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Abstract: The in-situ conformations of peptide layers formed from the adsorption of two different synthetic
15-mer peptides at the hydrophilic silicon oxide/aqueous solution interface have been determined using
neutron reflectivity (NR). The first peptide is based on the native sequence of a protein-binding domain
within a heteromeric transcriptional activator, HAP2, identified from yeast Saccharomyces cerevisiae, with
tyrosine (Y) present at the 1st, 8" and 15" amino acid positions, hence we denote this YYY15. Substitution
of tryptophan (W) at the same locations gives WWW15. Both peptides have a-helical structure in phosphate
buffer, as determined by circular dichroism (CD) spectra. D,O was used as solvent in the NR experiments
to highlight structural heterogeneity across the hydrogenated peptide layers. At pH 7, YYY15 was found to
form a weakly adsorbed interfacial monolayer. However, the mutant WWW15 showed strong interfacial
adsorption, with the interfacial layer characterized by a middle hydrophobic sublayer of 7—8 A with lower
scattering length density and two almost symmetrical hydrophilic outer sublayers of 6—8 A with higher
scattering length density, suggesting the formation of a “sideways-on” helical conformation. An increase in
pH to 9 resulted in the improved packing within the interfacial layer with similar structure. However, decrease
in pH to 5 reduced the interfacial adsorption, mainly due to the enhanced solubility of the peptides associated
with the protonation of arginine (R) and lysine (K) groups and the decreasing concentration of divalent
HPO4?~ in the phosphate buffer. Subsequent assessment of the reversibility of adsorption showed that
once the peptide layers were formed they did not desorb. These interfacial structures may provide feasible
routes to interfacial nano-templating.

Introduction ously to form interwoven nano-fibers, which formed hydrogels

The self-assembly of short synthetic peptides@ amino consisting of greater than 99% water. These peptides are
acids), into molecular nano-structures is attracting growing Surfactant-like and they are characterized by well-defined
interest in nano-biotechnology. The use of the secondary hydrophilic and hydrophobic moieties. The introduction of
structural elements of proteins, i.eshelices,-sheets, turns, charge modulation makes them resemble block copolymers. The
B-helices and loops to engineer molecular arrangements ame-Structure of these hydrogels is believed to consist of a small
nable to the design of predictable and functional nano-structuresscale structure of self-assembled peptides which then, in turn,
has been extensively explored using synthetic peptides with @sseémble to form a network. This type of sequence has a
different sequences and molecular structures. These activitiestendency to form stablé-sheet structure in water and they can
represent the bottom-up approach of mimicry to the self- S€rve as ideal scaffolds for tissue-cell attachment, extensive

assembly observed in biology to fabricate supramolecular Neurite outgrowth, and formation of active nerve connections.
structures from designed peptides. Aggeli et al>® have shown that short peptides of different
Zhang et al discovered and reported several classes of structural origins could also form long, semi-flexible, polymeric

ionic self-complementary peptides that self-assemble spontane3-sheet peptide nano-tapes in nonaqueous medium, indicating
the intrinsic nature of self-assembly of peptides as a potential

route to novel biomaterials. In another study by Ghadiri et&@l.,
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D,L- a-peptides and cyclig-peptides were shown to produce Scheme 1 Primary Sequences of YYY15 and WWW15
flat, ring-shaped self-assembling nano-tubes with diameter YYY (wild type)

around 1 nm in the single peptide tube. These peptide nano- 162 164 166 168 170 172 174 176
tubes were also shown to form pores in the cell membrane. YVNAKQYYRILKRRY
Tirrell's group® demonstrated that synthetic proteins prepared + + + 4+

using recombinant DNA methods self-assemble in bulk solution www15 (mutant)
to form nano-assemblies, with the nano-structuring and subse- 162 164 166 168 170 172 174 176
quent gel formation being tunable to solution pH and temper-

ature. Gore et al. then showed that similar micellar aggregation
and the gelation process could be mimicked by short peptides
bearing single and double hydrophobic tafishese peptides  gimyltaneous measurement of the thickness and volume fraction
have basic molecular structures resembling well-characterized ¢ any protein layer in a direction along the surface normal,
surfactants, but the molecular characteristics of these peptidejih depth resolution at the level of-2 A. This high depth
amphiphiles bring new features that surpass traditional surfac-esojytion, together with the three-dimensional structural infor-
tants. More recently, Stupp’s grotip? has elegantly demon-  mation, allows us to assess the structural orientations of protein
strated that peptide amphiphiles bearing different sequences angpgjecules at a given surface and solution conditions and to
alkyl tail can also self-assemble and form viscous gel phases, jetermine the extent of deformation and structural unfolding
and that the processes are responsive to pH shift, divalent iongs johular proteins. Peptides of small and intermediate lengths
induction and solution concentration. These authors also showedmay be predisposed to forming-helices orB-sheets at the
that modification in the hydrophobic alky! tails produced nano- jyierface. These transitions can be strongly affected by surface
fibers of varying morphology. and solution environment, resulting in a different surface layer

