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ABSTRACT

Cystine peptides have been shown to adopt conformations in organic solvents that mimic small [-sheets. Relative hydrogen bond strengths,
p-strand aggregation, and the identity of individual hydrogen bond donors and acceptors have been identified through hydrogen/deuterium
exchange.

B-Sheets are one of the fundamental secondary structures Our efforts to create minimgi-sheet mimics began with
found in proteins. Much has been deciphered about thethe principle of attaching two peptides at theircarbons
protein sequences that lead@eheets and the propensities with an appropriate tether that would promote the hydrogen
for various amino acids to promote their formatioespite bonding patterns that replicate/fasheet (Figure 1). This
these advances, the ability to produce small-molecule mimics

of -sheet structure is hindered by their inherent thermody- _

namic instability? Successful approaches have relied on

either creating peptides that are large enough to maintain a E
stable fold or by incorporating non-natural elements that lend =
structural stability’ These small3-sheet structures provide O
insight into the fundamental forces that control protein H
folding as well as creating scaffolds capable of replicating N
p-sheet interactions with other substrates. H o H o]

Figure 1. A strategy fors-sheet peptidomimetics using an internal

(1) (a) Xiong, H.; Buckwalter, B. L.; Shieh, H.-M.; Hecht, M. Rroc. tether between two peptide-carbons.

Natl. Acad. Sci. U.S.A1995, 92, 6349. (b) Bai, Y.; Englander, S. W.
Proteins 1994, 18, 262. (c) Minor, D. L.; Kim, P. SNature 1994, 371,
264. (d) Smith, C. K.; Withka, J. M.; Regan, Biochemistry1994,33,
5510. (e) Kim, C. A.; Berg, J. MNature 1993,362, 267. approach would permit propagation of tfiesheet in both

gg aTgTarioKF .Rgigzg' c@cgéﬁgﬁgnﬁfis?%}g%ﬁigé 41 584 directions from the central tether and could be tailored to
(b) Simpson, E. R.; Meldrum, J. K.; Bofill, R.; Crespo, M. D.; Holmes, E.;  closely resemble a naturftsheet.
Searle, M. SAngew. Chem., Int. E®005, 44, 4939. (c) Nowick, J. S. i i ivati
Org. Biomol. Chem2006 4. 3860. (d) Hughes, R. M., Waters. M. Garr The most 'synthetlcally a.ccessllble.derl'vatlve tha.t could
Opin. Struct. Biol2006,16. 514. (e) Tsang, K. Y.; Diaz, H.; Graciani, N.;  S€rve as an internal tether is a disulfide-linked cystine that
Kelly, J. W. J. Am. Chem. Sod994,116, 3988. (f) Smith, A. B., III; has been modified to contain additional hydrogen bonding
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the C-terminal amide can serve as a hydrogen bond donor,suggesting that greater aggregation occurs as concentration
and the N-terminal carbonyl can serve as a hydrogen bondincreases, more so for the diamideThe disulfide dimed
acceptor, forming the first hydrogen bonds necessary tois not soluble above 250 mM but shows little evidence of
propagate g3-sheet outward from a central tether. The aggregation at these concentrations @, The acetamide-
presence and orientation of hydrogen bonding was estab-functionalized disulfide? is not soluble above 50 mM, but
lished through a variety of techniques. In each case, thethe changes in chemical shift suggest that it is engaging in

hydrogen bonding patterns fitisheet mimicsl and2 were intermolecular hydrogen bonds well below this concentration.
compared with similar monomeric cysteine derivati8esd The acetamide NH protons (O) show changes at all
4 to verify the role of the adjacent peptide strand. concentrations above 1 mM, with larger shifts (0.3 ppm)

between 25 and 50 mM. The butylamide-N signal ©) is
largely insensitive to concentration over the given range and
only shows a small effect at 50 mM, suggesting that
aggregation is mainly occurring through the acetamieldN
The greater sensitivity of the acetamide-N (O) to
concentration as compared to controls suggests 2hiat
aggregating to a greater extent at lower concentrations.
Additionally, these curves point out the importance of
performing subsequent experiments at concentrations beneath
10 mM to minimize intermolecular hydrogen bonding.
Changes in chemical shift with the addition of a hydrogen
bonding solvent also indicate the presence of hydrogen
A complete picture of the hydrogen bonding in these bonds® In this case, the chemical shifts df—4 were
S-sheet mimics can only be determined by compiling the determined in 100% £Ds and with increasing percentages
results from different techniques and includes both intramo- of DMSO-a.” Significant downfield shifts (>1 ppm) with
lecular hydrogen bonding as well as aggregation betweenincreasing DMSO were observed for both-N protons of
molecules. Changes in NMR chemical shift that occur at cysteine monomer8 and4, as well as the carbamate bf
different concentrations are indicative of intermolecular and the acetamide @& The butyl amide of botfi and2, on
hydrogen bonding,and the concentration dependence for the other hand, showed a very small shift0(3 ppm) and

1-4 is shown in Figure 2. Both monomeric cysteine ultimately an upfield shift at higher concentration. These
results suggest that the butylamideslaind 2 are already

