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Acidic proteins found in mineralized tissues act as nature’s crystal H "_| Decouple |
engineers, where they play a key role in promoting or inhibiting s CPl_ =
the growth of minerals such as hydroxyapatite (HAP),o00x)s- N D0 000000:0 W
(OH),, the main mineral component of bone and teeth. There is *'p O nnonnoponaon
remarkably little known about the protein structdfanction B N
relationships and the recognition processes governing hard tissue (') i é é 4'1 é é ; é L 1'0 Rotor Cycles
engineering. It is well-known that several salivary proteins (statherin) ) ) )
and peptides (SN-15, N-terminal 15 amino fragment of statherin) (I::;/chllirr?glb nTQ;\ﬁeéﬁfﬁn(gsREvngsggh alternatingpulses and XY-8 phase
bind strongly to HAP to regulate crystal growkin this work, we ’
describe how solid-state NMR can be used to identify which amino
acid side chains of SN-15 (DpSpSEEKFLRRIGRFG) interact
with the HAP surface, even in the presence of phosphorylated side
chains. Prior structural studies have indicated that the second
through twelfth amino acids are-helical in full length statherin
on HAP, while the SN-15 fragment is in an extended structure
toward the N-terminus, only gaining-helical structure at the 4 5678910111213
seventh amino acid. Additionally, prior dynamics studies have Distance (A)
indicated that the region from the seventh amino acid to the 0 2 statistical models derived from the Rosetta program suggest
C-terminus interacts less strongly with the HAP surface than the that it is unlikely for the pS side chains and the K6 side chain to be near
first six amino acids. each other in unbound SN-15.

Our NMR strategy is based 3AN{31P} rotational-echo double-
resonance (REDOR)whose pulse sequence is shown in Figure 1.
15N and/or'3C labels are placed on selected side chains of amino
acids believed to be exposed to the HAP surfaté{ 3P} REDOR
is used to detect dipolar couplings betwéeh spins in amino acid
side chains and®P spins in the HAP surface. A possible
complication is the presence 8 spins in the phosphoserine (pS)

side chains, which if close enough to the targeted amino acid side .
chain may couple to th&N spin and complicate analysis. As we All structures showed a (_Jllstance greatemtdal between the K6
: - . . 15N and the pS3 oxygen in an unphosphorylated SN-15 sample, as

traverse the peptide primary sequence, the distances from the side o . . ;

. .. demonstrated in Figure 2, and it is therefore unlikely that a pS side
chains to the HAP surface can be measured, and a quantltatlvecha.n is nera K side chain. In addition. we chose to perform
picture of statherin HAP interactions can be obtained. Locations REIIDOIR on the unlI)ound Sll\i-ls sarrlm : Ielt\;lve results of \?vhich are
for isotopic enrichment on amino acid side chains are guided by N _sample, the. .

- . shown in Figure 3a. The best fit simulation involves a bimodal
binding models and prior NMR data. It has been proposed that de. tributi h 80% of théN spins f the K6 side chai
chelates to the calcium in HAP, based®R NMR experiment$?2 alrz r:]Ol: ::c;n V\Ilesrt% élPoso'n from zplrgsrg?chgn ;'I|ee2((:)c;|2f
It is also known that lysine and arginine side chains are capable ofthe 15y s |lrJIFs) from the Kgl side chaiFr)l arcla aboutl 3’ gVAI frorﬁllao
hydrogen bonding to phosphate groups in DNA and RNA molecules ~ P ) ; L ) -

. : . S - spin on a pS side chain, resulting in a dipolar coupling of 150 Hz.
and inorganic phosphatésuggesting an additional binding mech- Due to the statistical analvsis. we believe this is more likelv due to
anism that may occur. u st ysIs, W leve tis 1S Kely du

Here, we present the first solid-state NMR study that accounts gt?r:gipid?iégt?;?g:g%nt;uitnvvtigvgnsg;ns?!og: Iﬁ;tgsuﬁs'g”ﬁﬁe
for multiple 3'P spins of the interaction between a selected amino Pep y peptide.

S T - . The SN-15 peptide was bound to HAP, and REDOR was
acid side chain in the HAP binding domain of a phosphorylated o o
biomineralization protein and the phosphate groups of the native performed on both hydrated (and froze C) and lyophilized

mineral surface. For initial study, we select the unique lysine in versions of_the_sample. The REDOR results for these experiments
SN-15 and statherin (i.e., K6). K6 is somewhat removed from the are shown in Figure 3b. The two samples have results that are not

phosphate groups of pS2 and pS3 in the primary structure, while sta}tlsttrl]cally d'ﬁ(?;f]nt fo; thedREDOIl? exp.erlnller;t. peg‘olrr(;"!e;j:b i
still closely associated with the acidic HAP binding region. The nthe case ot the unbound sample, a simple bimoadal distribution

proximity of phosphorylated protein side chains to the lysine side was utilized where a S|gn|f_|c_ant fract!on of the_labeled SPINS were
uncoupled, and the remaining fraction was fit to a well-known

* Department of Bioengineering analytical function for a spin pairHowever, in the case of the
* Department of Chemistry. bound SN-15 sample we want to consider cases beyond a spin pair.

-
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oM so®

chain results in a more complex analysis than that described in a
recent articlé.

To investigate the likely proximity of a pS side chain to the K6
side chain, statistical analysis was performed on a cluster of 31
structures predicted using de novo energy minimization techniques
from the Rosetta prografiThe structures reproduced the essential
conformational features as deduced from earlier NMR experiments.
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couplings and moré!P dephasing spins were also considered,
although a unique solution is not easily obtainable. Because the
31p spins of the phosphoserine side chains in the extended structure

1 ] a
0.8 ' g

gg'j of SN-15 are at leds8 A away from each other, we know this
) scenario also involves at least one HAP spin and likely more
02 HAP 3P spins because a largéP—31P coupling network is
00 5 10 15 20 5 10 15 necessary to simulate accurately the HAP crystal geometry.
Dephasing time (ms) All three scenarios require at least oH€ spin from the HAP
Figure 3. 15N{3!P} REDOR was performed on an (a) unbound SN-15 surface, and we therefore conclude that the K6 side chain interacts

sample to assess the likelihood of interference from the phosphoserine sidewith the HAP surface. Further studies of SN-15 interactions with

chain. A best fit scenario with 80% of the K&N spins away from théP
spins and 20% of the K&N spins 3.2 A from a pS*P spin fit the data.
15N{3P} REDOR was also performed an a (b) SN-15 sample bound to
HAP. (®) Experimental data from the lyophilized SN-15 bound to HAP;

HAP are ongoing.
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must consider the potential effect of the homonucl&&-31pP

spectrum. This material is available free of charge via the Internet at

couplings. Several articles have addressed the issues of stronghp://pubs.acs.org.

homonuclear couplings on the observed nucleus in a REDOR

experimerttin the form of a SEDRA? effect. Few articles, however,
have discussed in detail a homonuclear coupling effect on the
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