We have recently explored the structural features of peptide thickness and packing density, from which further detailed
|ayerS formed at the SO|Id/aque0us solution interface. Interfacial structural projections and orientations within the pept|de |ayer

self-assembly of short peptides leads to the formation of -an pe inferred.
interfacial layers of different structural characteristics. These  The 15-mer peptides used in this work were derived from a
structural features are potentially attractive for applications such protein-binding domain within a heteromeric transcriptional
as nano-sensors and nano-circuits. The amphiphilic nature ofactivator, HAP2, identified from yeaSiaccharomyces cere
synthetic peptides tends to lead to their interfacial adsorption, gj5e26 HAP? is a 265 amino acid subunit that contains a highly
driven by electrostatic and hydrophobic forces, hydrogen conserved 20 amino acid core which is implicated in subunit
bonding and entropic effects. Because interfaces represeniassembly. Previous work has demonstrated that a 15-mer
different energetic balances from bulk solution, peptides self- synthetic peptide replicating the sequence between positions 162
assemblec_i at planar mte_rfaces may qdopt different stru_cturaland 176 in HAP2, showed a typicathelical circular dichroism
conformations®°To realize the potential afforded by peptide (cp) spectrun®’ The exact sequence for this truncated peptide
interfacial assembly, it is important to be able to control the s shown in Scheme 1.
structure and morphology of the peptide layers formed at the  igyre 1 shows side and end viewsohelical ands-sheet
interfaces. Understanding the effects of primary sequence andnformations for YYY15. In thex-helical conformation the
solution conditions on the structural properties of surface layers tyrosine residues at positions 1, 8 and 15 form a “stack’, in
constitute an essential step toward the improved fundamentalyhich interresidue interactions contribute to helical stability.
understanding necessary for developing the applications of gimjjar “stacking” of adjacent hydrophobic residues, alanine
peptide interfacial layers. ~ and leucine, and the interactions of the butylene moieties of
Neutron reflectivity (NR) is a powerful tool for obtaining in - two lysines contribute strongly to the formation of stable
situ structural information about an interfacial layer adsorbed _nelical structure as revealed by CD. The locations of the three
at the solid/water interface. NR determines the nuclear scatteringpositivew charged arginine residues are also marked in Figure
length density profile normal to the interface. In previous 1. As the solid substrate studied in this work was $i@hich
studies,’* we showed that neutron reflection is capable of has a weak negative charge, the positively charge groups provide
an essential driving force for interfacial adsorption.

+ + + + +
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Figure 1. End view (left) and side view (right) of YYY15 im-helix (top) ands-sheet (bottom) conformations. Y groups are shown in cyan, R groups in

red and K groups in blue. The helical backbone is represented as a ribbon.

Note that several positively charged residues, arganine (R) ancelgsine (K) ar

one side (upper) of the helix and that hydrophobic residues on the other. All molecular models were made using the softwiire VMD.

reflection experiments have shown that the surface layer is a
well-packed sideways-on peptide layer at pH 7 and 9 for mutant
WWW15, whereas YYY15 shows a rather loose layer packing
under the same solution conditions. However, when solution
pH is lowered to 5, no adsorption was detected for either of the
two peptides. The lack of surface affinity is consistent with the
expected increase in peptide hydrophilicity associated with
protonation of lysine and arginine groups although increase in
the opposite charge density would favor the adsorption. This is
in strong contrast to the continued peptide adsorption when the
peptide layer preadsorbed at high pH was exposed to low pH
solution, indicating the high extent of irreversibility. These
structural features are highly relevant to the exploitation of
peptide interfacial assembly in nano-biotechnology.

