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Abstract: We have designed a series of C-capping auxiliaries with various chain lengths based on alkyldiamines
and monoguanylated diamines. These capping groups were incorporated synthetically at the C-terminus of a
derivative of a poly-Ala helix. The free energy of interaction of the capping mofehG.°) with the C-terminus

of the helix was assessed by circular dichroism and calculated using a modified-tisanformalism described

by Doig and Baldwin (Doig, A. J.; Baldwin, R. LProtein Sci.1995 4, 1325) as well as AGADIR2s, an
algorithm based on helixcoil transition theory developed by Mam and Serrano (Mioz, V.; Serrano, L.
Biopolymersl997 41, 495-509). The alkyldiamine auxiliaries serve as modest helix stabilizersAd.°

= —0.2 to —0.5 kcal motl. The incorporation of monoguanylated diamines at the C-terminus leads to a
further increase in-helicity resulting inAAG.° = —0.3 to—0.7 kcal mot®. Furthermore, a@-Arg carboxamide
auxiliary is demonstrated to be an efficient C-capping residue WiNG.° = —1.2 kcal mof®. At high
concentrations of NaCl (2 M), the capping effect is only partially screened, suggesting that this auxiliary
imparts stabilization via charge/dipole interactions as well as through the formation of specific H-bonds between
the auxiliary and C-terminal main chain carbonyls.

Thea-helix, an essential element in the architectural repertoire canonical C-capping motifs have been observed in the sequences
of proteins, contains an internal network of hydrogen bonds and three-dimensional structures of proteins, they are unable to
between the carbonyl of residieand the amide proton of  stabilize the helical structure of short monomeric pepticfés.
residuei + 43 However, this network leaves the helix with  For instance, an early study showed that the incorporation of a
four carbonyl groups at the carboxy-terminus and four amide charged His residue at the C-terminus of a monomeric peptide
protons at the amino-terminus without hydrogen-bonding part- increases its helical conte#tSubsequent quantitative studies
ners. In 1988, Presta and Rose as well as Richardson andndicated that the charged residues His, Lys, and Arg indeed
Richardson predicted that H-bonded interactions between polarstabilize helix formation when incorporated at a C-cap position,

side chains and exposed amides at the ends of helices mighalthough the free energy of stabilization was ort).2 and

play a particularly important role in protein foldirfg.These

—0.4 kcal mot? relative to that of Alal. Also, Balaram et al.

“capping” interactions were hypothesized to serve as motifs have recently characterized a Schellman motif present in a

which would define the beginning and end of helices as well
as provide thermodynamic stability to the intervening helices.
Since its inception, this hypothesis has been largely confifmed.
In natural proteins, nearly 70% of the N-termini @fhelices
engage in capping interactions. Also, variations of the initial
N-cap theme have emerged including the “capping Baxid

the “hydrophobic-staple”. These N-capping motifs can stabilize
monomeric helices by up to 2 kcal mélrelative to the unfolded
random coil staté:6a.7b.8

By contrast, capping interactions at the carboxy terminus (C-
capping) are less frequently observed, occurring in about 30%

of the helices in proteins of known structdfe Also, while some
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heptapeptid€ Structural studies show that, in organic solvents,
helical structure is terminated by an achiral residue (ami-
noisobutyric acid) at the C-terminus which adopts an
conformation ¢ = 50°, ¥ = 60°). However, the extent to
which this motif stabilizes helical structure in water is not
known. Thus, it appears that C-cap motifs may be more
important for helix termination than for stabilization. Therefore,
the design of a stabilizing C-capping motif would further our
understanding of helix formation, while simultaneously expand-
ing the number of molecular tools available for protein design.

