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Abstract: Herein, we describe the design and surface-binding characterization of a de novo designed
peptide, JAK1, which undergoes surface-induced folding at the hydroxyapatite (HA)-solution interface. JAK1
is designed to be unstructured in buffered saline solution, yet undergo HA-induced folding that is largely
governed by the periodic positioning of y-carboxyglutamic acid (Gla) residues within the primary sequence
of the peptide. Circular dichroism (CD) spectroscopy and analytical ultracentrifugation indicate that the
peptide remains unfolded and monomeric in solution under normal physiological conditions; however, CD
spectroscopy indicates that in the presence of hydroxyapatite, the peptide avidly binds to the mineral surface
adopting a helical structure. Adsorption isotherms indicate nearly quantitative surface coverage and Kq =
310 nM for the peptide—surface binding event. X-ray photoelectron spectroscopy (XPS) coupled with the
adsorption isotherm data suggests that JAK1 binds to HA, forming a self-limiting monolayer. This study
demonstrates the feasibility of using HA surfaces to trigger the intramolecular folding of designed peptides
and represents the initial stages of defining the design rules that allow HA-induced peptide folding.

Introduction greatly influence its propensity to fold at a given surf&e®.

For example, unfolded sequences with alternating hydrophobic
residues having a periodicity of two (-[X-Hb-X-Hp] will often
adoptj-strand and/of-sheet structure at nonpolar surfaces such
as an airwater interfacé%2* Sequences that dispose their
hydrophobic side chains with approximately 3.5 periodicity have
a propensity to adopt helical structure at nonpolar surf&cegs

In both of these examples, the side chains of the hydrophobic
residues associate with the nonpolar surface, resulting in the
conformational constraint of the backbone atoms of the inter-
vening residues. With this mechanism, the surface imposes a
folding preference on the naive sequence.

We are establishing design rules that allow peptides to fold

The function of most peptides is highly dependent on their
ability to adopt a folded bioactive conformatibr-owever,
peptides are typically conformationally mobile, and folded
conformations are only realized after structural constraints, such
as metal ion complexés® or disulfide bondg; 2 are imposed.

In addition to typical structural constraints, surfaces provide a
unique environment that can induce folding and stabilize
selected conformatiori8-17 De novo peptide design can be used
to help establish the rules by which different surfaces can trigger
peptide folding. As a result of copious studies, it is now well-
known that the amphiphilicity of a peptide’s sequence can
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Figure 1. Model of surface-induced peptide folding. JAK1 (red ribbon) is designed to adopt a random coil conformation in solution; however, upon
adsorption to the surface of HA, the peptide is designed to fold inte-halix. This working model shows JAK1 binding to the (100) face of HA with the
helical axis parallel to the crystallograptibeaxis. The HA lattice is represented as pink (calcium) and yellow (phosphorus) spheres where oxygen, hydrogen,
and surface phosphorus atoms have been removed for clarity.

surface coverage, forming a self-limiting monolayer of helices avidly to the (100) face of HA when presented with alternate

at the HA surface. crystallographic face¥.
Mineral surfaces such as HA represent a unique stimulus to e designed a 36-residue peptide, JAK1, that when folded
trigger peptide folding The crystal lattice of HA (Ca(PQy)e- adopts aro-helix capable of presenting Gla side chains from

(OH)) presents calcium ions in highly regular, repeating gne of its faces in an amphiphilic manner. The dicarboxy-
geometries that can be utilized for peptide bindih§equences  ,niaining side chain of Gla is a strong chelator of calcium
that contain residue side chains that have an affinity for calcium 4 s found in naturally occurring proteins whose calcium
such as aspartic and glutamic acid (carboxylates) or phOSpho'binding activity is essential to their activiy=4° JAK1 has a

rylated resgjues'woul.d be expected to bind to HA. For exgmple, total of six Gla residues, a set of three at the N-terminus of the
polyglutamic acid fusions have been used to adsorb peptides to,