Results

We first compared the relative adsorption of the two peptides,
YYY15 and WWW15, by comparing the reflectivity measured
with the peptide solution concentration fixed at 0.1 wt 945(

x 1074 M). The measurements were made at the hydrophilic
solid/D,0 interface with the solution pH being fixed at 7 using
phosphate buffer. Figure 2 shows the measured reflectiR(ky,
plotted as a function of wave-vector transfeyrperpendicular

to the reflecting interface

__4xsing
o =2xsing

> )

where 6 is the incidence angle and the wavelength of the
incidence neutron beaf3°As a control, reflectivity was also
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Figure 2. Reflectivity profile measured from the solid SiD0 interface
(dashed line) is compared with the ones from 0.1 wt % YYY15 (a) and
WWW15 (b) at pH 7. The continuous lines represent the best uniform fits
with structural parameters listed in Table 1.

measured for a pure O buffer (Figure 2, dashed line). It can
be seen from Figure 2 that the adsorption of the YYY15 from
solution caused a slight deviation of the reflectivity from the

(28) Burkett, S. L.; Read, M. Langmuir2001, 17, 5059. Also: Read, M. J.;
Burkett, S. L.J. Colloid Interface Sci2003 261, 255.
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pure DO profile, indicating a small amount of peptide adsorp- 7

tion. In comparison, adsorption from the WWW15 solution -
produces a large deviation, notice in particular the relatively 61 [
strong interference fringe, indicating the presence of a discrete -
layer with a scattering length density different from that of 5r

solution and substrate.

As described previousRf, 25 quantitative information about ‘1\(
the thickness and composition of the adsorbed layers can be o
obtained from model fitting based on the optical matrix X
formalism. As usual, the modeling process was started with an

assumption of a structural model for the adsorbed layer, followed 2

by calculation of the reflectivity from the model. The calculated

reflectivity was then compared with the measured data and the 1} SiO, Peptide DO
structural parameters were then varied in a least-squares iteration

until a best fit was found. The structural parameters used in the ot— ; ; : ; :

fitting were the number of layers, thickness),(and the -10 0 1gistan(2:2/A 8% 40 %0

corre_sponding nuc_lear scatter_ing !ength dengifdr ea(_:h layer Figure 3. Measured scattering length density profi€z), for WWW15
(equivalent to optical refractive index). From the fitted layer at0.1 wt % and pH 7(solid line) and calculated for an adsorbed WWW15
data we can derive two further useful parameters; the overall in a-helical conformation (broken line).

volume fraction of the proteinpy, in the adsorbed layer

(o — pu) 1.E-01 |
¢p - % (2) >
(pp pw) % 1.E-03
[0}
where py is the scattering length density of,D (= 6.35 x 2
1076 A-2), p, is the scattering length density of the protein ( 1.E-05 1
3.47 x 10°% A=2 for YYY15 and 3.55x 10°® A-2 for
WWW15) andp is the fitted scattering length density. For a 1.E-07 . . ‘
multilayer fit the weighted average scattering length density for 0 0.05 0.1 0.15 0.2
the layers will give an overall volume fraction for the entire
absorbed layer. LEO1

The second parameter which we can derive is the area per (b)
molecule, A, of the peptide

1.E-03
Ve g
A= ) L N
> S € 1E05] 0 R™I

whereV, is the molecular volume of the appropriate peptide
(2540 A for YYY15 and 2525 & for WWW15). The sum is 1.8-07 f ' '
over all the layers in the model. 0 0.05 01 0.15 0.2

.y P . -1
The model fitting of the measured reflectivity in pure@ ] Wave‘ve°'°:j":"5fe”A ) teorbed
; ; ; — 6 Figure 4. Neutron reflectivity measured from peptide WWW15 adsorbe
g\u_f;er r.es_ult_ed |n_a Siplayer of 15 A withp = 3.4 x _10 at the SiQ/D,0O interface with the peptide concentration at 0.01 (a) and
, this is identical to the value for amorphous &iGhus 0.1 wt % (b). The reflectivity from the pH 7 £ buffer is shown as dashed