There are at least two possible explanations for the inef-
ficiency of polar side-chain-mediated C-capping interactions:
(1) The Gx—Cp bond of a helical residue does not project
directly away from the helical axis but is directed toward the
N-terminus at a 52 angle. Thus, the short polar side chains
of Ser, Asn, and Asp are intrinsically biased toward N-capping
rather than C-capping interactions. (2) The longer polar side
chains of Arg and Lys, although long enough to “reach back”
to H-bond to the C-terminal carbonyl groups, would have to
fix many of its side chain torsion angles at an appreciable
entropic cost.
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Scheme 1
A. 1. Fmoc-AA-OH
NO, 0 HBTU, DIEA
e /& B NWAR 2. 20 % Piperidine/DMF
/u\ H,N n NH, o N, NH . o Fipendain:
0~ 0 S —— b 2 3. 30% TFA/CH,Cly,
CH,Cl, 2% HSCH,CH,SH
n=2,3,4
X
ACYGG-KDA N’HRNH; HCO,H, 10% Pd/C, H, ACYGG-(KA)S™ N™ ‘W°NH,*
v MeOH
(10, n=2)
Peptides 2-4
NH
1.H,N” ~SO4H . DIEA, TFE
Ac-YGG-(K(Z)A)a- ';"Hn\NHa’ Ac-YGG-(KA4)3/U\ r;l'(ﬂ)r'n\NJLmq2
2. HCO,H, 10% Pd/C, H, H 4
(10, n=2) MeOH
Peptides 5-7
Table 1. Sequence= Ac-Tyr Gly Gly-(Lys Alas)s-COR
peptide C-terminal auxiliary R) OanF AAGP AAG® AAG AAG®

1 -NH, —15 200

2 -NH(CH,)2NH, —17 600 -0.5 -0.5 -0.5 -0.3
3 -NH(CHy)3NH, —17 700 —0.6 -0.5 -0.5 -0.3
4 -NH(CHy)4NH; —16 000 -0.2 -0.2 -0.2 0.0
5 -NH(CHy),2NHC(=NH)NH, —18 400 -0.7 -0.7 -0.6 -05
6 -NH(CH,)sNHC(=NH)NH, —16 700 -0.4 -0.4 -0.4 0.0
7 -NH(CHy)sNHC(=NH)NH, —18 400 -0.7 -0.7 -0.6 -0.5
8 -D-Ala-CONH; —15 500 -0.1 -0.1 -0.1

9 -D-Arg-CONH;, —21100 -1.3 -1.1 -1.1 -1.1

2 Mean residue ellipticitiestz. (deg cn dmol1)) were calculated from the CD spectra of 8@ solutions of peptides (10 mM NaCl, 50 mM
acetate buffer, pH 5.0) at @ and are accurate 2% AAG° (kcal mol?) values were calculated using a LifseRoig helix—coil formalism
modified to include N- and C-terminal capping effet4sThe values ofAAG,® are calculated by comparing an obser#gsh value of a peptide
to a theoreticab.,, of an appropriate helical standard. The latter value was calculated assuming a standard helical le¥igth°(2¢¥15, ord18
residues® The AAG.° values obtained using AGADIR2svere calculated using pepti@as the standard of reference since the partition function
used by this algorithm is chain length dependent; this ensures thAtBg° values obtained do not originate from an increase in chain length. The
data were subsequently renormalized to pepfide allow direct comparison with the LifserRoig data.

To address these issues, we designed a series of C-cappin@H,SH) afforded Ac-YGG-(K(Z)A)s-NH(CH2)nNH,, n = 2—4.
auxiliaries with various chain lengths based on alkyldiamines Side chain deprotection (50% HGB®in MeOH + 10% Pd/C)
and monoguanylated diamines. We envisioned that theseaffords peptide2—4. Peptide$—7 are obtained by guanylation
extensions would stabilize the neighboring helix by providing of Ac-YGG-(K(Z)A4)s-NH(CHy),NH, (n = 2—4) with ami-
H-bond donor(s) to the unsatisfied C-terminal carbonyls, and noiminomethanesulfonic aéitiand diisopropylethylamine (DIEA)

via electrostatic interactions. followed by side chain deprotection, as described above.
] ) Peptided, 8, and9 (Table 1) were synthesized using a standard
Results and Discussion Fmoc-protocd employing Pal resid® All peptides were

Peptide Synthesis. These capping groups were incorporated purified to homogeneity and characterized by ESI mass spec-
synthetically (Scheme 1) at the C-terminus of a derivative of a r0SCOPY. . o _
poly-Ala helix originally described by Marqusee and Baldifin Assessment of € Capping Efficiency. The helical content
resulting in peptide2—7. Peptide2—7 were prepared starting ~ Of the resulting peptides were assessed by far-ditular
with 4-nitrophenyl carbonate Wang resin. The resin was reacteddichroism (CD) spectroscopy, Table 1. The free energy of
with the appropriate alkyldiamine in GBI, for 30 min resulting  interaction of the capping moietAAG.°) with the C-terminus
in alkylamine-charged carbamate Wang resins. These reactior©f the helix was calculated relative to that observed for a neutral
conditions suppress cyclic urea formation, resulting from carboxamide (peptid&) using a modified Lifsor-Roig formal-
intramolecular attack of the alkylamino group on the resin-bound iSm described by Doig and Baldwid. We have also calculated
urethane (after initial attachment of the diamine). Peptides were AAGe® using the algorithm AGADIRZs, developed by Mam
prepared on these derivatized resins using standard Fmocand Serranbto demonstrate that our results are general and
protocol2 and benzyloxycarbonyl (Z) side-chain-protected Lys. NOt merely self-consistent within Doig and Baldwin’s formalism.