HA surfaceg®3! In addition, Stayton has identified a fragment helix ati, i+4, andi+7 positions and a second set of three at
. - - . . the C-terminus with the same sequential arrangement. Molecular
of statherin, an enamel binding protein, that binds to HA via

phosphorylated serine residues at its N-termiffuis. Last modeling (Insight, Accelyrs) suggests that each set of Gla

although distinct from HA, an aspartate-rich helix that binds to .re3|dues presents ',ts S'de, chains spa.lced.at&CSA |nj[ervals
calcite was designed by Laursen ef4l. in approximate register with the calcium ions contained along

Designing a peptide that folds at the surface of HA neces- theb-axis of the (100) face (Figure 2A)i&nd that a minimum
sitates that one peptide sequence be developed that remain€f 8 calcium ions are capable of forming €@ bonds with
unfolded in solution under physiological conditions but adopts the Gla side-chain oxygens serving as bidentate ligands.
a stable, folded conformation upon binding to HA. We began Although the (100) face of HA serves as our initial target, the
the design of JAK1 by first considering the folded HA-bound Spacing of calcium ions contained in alternate faces is similar
state and generated a model of the hydroxyapatite lattice and may also support helical peptide binding.

(Hyperchem, Hypercube) to target the (100) face for binding.  The Gla side chains (Figure 2C) also play an important role
Inspection of the (100) face of HA reveals that calcium ions in keeping JAK1 unfolded in the absence of the HA surface.
are presented periodically along the crystallografihaxis at Each side chain carries a formal2 charge that must be
intervals that coincide with the distance between the repeating accommodated on the same face of the helix if the peptide were
turns of ana-helix, Figures 1 and 2. Nature is cognizant of this  to fold in the absence of calcium, resulting in a high density of
coincidental spacing; the crystal structure of the bone matrix similar charge. The energetically unfavorable interactions
protein, osteocalcirl, suggests that Fhis. protein binds cglcium between Gla side chains should help keep the peptide unfolded
along one face of its N-terminal helix vigcarboxyglutamic i the absence of calcium. The choice and sequential positioning

acid (Gla) residues that are located at its tifnin addition, of the remaining residues is also important to ensure that JAK1
there is strong biophysical evidence that osteocalcin binds moSt;eyaing unstructured and monomeric in solution. Solution-phase

(27) Evans, J. SCurr. Opin. Colloid Interface Sci2003 8, 48. peptide aggregation could lead to folding as is the case with
(28) Kay, M. I.; Young, R. A.; Posner, A, Hature1964 204 1050. many de novo designed amphiphilic peptides that are unstruc-
(29) Garciaramos, J. V.; Carmona, P.; HidalgoJAColloid Interface Sci1981, . . .

83, 479. tured as monomers but self-assemble to form coiled-coil motifs;

(30) Fujisawa, R.; Wada, Y.; Nodasaka, Y.; Kuboki,Bfochim. Biophys. Acta. - i i iati
Protein Struct. Mol Enzyni998 1393 53. here, self a§sembly is Igrgel}/ driven by the assomatlor! of

(31) Itoh, D.; Yoneda, S.; Kuroda, S.; Kondo, H.; Umezawa, A.; Ohya, K.: nonpolar residues that facially line each helix in the folded coiled
Ohyama, T.; Kasugai, S. Biomed. Mater. ReR002 62, 292.