_ participating in significant hydrogen bonds and are less

sensitive to the competitive hydrogen bonding contribution

8.5 , of the added DMSO.
B b g & %G s While the data above are consistent with the formation of
1 interstrand hydrogen bonds, an even more detailed picture
s i i i e B is possible using hydrogen/deuterium (H/D) exchange. This
'Sr' technique can be used to correlate a slower rate of H/D
! A A exchange with a stronger hydrogen bond donor and the
65{ oe-o—8-88 0 & f_ A increased rate of H/D exchange with a hydrogen bond
P Sy i i S acceptof The H/D exchange kinetics in 10% @DD/CDChk
! for 1 can be seen in Figure 3, along with comparisons with
s5{ e == s e wa =" 7 the analogous cysteine monontgrand controls5 and 6,
" M S et i which cannot engage in intramolecular hydrogen bonding.
0.1 1 10 100 1060 Exponential curve fits are included for all H/D exchange
Concentration (mM) figures to indicate the correlation with pseudo-first-order
Figure 2. Dependence of NMR chemical shifts on concentration; kinetics. . .
including cystine dimerl (Boc-NH = B; NHBu = @), cystine The butyl amide of cystein& (a) exchanged more slowly
dimer 2 (Ac—NH = O0; NHBu = O), cysteine monome3 (Boc- than control5 (+), indicating it was acting as a hydrogen
NEB: . I\;HBU = 4), and cysteine monomer (Ac—NH = <, bond donor. The carbamate{®) exchanged more quickly
u=A).

than controb (x), suggesting it is functioning as a hydrogen
bond acceptor. Since these kinetics were performed at a

o i _ ) concentration below which significant aggregation was
derivatives3 and 4 show appreciable changes in chemical pserved (Figure 2), this indicated that the observed in-
shift of both N—-H protons &, ®, A, &) above 50 mM,

(6) (@) Venkatachalapathi, Y. V.; Prasad, B. V. V.; Balaram, P.
(4) Raj, P. A,; Soni, S. D.; Ramasubbu, N.; Bhandary, K. K.; Levine, Biochemistryl982,21, 5502. (b) Pitner, T. P.; Urry, D. W.. Am. Chem.

M. J. Biopolymers1990, 30, 73. So0c.1972,94, 1399.

(5) (@) Nowick, J. S.; Chung, D. M.; Maitra, K.; Maitra, S.; Stigers, K. (7) Complete data can be found in the Supporting Information.
D.; Sun, Y.J. Am. Chem. So000,122, 7654. (b) Dado, G. P.; Gellman, (8) Steffel, L. R.; Cashman, T. J.; Reutershan, M. H.; Linton, BJR.
S. H.J. Am. Chem. S0d.993,115, 4228. Am. Chem. So@007,129, 12956.
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Figure 3. H/D exchange kinetics for cystine dim&i(Boc-NH =
H; NHBu = @), cysteine monome3 (Boc-NH = a; NHBu = #), Figure 4. H/D exchange kinetics for acetytystine dimer2 at
and non-intramolecular hydrogen bonding contéb{g-) and6 (x). different concentrations. Closed symbols refer to butyl andide
Arrows indicate changes from controls. while open symbols refer to the acetamide. Concentrations in-

clude: 10 mM @, ©), 5 mM (m, O), 2.5 mM (a, A), and 1 mM
(®, ). Curve fits forA, = A, x exp(—kt) are shown.

tramolecular hydrogen bond was the cysteine folding into a

seven-membered ring-turn as shown ira® pseudo-first-order conditions used and insensitivityl afo

not support a stoichiometry-dependent change in the ex-
change rate but rather a cooperative strengthening of the
intramolecular hydrogen bond with the increasing intermo-
lecular aggregation.

Following the thorough investigation of the potential for
interstrand hydrogen bonding, the next step was to extend
the structure along the peptide strand to start to build a small
pB-sheet. A cystine tripeptide dimer was created with the
intention of forming four hydrogen bonds between two
peptide strand%.This was created through solution-phase

Cystine dimenl showed.slightly different kinetics of H/D synthesis of linear tripeptide (octanoyl-Leu-Cys(Trt)-Ala-
exchange. The butyl amide®] was even more protected NMe,) followed by disulfide formation with iodine in

from H/D exchange than the analogous cysteine MONOMEr 1 athandl® to form a dimeric tripeptided (Figure 5). An
3. This would suggest that it is not merely adopting-aurn

