are broadly consistent with those found from surface pressure
broadly consistent with previous findings from surfactant grea isotherms.
systems. The neutron data show that the 14-mer peptides both form
It should also be added that the uniform layer model is only uniform layers on the surface of water and that the two peptides
approximate, and it is unlikely to be appropriate for the have very similar surface properties. Thus, the attachment of
description of the association of the hydrophilic side chains with the DMBDY group does not strongly affect the surface
D20. However, the fact that the uniform layer model containing adsorption. For both peptides, surface excess and layer thickness
no measurable association ot fits the reflectivities well vary with bulk concentration. The thickness of some97A
suggests that the mixing and association of the hydrophilic supports the formation of g-sheet conformation and is
groups with BO may not be significant. Ideally, the contrast consistent with the layer thickness determined previously by
variation requires the use of a two-layer model, with the top  AFM measurements on LangmtiBlodgett films. The increase
sublayer describing the hydrophobic region in the air and the in the layer thickness with bulk concentration indicates the
hydrophilic region immersed infD. We have tested this model  variation of the projection of the side chains with increasing
but found that the BO profiles were overall insensitive to the  volume fraction of the peptide within the layer.
extent of immersion in water. Figure 4b compares the fittings ~ The D,0 measurements studied independently suggest that
where it was assumed that the whole peptide layer is either fully the peptide monolayers stay almost entirely in the air, with the
afloat (solid line) or fully immersed (short dashed line). The hydrophobic side chains completely dry and the hydrophilic side
reflectivity was measured in O for peptide F adsorbed at 4.24  chains solvated only at their tips. Such conformational structure
ug/mL. As can be seen from Figure 4b, the reflectivity starts to has direct implications on the hydrogen bonding relating to labile
deviate only below 1@, though the difference is clearly hydrogens on the peptide backbone. The interfacial monolayer
measurable. formed under such conditions may self-assemble more easily
Neutron reflectivity profiles in BO have also been measured because the process is likely to be promoted by hydrogen
at lower peptide concentrations for both peptides. As expected,bonding with each other, and dehydration would not become
the reflectivity becomes close to that of the purgODas the an energetic barrier.
peptide concentration decreases, but the fitting to the reflectivity
profiles measured over the intermediate concentrations-@f 1
ug/mL in DO also suggested the formation of a single layer of

6—10 A on the surface of water, thus giving consistent support  Neutron reflection experiments were performed at Rutherford
to the variation of peptide layer structure with bulk concentra- Appleton Laboratory near Oxford, UK, using reflectometer CRISP, and
tion. the experimental arrangement was similar to that described in ref 35.
The characteristic structural feature of the peptide layers Four Teflon troughs were placed in parallel in a sealed Perspex
observed from neutron reflection can be schematically sum- container. The container was mounted on an antivibration bench. Its
marized in Figure 5. The main finding is the formation of a height and the horizontal position were adjusted through two computer-
uniform peptide monolayer, which is predominantly afloat on cqntrolled step mptors so that golution surface in each trough cou_ld pe
the surface of water, with the carboxylic groups hydrated only. aligned. The precise sample alignment was made using a laser with its

. L beam on the same path as the incoming and exiting neutron beam.
The area of this monolayer responds to the dilution of bulk Each trough had a surface area of 15 ens cm and required some

peptide concentration, and the limiting area per molecule is Somegg | of solution to produce the positive solution meniscus to avoid
230 A, close to that estimated by AFM study from the same the gbstruction of the trough edges to the beams. However, the exact
peptides deposited on mica. Because of this, we have assumegolume required in each case depended on the surface tension and hence
that the lateral packing and the orientation between the hairpin the peptide concentration. The beam-illuminated area was typically
and the tails are similar to those observed at the solid substratearound 10 cmx 3 cm, and its exact size was defined by the horizontal
surface. This conformational similarity is likely to be true and vertical slits placed before the sample container.

because the water surface offers a greater extent of flexibility. ~ The reflectometer used a white neutron beam with wavelengths
The change in the thickness may indicate responsive variation'@"ging from 0.5 to 6.5 A. Calibration was made using theD

of the projection of side chains with surface area per peptide. Méasurement at the highest beam incidence angle 6t E&ch

The_ schematic in Figure 5 does not take into account the (35) Lee, E. M. Thomas, R. K.. Penfold, J.: Ward, RJCPhys. Chem989
capillary wave effect. 93, 381.

Experimental Section
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reflection experiment was then carried out at three incidence angles of Peptides F and NF were both synthesized as C-terminal amides by
0.5, 0.8, and 1.5, and the resulting reflectivity profiles were combined standard, Fmoc-based solid phase peptide synthesis. The Cys residue

to cover a momentum transfer)(range between 0.012 and 0.5%A of peptide F was fluorescently labeled by treating the peptide with the
For each reflectivity profile, a constant background was subtracted using iodoacetamide derivative of the 5,7-dimethyl BODIPY group (DMB-
the average reflectivity between 0.3 and 0.5 A or a given solution, DY). Both procedures have been described in detail previddsly.

the time-dependent adsorption was monitored by repeating reflectivity
measurements at different time intervals. It was found that for almost

all the systems studied here no time-dependent adsorption was detecte
some 36-60 min after the placement of the solutions in troughs. All W.K. thank the NIH (Grant GM 51105) and the Skaggs

neutron reflectivity profiles were measured after. @h solution Institute of Chemical Biology for funding.
equilibration. JA0292290
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