(32) Long, J. R.; Dindot, J. L.; Zebroski, H.; Kiihne, S.; Clark, R. H.; Campbell,

A. A.; Stayton, P. S.; Drobny, G. RRroc. Natl. Acad. Sci. U.S.A.998 (36) Fujisawa, R.; Kuboki, YBiochim. Biophys. Actal991, 1075 56.
95, 12083. (37) Hauschka, P. V.; Carr, S. Biochemistry1982 21, 2538.
(33) Gilbert, M.; Shaw, W. J.; Long, J. R.; Nelson, K.; Drobny, G. P.; Giachelli, (38) Liebman, H. A.; Furie, B. C.; Furie, Bl. Biol. Chem.1987, 262, 7605.
C. M.; Stayton, P. SJ. Biol. Chem200Q 275 16213. (39) Freedman, S. J.; Furie, B. C.; Furie, B.; Baleja, JBidchemistryl995
(34) DeOliveira, D. B.; Laursen, R. Al. Am. Chem. Sod 997, 119 10627. 34, 12126.
(35) Hoang, Q. Q.; Sicheri, F.; Howard, A. J.; Yang, D. S.Nature 2003 (40) Murshed, M.; Schinke, T.; McKee, M. D.; Karsenty, I Cell Biol. 2004
425 977. 165 625.
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A

yE or Gla
y-carboxyglutamic acid

E Peptide Sequences
JAK1: Ac-YAA QAE AAQ EAK yEAA AAQ AQA AAJE AAA EAK yEAQ AAPR-NH,
cJAK1: Ac-YAA QAE AAQ EAK EAA AAQ AQA AAE AAA EAK EAQ AAPR-NH,
Figure 2. (A) Model of JAK1 bound to the (100) face of HA (side view from the (001) HA face). Calcium atoms in blue are predicted to bind to Gla
residues based on modeling optimal-&a distances and angles. Lattice atoms positioned in front of the blue calcium atoms were removed for clarity. (B)

Arrangement of Gla-bound calcium atoms (top view from (100) face). The gray box defines the HA unit cell. (C) Structure of Gla residue. (D) Axial view
of JAK1 in folded state. (E) Sequences of JAK1 and cJAKH.is y-carboxyglutamic acid.

coil. #1746 For JAK1, aggregation-induced folding is designed Results and Discussion

against by incorporating polar glutamine (Gfhand lysine . .

residues on the face of the helix that is opposite the Gla residues, F°|d'”9_ Response tOW&rt_ll Solpble Calcium and Hy-
Figure 2D. Alanine (Ala) was chosen to occupy most of the droxyapatlte_. Although JAKl is d_e3|gned to fold at th_e surfgce
remaining positions based on the extensive work of Baldwin et ©f HA, we first studied its calcium-dependent folding using

al. that shows that alanine-rich peptides of moderate length arefré€ly soluble calcium in solution by circular dichroism (CD)
largely helical at low temperature but unfold at physiological SPECtroscopy. Solution-based experiments provide a rapid as-

temperature (37C).4849 For Baldwin, decreasing temperature ses;ment of JAK1's folding propensity and allow .the determi-
was used to induce folding; for JAKZ, the surface of HA will nation of the threshold concentration of free calcium that will
be used. Last, a-arginine was incorporated at the C-terminus Initiate folding. This is im_portant_ in that JAK1 should fold at
of the peptide to further stabilize the HA-bound helix via a the surface of the apatite lattice where the local calcium
putative side chainmain chain capping interactidf, and concentration is high and not in solutloq as a resu_lt pf soluble
tyrosine was placed at the N-terminus as a spectroscopic probes@lcium _that has Ie_ach(_ad from the apatite or that is inherently
for concentration determination. These design attributes culmi- Presentin the media. Figure 3A shows CD spectra for a0
nate in JAK1 whose sequence is shown in Figure 2E. We also Solution of JAK1 at pH 7.4 (S0 mM BTP, 150 mM NaCl, 37
prepared a control peptide to assess the importance of the GlaC) as a function of added CaCINegative values of mean
residues for HA binding, where all the Gla residues in JAK1 residue ellipticity at 208 and 222 nm indicate the formation of
were replaced with glutamic acid (Glu), a structurally similar a-helical structure. In the absence of calcium, JAK1 is largely
residue containing only one carboxylic acid group. JAK1 and unstructured. Adding incremental amounts of Ga@bults in

the control peptide, cJAK1 were synthesized by Fmoc-based & Spectrum consistent witl+helical secondary structure. JAK1
solid-phase peptide synthesis, purified to homogeneity via RP- does not begin to fold until about 10 mM of CaClas been