showing that the oxide layer is smooth and is free of defects line for comparison. The continuous lines represent the best uniform layer
and voids. The presence of any defects, which would be filled fit in (a) and three Iayer model fit_ in (b). The long dashed line in (b)
by D,O, would result in a greater value pffor the layer. In all represents the best uniform layer fit.
of models which follow, this oxide layer is included. The
subsequent model fitting to the 0.1 wt % YYY15 reflectivity —satisfactory fit to the measured reflectivity either. A three-layer
shown in Figure 2a was carried out assuming that the peptidemodel was able to fit the experimental data. The continuous
formed a single, uniform layer when adsorbed onto the oxide line shown in Figure 4b represents the best three layer fit to
layer surface. The best single layer fit, as shown in Figure 2a, 0.1 wt % WWW15 reflectivity profile, with the resulting
gave a thickness of 26 A with = 5.8 x 1076 A2, Using eq structural parameters listed in Table 1, which summarizes all
2 we can see that this corresponds to a volume fraction of thethe model fit parameters used in this work. A comparison of
peptide in the layerg, = 0.19 and from eq 3 we find an area the measured scattering length density profi(&), for WWW15
per molecule of 512 A with the calculated scattering length density profile for a
Data from a layer absorbed from 0.1 wt % WWW15 was WWW15 molecule in purex helical form with its long axis
not fitted well by a single layer model, this indicates that the parallel to the surface is shown in Figure 3. For the WWW15
scattering length density distribution within the monolayer is model the inner sublayety), closest to the oxide surface, was
not uniform in a direction normal to the surface. Subsequent found to ke 7 A thick. This value was very close to the thickness
attempts to adopt a two-layer model did not produce any of 8 A of the outer sublayer, indicating a high degree of

J. AM. CHEM. SOC. = VOL. 126, NO. 29, 2004 8943
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Table 1. Structural Parameters Obtained for Fits to Neutron

Reflectivity Data from Peptide Layers Adsorbed under a Range of
Conditions 1.E-01 1
wt%  pH parameter layer1 layer2 layer3  ¢p
YYY15 0.01 7 7+2/A 16 0.25
(0+02)x 19A2 562 z 1E03
YYY15 0.1 7 t+2A 26 0.19 2
(p+0.2)x 10°A-2 58 2
WWW15 0.001 7 7+ 2/A 12 0.73 2 1E05
(p+£0.2)x 1/A-2 43
WWW15 001 7 r+2/A 13 0.84 “un_gq
(p£0.2)x 10%A-2 4.0 Ty
WWW15 0.1 7 t+2A 7 8 8 0.75 1.E-07 ‘ ‘ .
(p+£02)x 1A-2 54 25 50 0 0.05 0.1 0.15 0.2
WWW15 0.1 9 v+2/A 8 9 10 0.76 momentum transfer/A™

-2
(p £ 0.2) x 10%A 54 23 5.0 Figure 5. Reflectivity profiles measured at pH B, 7 (2), and 9 Q) for

peptide WWW15. The dashed line represents the reflectivity measured from
pure DO buffer. The continuous lines are the three layer fits with their
structural parameters listed in Table 1.

structural symmetry. The higlp values for the two side
sublayers indicated a high volume fraction of water within the

side chain amino acid region. In contrast, the thickness of the  ggth of the peptides listed in Scheme 1 have 2 lysine groups
middle sublayer is also78 A, and its scattering length density a4 3 arginine groups. For the isolated amino acids in bulk
was very low, indicating very low water content and a gojytion these groups are positively charged over the pH range
comparatively high peptide packing density. Other possible three5_g However, pH shift and surface adsorption may alter the
layer models, e.g., with a higher scattering length density in degree of ionization and hence their affinity toward the
the middle sublayer, were found not to fit_the data at all and negatively charged SiOsurface. Although increased peptide
were thus ruled out from the model testing. The calculated \gtonation intuitively makes the peptide more attracted to the
profile for WWW15 has the same features as the experlment.ally SiO; surface, it would also increase its solubility, resulting in
measured profile with a core of low scattering length density; reqyuced tendency for interfacial adsorption. In contrast, over

the regions of higher scattering length density are somewhat,q pH 5-9 range the charge density on the S&drface does
thinner in the simulation. There are a number of possible reasonsn ot show much variation eith&k.A further factor that should

for this; the structure coordinates for WWW15 were minimized e added to this consideration is the variation of the relative

in vacuo”; the D,O was added to the calculated system in @ ¢oncentrations of NagPQ, and NaHPQ, with solution pH. In
crude way which does not allow for the finite volume of the reparing the phosphate buffer (PBS), we have fixed the total
D20 molecules. Furthermore, we expect the peptide in the pgg molar concentration at 10.7 mM. Thus at pH 7, the molar
experimental system to be more disordered. ratio of [HPQ; 7 to [H.PO, ] is 1.5. This was in contrast to
The three layer model fit to the WWW15 data indicates @ the predominant PO, at pH 5 and HP@2 at pH 9. Change
total layer thickness of 23A and an area per molecule of 147 i jon composition with pH affected the total ionic strength.
A2, which is equivalent to an overall protein vo!ume fraction, Thys the extent of adsorption of the peptide onto the,SiO
¢p = 0.75. Therefore, while the total layer thicknesy &  gyrface is balanced by the fine-tuning of the various interactions
comparable, the mutated peptide (WWW15) is substantially jnyolved. Figure 5 compares the reflectivity profiles measured
more surface active than the wild type. The increased adsorption.om pH 5, 7 and 9 with the concentration of WWW15 fixed at
is mainly reflected in the increased peptide volume fraction and g 1 wt 9. It can be seen from Figure 5 that the reflectivity profile