but is forming a stronger hydrogen bond. The carbamate of_
1 (m) also exchanged more quickly than cont®l(x),
suggesting it is also functioning as a hydrogen bond acceptor.
Interestingly, the carbamate df does not exchange as
quickly as the carbamate in monom&r While this may
indicate a lessened role as a hydrogen bond acceptor effect,
it seems likely to be reflecting the aggregation observed
earlier (Figure 2). If this is the case, this proton is experienc-
ing both a rate acceleration as an intramolecular hydrogen
bond acceptor and a slight rate deceleration from serving as
an intermolecular hydrogen bond donor.
The acetamide-functionalized cystidehowed even more
evidence of aggregation during H/D exchange (Figure 4).
While the H/D exchange of cystinewas not sensitive 10 Figure 5. Synthesis of tripeptide cystine dimér and significant
changes in concentration, the acetamide analogue showeMOESY cross-peaks (arrows).
varied kinetics over a limited concentration range. The most
significant effect was observed in the acetamide exchange,
where at low concentrations the exchange was comparableN-terminal octanoylamide was incorporated to enhance
to the amide Contr(_ﬁ, but slowed appreciab]y as concentra- SOlUbi”ty, and a C-terminal dlmethylamlde was included to
tion increased. This is most consistent with hydrogen bonded!imit aggregatiort:*
aggregation using the outward-pointing acetamideHNThe . . . .
H/D exchange of the interior-pointing butylamide also slowed forgg)aﬁnghﬁ%%leI‘?gfls'f]eceytslt%‘;h%?g'gis er‘ngr,ff’;'%ségfrﬁ%jﬁwn o
with increased concentrations, but to a lesser extent. TheChem. Soc1985,107, 8019.
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Dimeric tripeptide 8 extends the hydrogen bonding ||

observed inl and2. Significant downfield shifts indicative

of hydrogen bonding are observed when comparing théiN i %Q 5 D S
protons of7 and 8 (see Supporting Information). Changes 0 b gy,

in the chemical shift of ther-protons have also been used 80 = o . i

to supports-sheet formatio? with the a-protons for both 70 “-.D iy i
leucine and alanine shifting slightly downfield and cysteine 60 _ i
shifting significantly. All N—H protons of monomer tripep- s0 S

tide 7 show sensitivity to concentration and solvéatthough 40 E.

the leucine N-H shows the smallest change of the three. 10 . i

This insensitivity in combination with the significant change 20 ERE. -

in the cysteinea-proton chemical shift suggests that the Th TB—g
monomer tripeptide is adopting g-turn intramolecular D

hydrogen bond involving the leucine-NH and therefore 0 200 400 600 800 1000

time {min})

does not make an ideal control f8r

The alanine and leucine amides of cystine dirBeare Figure 6. H/D exchange kinetics fd and2. Closed symbols refer
largely immune to changes in concentratiomhile the to tripeptide dimeB (Ala-NH = a; Cys-NH= W, Leu-NH = @).
cystine NH shows changes with concentration that are evenOPEn Symbols refer to cystine dim2r(Boc-NH = [, NHBu =

. . O). Curve fits forA, = A, x exp(—kt) are shown.

larger than the monomé@ suggesting enhanced aggregation.

The NMR shifts due to changes in@y/DMSO-d; ratio are
also most pronounced for the cystine-N, while the alanine
N—H shifts slightly, and the leucine-NH shifts remarkably
upfield” -Sheet formation is also supported by NOES
cross-peaks (Figure 5). Sequentiahmide connectivity is
present, while interstrand connectivity is observed between

tzfmliiglc'gﬁn :&ilzﬁiglgear? dm(')(i?asr’mé;? cvr\1/2|i|n as between th interactions and the role of individual hydrogen bond donors
) ] j and acceptors. Simple tethers betweenarbons serve to
Hydrogen/deuterium exchange (Figure 6) supports the hosition amide functional groups such that they can form a
p-sheet folding pattern &. The leucine-NH (®) exchanges  conrolled array of hydrogen bonds. This effort continues
more slowly than the analogous cross-strand hydrogen bondith |arger structures capable of forming a robdssheet
found in2 (O), suggesting that the strength of the hydrogen i competitive solvents and in the creation of non-natural
bond has.been increased with the additional peptide length.iethers that may have improved distance or structural
The alanine-NH 4) exchanges at a faster rate than the cparacteristics. Additionally, the ability to use H/D exchange
leucine but still much slower than similar controls. This is g g5sess relative hydrogen bond strength provides a useful
consistent with-sheet formation for the alanine and leucine  method for evaluating the factors that stabilizé-sheet fold,
amides, with the difference between these two exchange rateg,s el as the aggregation of these snfaliheet peptido-
indicating the reduced stability of the hydrogen bond near yimetics into quaternary structures.
the fraying end of thegs-sheet. For the central cystinm)
the reduced exchange in comparison watifO) is likely Acknowledgment. This work was supported by an award
caused by aggregation, despite the incorporation of thefrom Research Corporation. The authors would like to
dimethylamide. Enhanced aggregation8oin comparison  acknowledge the NSF for financial support (MRI-0116416),
with 2 suggests that the longer peptide chain produces aand Chris Cashman and Elizabeth Stemmler of Bowdoin
structure that is more preorganized and therefore more proneCollege for mass spectral analysis.

to aggregate, a common problem with both natgraheet
proteins and artificial3-sheet peptidomimetics.
Y These studies demonstrate the ability to create small
molecules that replicate the hydrogen bonding patterns of a
-sheet, as well as our ability to assess the strength of these
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