HPLC, and characterized by ESI MS, see Supporting Informa- added, and maximal helicity is not reached until after the
tion. addition of at least 160 mM CaglIThese results indicate that

JAK1 does not appreciably fold in response to low millimolar
(41) Roy, S.; Ratnaswamy, G.: Boice, J. A.; Fairman, R.; McLendon, G.; Hecht, concentrations of soluble calcium. Therefore, soluble calcium

M. H. J. Am. Chem. S0d.997 119 5302. i i
(42) Hill, R. B.; Raleigh, D. P.; Lombardi, A.; Degrado, N.Acc. Chem. Res. Ieac_hed from H_A or the free calcium found in common buf_fers
200Q 33, 745. or biological fluids (e.g., in serum), should not induce folding.
(43) Oakley, M. G.; Hollenbeck, J. Curr. Opin. Struct. Biol.2001, 11, 450. ; B B Foni ; ;
(44) Baltzer L.. Nilsson, JCurr. Opin. Biotechnol2001, 12, 355. The _mset in Flgl_Jre_SA_shows a similar tltr_atlon for the control
g4sg Schr|1(arr, N. A |§ennan, A J. Alm. ﬁhem. So0@002 124, 9779. peptide, clearly indicating that the control is unable to undergo
46) Kwok, S. C.; Hodges, R. S. Biol. Chem2004 279, 21576. : : :
(47) Scholtz, 3. M.. York, E. J.; Stewart, J. M.; Baldwin, R.L.Am. Chem, calcium-dependent folding even when presented with 200 mM
Soc.1991, 113 5183_. - Baldui | Acad. Sci CaCl; this strongly suggests that Gla-mediated calcium binding
(48) ;’{Agasrglése?%zssléso ins, V. H.; Baldwin, R.Rroc. Natl. Acad. Sci. U.S.A. induces folding for JAKA.
(49) S%%‘Effiéniksﬁ"géf'gigi 23 York B J; Stewart, J. M.; Baldwin, R. L. HA surface-induced folding was assessed by measuring the
(50) Schneider, J. P.; DeGrado, W.F.Am. Chem. S0d.998 120, 2764. CD of JAK1 bound to ceramic HA powder. In this CD slurry
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Figure 3. (A) Calcium-dependent CD spectra of BM JAK1 and cJAK1 (inset) solutions (37C, pH 7.4, 50 mM BTP, 150 mM Nacl). (B) CD spectrum
of JAK1 bound to ceramic powder HA (2, pH 7.4, PBS). (C) Temperature-dependent CD spectra of JAK1 bound to HA (pH 7.4, PBS); the refolding
curve is represented by the solid square symbols. (D) Ellipticity and mean residue ellipticity measured as a function of temperature for JAKHAound to
(left axis, closed symbols, pH 7.4, PBS) and in the absence and presence of 100 miMrigacCaxis, open symbols, pH 7.4, 50 mM BTP, 150 mM NaCl).