hence reduced area per molecule (A). at pH 5 is virtually identical to the puref buffer, indicating
As WWW15 was more surface active it was selected for the 1, heptide adsorption under this condition. This is in contrast

investigation of the variation of adsorption with bulk concentra- 14 the substantial amount of peptide adsorption at pH 7 as
t'O”é The measurements weriperformt_ed between 0.001%6 (5 zjready described above. Further pH shift to 9 results in the
107°M) and 0.1 wt % (5x 107* M), again at pH 7. As can be  ihcrease of peptide adsorption, over and above that attained at
seen from Figure 4a, the adsorption from 0.01 wt % WWW15 17, a5 indicated by the shift of the broad interference fringe
causes a clear deviation from the purgdreflectivity profile, to lower . These results clearly show a trend of increase in

indicating a small but measurable amount of peptide adsorption. hentide adsorption with the extent of peptide deprotonation and
However, increase in the peptide concentration to 0.1 wt % (ising divalent ion concentration as described above.

sharpens the interference fringe and shifts to lowéndicating The reflectivity profile obtained at pH 9 can be analyzed

a substantially increased amount of adsorption and a thiCkerquantitatively using a three layer model to represent the peptide

layer. o ~layer. The fitted parameters have the same general features as
The subsequent fitting to the 0.01 wt % WWW15 reflectivity e pH 7 model. Although the total thickness of the peptide

shown in Figure 4a was carried out, here a single layer model |5y is slightly larger, at 27 A, this is a result of a slight increase
for the peptide layer was found to be sufficient to fit the data. ;" ihe thickness of each of the three layers in the model. The
This fit, shown in Figure 4a, gave a total layer thickness of 13 {jree layer fit is shown by the solid line in Figure 5.

A with p = 4 x 10°° A~2, consistent with an area per peptide  The results presented so far were all obtained at@5we

226 R, ¢ = 0.84. also measured the adsorption of 0.1 wt % WWW15 at@0

The concentration dependent peptide adsorption was alsognq found that the data were best fitted by a three layer model.
assessed for the wild YYY15. Under similar peptide concentra-

tions, YYY15 produced a much lower amount of adsorption. (31) ller, R. K. The Chemistry of SilicaWiley: New York, 1979.
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solid surface, resulting in increased adsorption. At the same time,
changes in solution pH over this range is not expected to alter
the weakly negative charge density on the Sirface, although
there must be some extent of neutralization between the peptide
1.E-03 and the surface. However, the electrostatic interaction between
S peptide and surface is likely to be counterbalanced by other
factors, such as the increased hydrophilicity associated with
18051 Qg peptide charge dissociation. That the observed trend is contrary
--------- to the strength of this electrostatic interaction, indicates that the
_______ dominant effects in this case must be the peptide hydrophilicity
: : ‘ | and the concentration of divalent ions as outlined previously.
0 0.05 0.1 0.15 0.2 This observation emphasizes the need to make in situ adsorption
Wave-vector transfer/A™ measurements.

g igure f’; tE;tE”t of Iil"ehverSib“i_ty Ofﬂ adt_S‘?t';’ed fi?leptidf‘;f‘ WWW15 as The appropriate fitting of uniform layer model for the
Smonstrated by smat changes In retiectivity profies arter nNSIng Under 44sorbed WWW15 layers at the low peptide concentrations
ﬂlfﬁ;%”ﬁvﬁﬁ -p-ll-|h7e gff‘f):rd Z)I,a;ﬁé lvfﬁsiﬁﬁiﬁifydpﬁ ‘s’ﬂgﬁ%ﬁi S\X indicated that little structural inhomogeneity was detected along
%). The dashed line represents the refereng@ Measurement. the surface normal direction. This observation together with the
. - ) average thickness of some-123 A suggests that the whole
The overall layer Fhlck_ness sho_vved a similar layer thlcl_<ness peptide molecules adsorbed sideways-on. The overall structural
but there was a slight Increase in apparent volume fraction. parameters obtained show that the peptides are unlikely to form
The extent of the reversibility of peptide adsorption may have head-on adsorption as in the case of surfactants. It is possible
direct implication to their potential applications for interfacial that the adsorbed layer consists of a mixture of conformations.
nano-s;ructuring. we examineq the extent_of deso_rpti_on by first If there was a sufficient fraction of head-on adsorption (e.g.,
adsorbing 0.01 wt % WWW15 Into th? solid/solution interface greater than 10%) in a predominantly sideways-on conformation,
aF pH 7 and then replacmg .the solution by pH Zbuffer. then a diffuse sublayer would be expected on the solution side
Figure 6 shows that the rinsing of the preadsorbed layer by the and NR would be sufficiently sensitive to detect such a peptide