Cleavage from the resin (30% TFA in GEl, + 2% HSCH- The alkyldiamine auxiliaries serve as modest helix stabilizers
(Table 1) with values oAAG° only slightly greater than that

(10) Marqusee, S.; Baldwin, R. IProc. Natl. Acad. Sci. U.S.A.987,
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(12) Choma, C. T.; Lear, J. D.; Nelson, M. J.; Dutton, P. L.; Robertson, Biochemistryl994 33, 3396. (b) Luo, P.; Baldwin, R. LBiochemistyl 997,
D. E.; DeGrado, W. FJ. Am. Chem. S0d.994 116, 856—865. 36, 8412.
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Figure 1. Far UV—CD spectra of 15M solutions of peptide§, 3,
5, 8, and9 at 0°C (pH 5.0, 50 mM acetate, 10 mM NacCl).

expected for the interaction of a formally charged side chain
with the partial negative charge at the C-terminus ofhelix
(—0.3 to —0.6 kcal mot1).915 Indeed, at alkaline pH, where
the C-terminal amino group d is deprotonated, the helical
content of this peptide decreasés.

The incorporation of monoguanylated diamines at the C-
terminus leads to a further increase dnhelicity (Table 1),
possibly arising from additional H-bonding interactions not
possible in the simple alkyldiamine auxiliaries. The ability of
the alkyldiamine and monoguanylated diamine extensions to
stabilizea-helical structure shows a strikingly different length
dependence, (Table 1). An alkyl chain length of three meth-
ylenes is optimal for the alkyldiamine extensions, whereas a
chain length of either two or four methylenes is optimal for the
guanido-based extensions (Figure 1; Table 1).

We next explored the addition of H-bonding groups to peptide

Schneider and DeGrado

Table 2. Sequence= Ac-Tyr Gly Gly-(Lys Alas)s-COR

C-terminal NacCl AAG
peptide auxiliary (R) (M) 02258 (9—198)r
8 -D-Ala-CONH, 0.01 —15500
0.5 —17 800
1.0 —18 700
2.0 —18 400
9 -D-Arg-CONH, 0.01 —21100 —-1.0
0.5 —21100 —-0.5
1.0 —21500 -04
2.0 —20900 -04

aMean residue ellipticitiestgz, (deg cn? dmol™)) were calculated
from the CD spectra of 150M solutions of peptides (50 mM acetate
buffer, pH 5.0) at ®C and are accurate t82%.42 > AAG.° (9 — 8)
is the difference INAAG.® for peptide9 vs. 8 at the indicated salt
concentration calculated using the modified LifsdRoig formalism
assuming a standard helical length (Ni9f 15.
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Figure 2. Sedimentation equilibrium ultracentrifugation analysis of
peptide9 demonstrates that this peptide is monomeric (MMWied=
1729 and MW; = 1770).

7 to further stabilize the C-capping interaction. In particular, —18 400 deg crhdmol at 0.01 ad 2 M NaCl concentrations,
respectively), possibly due to a decrease in the electrostatic
auxiliary should enhance the capping interaction by providing repulsion between the Lys side chains. By contrast, the value
an additional H-bond donor to exposed C-terminal acceptors of g,,, for 9, which terminates withp-Arg carboxamide, was

as well as reducing the number of energetically accessible practically invariant in this range of ionic strength. This finding
rotamers of the alkyl portion. Thus, this modification should syggests that the unfavorable electrostatic interactions between
decrease the entropic requirements associated with forming thehe Lys side chains in the-helical conformation o® are as
capping interaction. The carboxamide was added at theeasily screened by exogenous electrolyte as the favorable
electrostatic interactions between the C-terminal guanidinium
group and the peptide carbonyls.