experiment, a low concentration of finely powdered HA (80 coil transition upon heating, Figure 3C. As the temperature is
um particle size) was used to limit light scattering, yet allow increased, JAK1 unfolds at the surface, adopting a random coil
measurable signal with relatively low noise. Samples were conformation. It is not known at this time whether the peptide
prepared by incubating 10 mg of ceramic HA powder in 200 desorbs to unfold or unfolds while still bound to the surface.
uL of a1 mMJAK1 solution in phosphate buffer saline (PBS) However, cooling the slurry results in reversible helix formation;
at pH 7.4. After 10 min, peptide-coated HA was isolated by also the CD spectrum of the supernatant after refolding indicates
centrifugation, washed, and suspended in PBS, affording a 0.5that nearly all the peptide is bound to the HA surface. Figure
mg/mL slurry of HA. After spectra were collected, the slurry 3D shows thermal denaturation data where the ellipticity at 222
was centrifuged, and the spectrum of the resulting supernatantnm for JAK1 bound to HA (left axis) and the mean residue
was recorded. The CD spectrum of JAK1-coated HA shows ellipticity at 222 nm for soluble JAK1 in the absence and
minima at 208 and 222 nm, which is indicative afhelix presence of 100 mM Caglright axis) are measured as a
formation (Figure 3B), and mirrors the results from the solution- function of temperature. It is evident that the helical conforma-
phase CD experiments that demonstrate that JAK1 folds in tion is stabilized either in the presence of high concentrations
the presence of high concentrations of soluble calcium. For the of soluble calcium (compare open symbol data) or in the
slurry experiment, raw ellipticity is reported as opposed to mean presence of HA. More interesting, the increase in thermal
residue ellipticity since the concentration of adsorbed peptide stabilization of the peptide due to HA binding is exactly the
is not known. The relatively featureless spectrum of the same as that for peptide in solution at high Gaf@incentration,
supernatant after HA removal demonstrates that there is no freesupporting the use of preliminary solution-based studies to
peptide in solution, indicating that bound peptide does not desorbinvestigate the propensity of designed peptides to fold at HA
under these experimental conditions. The CD spectrum of surfaces. Collectively, these studies show that JAK1 folds at
uncoated HA (not shown) is similar to that of the supernatant. the surface of HA and that the Gla residues most likely mediate
Although the data in Figure 3B is a strong indication that JAK1 binding.

adopts a helical conformation at the HA surface, thermal Assessment of Hydroxyapatite Surface Coverage and
denaturation of the HA-bound peptide was attempted to assesBinding Affinity. X-ray photoelectron spectroscopy (XPS) was
whether the peptide could undergo a typiaahelix-to-random used to directly assess the binding of JAK1 and the control
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Table 1. Relative Percentages of Carbon, Nitrogen, Oxygen, Calcium, and Phosphorus Calculated from High-Resolution XPS Spectra of
HA Incubated in PBS Buffer, 1 mM JAK1, and 1 mM cJAK1 Solutions (37 °C, pH 7.4, PBS, 4 h)

HA incubated with: % carbon % nitrogen % oxygen % calcium % phosphorus
buffer 454+ 0.1 0.0+ 0.1 51.7+0.5 24.6+ 0.2 18.9+ 0.2
1 mM JAK1 1242 2.7+0.7 46.2+0.7 22.2+0.8 16+ 1
1 mM cJAK1 control 5.4+ 0.4 0.0+ 0.1 51.14+ 0.5 24.7+0.1 18.6+ 0.7
peptide, cJAK1, to the surface of HA by measuring the relative 500 N1s C1s
amounts of each element found at the surface of peptide-treated Ic"s
HA. XPS analysis entails bombarding the HA sample surface HA + JAK1
with X-rays, resulting in the emission of core-level electrons HA + cJAK1 o
(photoelectrons) from atoms which are present within a few [HA A A CH,
nanometers of the HA surface. These photoelectrons exit the I
material with a kinetic energy that can be measured and used 10 Binding Energy (o) "

to determine the electron’s binding energy in the atom from
which it came. Nominal values of this binding energy indicate
the element, while small shifts in this binding energy, so-called
chemical shifts, indicate the chemical state of the atom, much
like NMR chemical shifts. Two key pieces of information are
extracted from this analysis: (1) the atomic percentages of each

element (except hydrogen and helium) bound at the surface of 295 290 285 280
a material and (2) quantitative information about the chemical

states of each element present at the surface. ) . .
. . . Figure 4. High-resolution X-ray photoelectron spectra of JAK1 adsorbed
For these experiments, ceramic HA powder was incubated to HA (pH 7.4, 37°C, PBS). Carbondregion was fit with four components;