pure dbuffet: resultgd n thl,e remﬁval O,f Some ogthe adsorbid volume fraction distribution. The reflectivity profiles were found
Eept' e._fT € lcontlnfl_mlljs mesi ii‘"j&'n FdlguLeB geprfg_%ntt €to be modeled by uniform layer model well, indicating no
e_zt uniform layer fit. [t gave = » andp = 3.6 x detectable amount of head-on adsorption.
A-2for the preadsorbed layer. After rinsing= 11 A andp = . . .
3.8 x 1078 A2 The results show that the first rinsing reduces Further evidence to support the assignment of sideways-on
the overall layer thickness by some 3 A, but that further rinsing gdsorpt!o.n. uhder thesg conditions is the .almost complete
irreversibility in desorption. These observations are entirely

causes little further desorption. The results also show that the istent with th ite ch bet the Si(Hf
scattering length density remains constant; that most of the consistent with In€ opposite charges between the ace
and the peptides. Other forces such as hydrogen bonding,

preadsorbed peptide remains on the oxide surface after rinsing . . .

suggests that the peptide may adsorb sideways-on and that thgntroplc effects rel_ated to dehydratlo_n and r_ehydratlon of the
electrostatic interaction between the positively charged amino mterfape and peptl_de, and Cha'.“ges n peptlde structural con-
acid groups and the negatively charged SiOrface must play figurations are also important during the peptide nano-structuring

an important role. Further exposure of the preadsorbed peptideat the interface.
to sequential rising using pH 5, pH 9 buffers and also 0.5 M The area per molecule for WWW15 at 0.01 wt % and pH 7

NaCl solution did not produce any noticeable variation in the 1S 231 A&, giving an average area per amino acid residue of 15
reflectivity. A2, Itis interesting to comment that this value is very close to
A similar rinsing procedure was also applied to the Www15 16—-17 A? estimated from a crystalline surface peptide mono-
layer preadsorbed at the high concentration of 0.1 wt % and layer reported by Rapaport et'@Note that the difference of 2
pH 7. It was found that under this condition little peptide was A is well within the experiment error for NR. In our previous
removed during the same course of rinsing using a combination NR study of adsorption of 14-mer hairpin peptides at the air/
of pH and salt solution. This increased resistance is likely to Water interfaceé? the limiting area per molecule was found to

be aided by the strong hydrophobic interaction within the middle P& 216-220 A2, thus also giving a limiting area per average
sublayer. amino acid ca. 15 A Both the crystalline surface monolayer

_ _ studied by Rapaport et al. and our 14-mer hairpin peptide formed
Discussion surfacef-sheet configurations. The comparisons indicate that

We have found that the adsorption of positively charged atthe low concentration of 0.01 wt %, WWW15 forms a densely
peptides onto negatively charged Si€urface is strongly pH  Packed peptide monolayer and the packing density of the peptide
dependentl It has been shown that WWW15 adsorption onto molecules within the interface is close to that adopted by the
the freshly prepared SiOsurface results in the maximum at /-sheet configuration, although it should be borne in mind that
pH 9. As the solution pH becomes more acidic the adsorbed both peptides preferred to foraxhelical structures in aqueous
amount drops and at pH 5, there was no adsorption detectable€nvironment.
As already indicated, theKp values for the two positively Increasing the concentration of WWW15 to 0.1 wt % at pH
charged amino acids are between 10 and 12. Shift in pH toward 7 and 9 resulted in the formation of peptide layers with an area
acidic condition would be expected to increase positive chargesper molecule around 1202and the overall layer thickness
on the peptide and the subsequent increase in attraction to thearound 25 A. The reduction of A by half of the limiting area

1.E-01

Reflectivity

1.E-07
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Figure 7. End (left) and side (right) views of a pair of heliegielical configuration held together via the hydrophobic interaction between the three pairs
of Ws between them. All the W groups are labeled green and the rest of the color scheme used is the same as in Figure 1.