in buffer alone (control), in a solution of JAK1, or in a solution  CH,, C—0/C—N, N—C=0, O—C=0, and intensity indicated by the scale
of cJAK1, all at pH 7.4 and 37C followed by thorough washing ~ bar is 400 counts per second. (Inset) Nitrogemegion for HA incubated
with water. Table 1 lists the atomic percentages of elements, g‘fggg é’é’fnetg Bﬁg(’:g;jp‘m solutions, and scale bar indicates intensity
common to both HA and peptide, that are found witkid nm '

of the surface. The surface of HA powder incubated in buffer ¢,.1a of JAK1: Chs: 43+ 2% (38%): C-O and G-N: 25
alone contained primarily oxygen, calcium, and phosphorus, as_ 39, (26%); N-C=0: 27+ 3% (28%),' and 6C=0" 5+
expected for an exposed hydroxyapatite surface; in addition, @594, (305). The small difference between the aliphatic carbon
small carbon impurity was present even for well-washed HA, q1es (43 vs 38%) is most likely due to the carbon impurities
as is usually the case for non-carbonaceous powdered minera|, the ceramic HA (see Supporting Information). The B 1
surfaces examined by XPS. Importantly, only a negligible ghecira (Figure 4 inset) shows definitive evidence for the
amount of nitrogen, an element inherent only to the peptide in yresence of nitrogen on the HA surface after incubation with
these experiments, could be detected. After incubation with jax1. No nitrogen was detected on the HA surface prior to
JAK1 under physiological conditions, the surface composition jnc,pation with JAK1 peptide: however, after incubation with
of the HA powder included a significant amount of carbon and JAK1, a clear nitrogen signal was evident, indicating2.0.7%
nitrogen, attributable to the adsorption of JAK1 on the HA nitrogen. The XPS spectrum of HA incubated in cJAK1
surface. Also, the percentages of oxygen, calcium, and phos-gignjaved no increase in nitrogen, demonstrating that the control
phorus were slightly reduced. This is expected if JAKL is penride, cJAKZ, which contains Glu in place of Gla, did not
forming a self-limiting monolayer whose height is defined by ping to the HA surface. In contrast, JAK1 bound to the HA

the diameter of the JAK1 helix~1 nm); in this scenario, the  q,iface under physiological conditions and did not desorb after
peptide coating modestly attenuates detection of the unde”y'ngvigorous washing in deionized water.

hydroxyapatite lattice. If JAK1 were forming a multilayered
coating, XPS detection of HA-based elements would be strongly
diminished. In contrast, the surface of HA powder incubated
with cJAK1 displayed an elemental composition similar to that
of the buffer control, indicating that this peptide, lacking the
Gla residues, shows little propensity for HA surface adsorption.
High-resolution XPS spectra of the carbosidnd nitrogen
1sregions are shown in Figure 4. The carbon spectrum exhibits
the multicomponent peak shape expected for adsorbed péptide
The C B peak was fit to four components for aliphatic (gH
phenolic/amine (€0, C—N), amide (N-C=0), and carboxyl
(O—C=0) carbons. The fitted percentages for each of these
carbon species closely agreed with the hypothetical percentage
(shown in parentheses below) determined from the molecular

400 N-C=0
CcPS

Binding Energy (eV)

Quantitation of the absolute coverage of bound peptide was
achieved by constructing adsorption isotherms for JAK1 and
bovine serum albumin (BSA, positive control), Figure 5.
Adsorption isotherms were collected in a manner similar to those
used by Langmuir to examine monolayer adsorption of gases
on surfaces. The classical Langmuir adsorption isotherm displays
the dependence of surface coverage on the equilibrium pressure
or solution concentration. The Langmuir model requires that
" the adsorption process be reversible, a characteristic that we
have not yet rigorously tested for JAK1 adsorption to HA.
Nevertheless, it is common to use Langmuir-type experiments
to compare the binding of peptides and proteins to HA and to
Lstimate maximal surface coverage, regardless of the revers-
ibility of the process3365253The data in Figure 5A were

(51) zZhang, Z. P.; Yoo, R.; Wells, M.; Beebe, T. P.; Biran, R.; Tresco, P.
Biomaterials2005 26, 47. (52) Poser, J. W.; Price, P. A. Biol. Chem1979 254, 431.
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14 corresponding to nearly 100% coverage based on the compu-
tationally measured footprint of one JAK1 helix. This data, taken
together with the XPS data, strongly suggest that JAK1 forms
¢ a self-limiting monolayer. The binding of JAK1 was compared
to that of bovine serum albumin (34 0.5 x 10" molecules/
cm?) which is known to bind to HA with an affinity and
coverage that is comparable to the HA-binding protein, osteo-
calcin>* The observed higher coverage for JAK1 compared to
that for BSA is both promising and expected. It is expected
that a larger number of smaller-sized peptide molecules can
occupy a given area of HA surface, given the much larger
molecular footprint of BSA. Importantly, the adsorption isotherm
O of the control peptide, cJAK1 (see Supporting Information),
<o JAK1 indicates that the control peptide does not significantly bind to
O BSA HA even at high micromolar concentrations (80BI), again

T Y T demonstrating the importance of the Gla residue in+sArface

0 2 4 6 8 10 12 binding.

[Free Peptide or Protein] (uM) The affinity of JAK1 and BSA toward HA was calculated
by fitting the adsorption isotherm data to a linear form of the
20 Langmuir equation. For surfaces, tKg is a measure of the
desorption probability according to following equilibrium:

>

-
N
'

Bound Peptide or Protein
(10'2 molecules/cm?)

)

18 4

HA

-1

16 1 HASurfaceSite+ JAKlSqutionv ‘]AKlAdsorbed

14 c_c_ Ky
mMT™ @
12 ¢

10 4 Presenting the isotherm data linearly to show the concentration
dependence of surface adsorption yields data that can be fit to
determineKy according to eq 1, wher€ is the concentration

of peptide or protein in solution in equilibrium with the HA
surface (mol/L),m is the amount of peptide or protein bound

to the surface as a function of peptide/protein concentration

Concentration (M) /
Amount Adsorbed (mol * g
[}

¢ JAK1

2 1 (mol/gua), M is the maximum coverage of peptide or protein
0 0 BSA possible per gram of HA (mol{g), andKy is the dissociation
0 5 10 15 20 25 constant (mol/L). Note that the units bf have been converted

. . from molecules/crin panel A to mol/ga in panel B by
[Free Peptide or Protein] (uM) dividing M by Avogadro’s number and multiplying by the

Figure 5. (A) Adsorption isotherms of JAK1 and bovine serum albumin ~ specific surface area of HA previously determined by BET
(37°C, pH 7.4, 50 mM HEPES, 150 mM NaCl). [Free Peptide or Protein] gnglysis.

measured by fluorescence. Error bars for the BSA control are smaller than L -
the symbol height. Maximum coveragdl) is (12.1 + 0.5) x 102 Such an analysis is shown in Figure 5B for JAK1 and for

molecules/crafor JAK1 and (3.14 0.5) x 10'2 molecules/crafor BSA. the BSA positive control. From this plot thkKy for JAK1
(B) Linear plot of adsorption data according to eq 1. Dissociation constants gqsorbed to HA was determined to Ke = 310 & 160 nM.
(Kg) are 310+ 160 nM for JAK1 and 630t 260 nM for BSA. Binding . . . . -
analysis performed in triplicate; error bars are smaller than the symbols. Th_'s_value is approximately 50-fold better (i.e., stronger b|_nd|ng
Errors in the binding constants are derived from the standard error in the affinity) than has been measured for polyglutamic acid se-
least-squares determination of the slopes and intercepts of the fit data. quences on HA&® The Kq for BSA was determined to bi¢g =
630 4+ 260 nM, approximately half the affinity of JAK1. This