per molecule necessitated by the single monolayer and theproduce a hydrophobic core consistent with the observed low
simultaneous increase in layer thickness by almost a factor of scattering length density region. Indirect support for this
2 suggest that the physically plausible model is the formation hypothesis comes from the biological function of the motif from
of a sideways-on helical adsorption, a different peptide con- which the peptide originates; it mediates the dimerization of
formation. The sideways-on peptide helical model is also the HAP2 protein. This interaction between tryptophan residues
supported from the structural inhomogeneity along the surface leaves charged residues facing either the substrate or the bulk
normal direction. In fact, the scattering length density for the solution both of which are energetically favored.
middle sublayer ) at pH 7 was only 2.5 106 A-2and was In summary, substitution of YYY by WWW has made the
lower than the estimategh, of 3.5 x 10°% A~2 for the entire latter substantially more surface active. The enhanced surface
peptide. This observation is consistent for our calculations for adsorption may arise from the hydrophobic nature of tryptophan
the scattering length density of tieehelical core region. This  groups and the structural complementarity. The strong adsorp-
structural feature is likely to be aided by either a structural tion from WWW15 has allowed us to examine the structure
recognition between adjacent WWW or a more general sideways-and composition of the adsorbed peptide layers with respect to
on peptide packing facilitated by the interdigitation of the solution pH and peptide concentration in more detail. These
hydrophobic sides. changes are summarized in a schematic diagram as shown in
Burkett and Read have performed CD studies on a numberFigure 8. In the molecular modeling representation, we assumed
of designed peptides adsorbed on negatively charged siliconthat the positively charged groups orient themselves toward the
particles?® Their work and the results from protein adsorption negatively charged SiQsurface in the peptide monolayer. In
studies from other group%34 suggest that surface adsorption the case of helical formation, the charged groups either point
generally induces a loss ef-helical structure. Although the  to the SiQ surface or into the bulk solution and the hydrophobic
CD measurements cannot directly provide specific information groups toward the middle of the pair packing. The thickness of
on which regions of the molecule interact with the surface, the 7—9 A for the middle layer indicates some degree of interdigi-
results have indicated the formation of nonordered structure attation of the hydrophobic side chains. The side chain segregation
the expense obi-helical structure. This trend was especially is entirely consistent with the variation of scattering length
pronounced for peptides containing arginine groups, which were density profile, which indicates a strong water mixing in the
believed to be the direct anchors on the Sgdrface. Burkett inner and outer sublayer but little water in the middle region.
and Read also showed that for this type of peptides, there was We have shown here that short peptides can effectively adsorb
an increasing extent of transformation frawhelical config- on surfaces to form well ordered structures. Such surface self-
uration to nonordered structure with increasing solution pH. We assembly phenomenon will be very useful for fabrication of
wonder whether there might be a causal link between this functional nano-coatings that can attract other molecules, cells
increased solution disorder and the higher adsorption we observeand a wide range of substance. This functional nano-surface
at higher pH. engineering will likely find a broad range of applications that
The behavior of WWW15 at low concentrations is consistent required modified surfaces.
with the adsorption of a poorly ordered layer of the peptide. At ) _
higher concentrations the almost complete exclusion of water EXPerimental Section
from the central region of the peptide layer suggests close Neutron reflection experiments were performed at Rutherford
packed configuration enhanced by strong lateral interactions. Appleton Laboratory near Oxford, UK, using reflectometers
A plausible scheme for this interaction is the intermolecular CRISP and SURF. The neutron reflectivity profiles were
stacking of the three tryptophan residues of adjacent peptides,measured at the solid/solution interface using a sample cell and
leading to the formation of dimers at the surface. This is methodology similar to that described in ref 35. The sample
illustrated in end and side views in Figure 7. This stacking would cel| is a stainless steel trough to which a silicon block is

clamped. The neutron beam was defined by four sets of

(32) Billsten, P.; Wahlgren, M.; Arnebrant, T.; McGuire, J.; Elwing JHColloid
Interface Scil995 175 77.

(33) Zoungrana, T.; Findenegg, G. E.; Norde,JMColloid Interface Scil1997, (35) Lee, E. M.; Thomas, R. K.; Penfold, J.; Ward, RJCPhys. Cheml989
190, 437. 93, 381.