’ implies that on a per-residue basis, compared to BSA, JAK1
of JAK1 or BSA with known amounts of HA powder at pH (it 36 residues) binds very strongly to HA. Although JAK1

7.4,37°C, for 4 h. The HA powder containing bound peptide/ ¢ gesigned to bind at the (100) face of HA, the isotherm data
protein was removed by centrifugation, and the concentration i, gicating quantitative surface coverage of ceramic apatite

of peptide/protein remaining in the supernatant was determinedSuggestS that additional exposed HA faces facilitate binding.

by fluorescence. The amount of bound JAK1 or BSA was rig'js expected since the ceramic apatite used in these studies
determined by difference and normalized to the total surface (Bio-Rad Laboratories, Macro-Prep Ceramic Hydroxyapatite
area of the HA powder, which was determined by nitrogen type II, 80 um diameter, 8061000 A pore size, cat. #158-

adsorption using the BrunaueEmmett-Teller method in @ gog) i spherical and exposes many crystallographic faces.
separate experimeft.The maximum coverazge of JAK1 on the However, future experiments are aimed at assessing whether
HA surface was found to be 12: 0.5 x 102 molecules/crf the (100) face is being selectively bound over others.

generated by incubating nanomolar to micromolar concentrations

(53) Goldberg, H. A.; Warner, K. J.; Li, M. C.; Hunter, G. Konnect. Tissue
Res.2001, 42, 25. (55) Fujisawa, R.; Mizuno, M.; Nodasaka, Y.; Kuboki, Matrix Biol. 1997,
(54) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. S0d.938 60, 309. 16, 21.

5286 J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007



Hydroxyapatite Surface-Induced Peptide Folding ARTICLES

Conclusion way, temporal and spatial resolution of function is achieved by

JAK1, a de novo designed peptide capable of folding into a contrqlling whenl anq vvhere folding takes !olace within an
helical conformation at the surface of hydroxyapatite, is ©Or9anism. The implication of _the sur_face-_mduce_d_ folding
presented. This 36-residue peptide remains unfolded in aqueougn€chanism developed for JAK1 is that biological activity could
buffer at pH 7.4, 150 mM NaCl, 37C until it binds to, and pot_enUaIIy b_e turned on at thg surface of_HA by eventually
folds at, the surface of HA. CD spectroscopy confirms peptide lINKing function to the surface-induced folding event.
folding at the HA surface, and XPS and adsorption isotherm
data indicate that JAK1 binds with high affinity, most likely N
forming a self-limiting monolayer that offers quantitative
coverage. The seminal feature of this peptide’s design is that
in the folded state, JAK1 contains spxcarboxyglutamic acid
(Gla) residues, each located on consecutive turns of the helix

at its N- and C-termini. A control peptide, cJAK1, where the .
Gla residues are replaced with glutamic acid residues does not> also acknowledged from the NIH through NINDS Grant

appreciably bind to, or fold at, the surface of HA, indicating R01NS43928 and NIBIB Grant RO1EB00463. We thank Dr.
that the dicarboxylated Gla residues in JAK1 facilitate HA Raul Lobos for assistance with the BET measurements.
binding and consequent folding. The surface-induced folding
of JAK1 demonstrates that peptide design can be used to
generate a sequence that adopts a predictable conformation i
response to an inorganic surface.

Designing peptides that fold at surfaces could possibly lea
to the temporal and spatial control of their function. The function
of many peptides is highly dependent on their ability to adopt
a folded bioactive conformation. Nature uses folding events to
turn on biological activity by presenting stimuli to unstructured
sequences that initiate folding and consequent function; in this JA070356B
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