(34) Kondo, A.; Oku, S.; Higashitani, Kl. Colloid Interface Sci1991, 143 (36) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 33, 14.
214. (37) zZhang, SNat. Biotechnol2003 22, 1171.
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Aqueous phase
(a)

Silica surface

Aqueous phase

| Silica surface

Figure 8. Schematic representations of WWW?15 layers adsorbed to a soli/liquid interface (a) at the low concentration of 0.01 wt% and (b) at the high
concentration of 0.1 wt %. The solution pH is at 7 or 9. The precise thickness of the layers will depend on how the peptides or peptide pairs orientate
themselves with respect to SiGurface.

horizontal and vertical slits placed before the sample container, chain incorporating the backbone part using the information
and is directed such that the beam passes through the silicorgiven in refs 39-41.
block before striking the interface. The beam-illuminated area  The DO used was purchased from Sigma and was used as
was typically around 16< 3 cm, care was taken not to over-  sypplied. Its D content was 99.9%. The surface tension at
illuminate the sample interface. Both reflectometers used white ambient temperature was found to be close to 70 mN/m using
neutron beam with wavelength ranging from 0.5 to 6.5 A. Each kryuss K11 tensiometer. The pH 7 phosphate buffer (PBS) was
reflection experiment was carried out at three incidence anglesprepared by fixing NakbPO, at 4.6 mM and NgHPO, at 6.1
of 0.35, 0.8, and 1Band the resulting reflectivity profiles  mwm, following the required dissociation equilibrium between
combined to cover a wave-vectar) fange between 0.012 and  (ifferent phosphate ions. The pH 5 buffer was obtained by
0.5 A1, For the measurements inO, the profiles were scaled adjusting the pH 7 PBS buffer with a small amount of
so that the reflectivity below the critical angle is 1. For each concentrated HCI (AR grade from Aldrich) and likewise, the
reflectivity profile, a constant background was subtracted using pH 9 buffer through the adjustment of a small amount of
the average reflectivity between 0.3 and 0.5'A concentrated NaOH solution (AR from Aldrich). These adjust-
Prior to the adsorption experiment, the silicon block surface ments did not result in measurable dilution of the total phosphate
was first polished using diamond emulsions with different ion concentrations. However, the total ionic strength varied with
particle sizes. The polished silicon block was then rinsed with pH due to the varying ratio of #*Q,~ and HPQ;2~. Dissolution
deionized water. The polished surface was then wiped and rinsedof peptides into PBS buffer at high concentrations studied tended
using 5% Decon solution, followed by rinsing with absolute to lower solution pH by 0.51 unit and adjustments were also
ethanol to remove any residue chemicals and contaminants. Theitmade by adding an appropriate amount of HCI solution. The
a Piranha solution composed of 95 parts of concentrated sulfuricfinal solution pH was checked by a Hanna pH meter (pH 210)
acid and 5 parts of hydrogen peroxide solution (29 wt %) was before neutron reflection measurements were made.
used to clean any further organic traces on the block surface.
This was carried out by immersing the Si block in heated Piranha  Acknowledgment. We thank the Engineering and Physical
solution at 90°C for 2 min, followed by rinsing with a large Sciences Research Councils (EPSRC) for funding. S.P. thanks
quantity of deionized water. This procedure ensured a consistentthe ISIS Neutron Facility for a CASE studentship.
hydrophilic block surface, as indicated by the same amount of Note Added after ASAP Publication: In the version

;rlg?;(zen egg white lysozyme adsorption at 1 gdrander pH published on the Web July 3, 2004, there were errors in Figure
) ) ) ) ) 8, errors in the caption to Figure 6, and a few typographical
All peptides were synthesized as C-terminal amides and grs. Figure 8, the caption to Figure 6, and the typographical

N-terminal acetylated by standard Fmoc-based solid-phasegors have all been corrected in the final Web version published

peptide synthesis (Synpep, Dublin, CA, www.synpep.com). 5, July 19, 2004 and in the print version.

These peptides are HPLC purified and characterized by mass

spectroscopy and other standard techniques commercially. ThelA049477R

scattering length for each peptide was calculated from the

elemental scattering lengths given in ref 38, and the total volume (39) §6ha'jské%“v T.; Totrov, M.; Abagyan, R.; Breslauer, K.Mol. Biol. 1096

was obtained from addition of volume for each amino acid side (40) ngt’rgléar, L Biochemistry3rd ed.; W. H. Freeman and Company: New York,

(41) Van krevelen, D. WProperties of Polymer3rd ed.; Elsevier: New York,
(38) Sears, V. FNeutron Newsl992 3, 26. 1990.
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