The difference in helical content between pepti8esnd 9
contrast,p-Arg carboxamide leads to a dramatic increase in decreases with increasing ionic strength and levels off near 1.0
M NaCl. Table 2 compareAAG°® (9 — 8) (the difference in
AAG? for 8 and9) at various salt concentrations. The value

The electrostatic contribution to this interaction was probed of AAG:° (9 — 8) levels off at salt concentrations greater than
by comparing the salt dependence of the helical content of 1 M, reaching a constant value ef0.4 kcal mot®. This
suggests that theArg carboxamide auxiliary stabilizes the helix
through the formation of specific H-bonds as well as through
more easily screened charge/dipole interactidns.

Also, when p-Arg carboxamide is replaced witb-Ala
carboxamide the helix stabilizing effect is completely lost,
indicating that the carboxamide portion of theArg auxiliary
alone is not solely responsible for the stabilization of the helix.
Sedimentation equilibrium ultracentrifugation (Figure 2) dem-

increase inx-helical content arises from decreased electrostatic repulsion Onstrated that peptid® is monomeric indicating that the
of the Lys side chains in the helical state; the corresponding values for a gbserved enhanced helicity was a result of intramolecular

the addition of a carboxamide to the; @ethylene of the

prochiral G position yielding ap-carboxamide derivative of
Arg. For the reasons discussed abavéyrg is known to be a
modest C-capping residuAQAG,° = —0.3 kcal mof?).l By

helical content (Figure 1), corresponding tAAG.° of —1.1
to —1.3 kcal mot?® (Table 1).

peptides3 and9 between 0.01 and 2.0 M NaCl (Table 2). The
helical content 0B, which terminates witlb-Ala carboxamide,
increases with increasing ionic stength, = —15 500 and

(15) Mutoz, V.; Serrano, LJ. Mol. Biol. 1995 245 275. (b) Lomize,
A. L.; Mosberg, H. I.Biopolymers1997 42, 239.

(16) Peptidesl and 2 show opposite pH-dependent behavior. The
magnitude off,,, for a 150 uM solution of peptidel increases from
—15 200 to—19 900 deg crhdmol~! as the pH is increased from 5.0 (50
mM acetate, 10 mM NaCl) to pH 10.0 (50 mM CAPS, 10 mM NaCl). This

150uM solution of peptide? at pH 5.0 and 10.0 were17 600 and-14 300
deg cn? dmol1, respectively, indicative of a decreasedithelical content.

state but is detrimental in its neutral state.

(17) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin,
Thus, the ethylenediamine auxiliary promotes helix formation in its charged R. L. Nature1987, 326 563. (b) Lockhart, D. J.; Kim, P. Sciencel992
257, 947. (c) Lockhart, D. J.; Kim, P. SSciencel993 260, 198.
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interactions and not due to the oligomerization of individual crude Ac-YGG-(KA)s-NH(CH,):NH: (2) as a biege solid. A small
helices. Preliminary molecular dynamics studies suggest thatsample of crude (2 mg) was purified for CD analysis by preparative
stability is imparted to the helix via the formation of bidentate RP-HPLC employing a linear gradient from 7% to 37% solvent B over
H-bonds between the guanido portion of the auxiliary and 80 min. MS (ESI): }616-5 [(M-H)", caled 1616.9]. MS for peptide
exposed C-terminal carbonyl groups, and NMR spectroscopic 5 1830-8 [(M+H)", calcd 1630.9]. MS for peptidé: 1644.9 [(M

studies are in progress to confirm this mode of interaction +H)", caled 1645.0].
prog : Synthesis of Peptide 5 (Ac-YGG-(KA):-NH(CH 2),NHC(=NH)-

. NH2). A 2 mL round-bottomed flask was charged with crud®(20
Conclusion mg, 9.38umol) and 0.3 mL of TFE. The solution was stirred, and

. . ) : . DIEA (13 uL, 75 umol) was added via syringe followed by aminoimi-
These studies provide the first systematic exploration of nomethanesulfonic acid (9.2 mg, 7Z&nol) as a solid. The reaction

mOdlfleq alkyldiamines as-helical C-capping resldues. ) The was stirred for 3 h, at which time ethylenediamineu(5 75 umol)
synthetic methodology presented may be easily modified t0 \ya5 added via syringe to quench the reaction followed by MeOH to a
allow the incorporation of a large array of conformationally final volume of 5 mL. Ac-YGG-(K(Z)A)s-NH(CHz).NHC(=NH)-
restricted diamines which may provide greater enhanced helicalNH, (11) was immediatley purified by injecting the final solution onto
stability. Furtherp-Arg may be conveniently incorporated at a preparative C4 column employing isocratic conditions of 0% B for
any position within a peptide or protein sequence, providing a 10 min followed by a linear gradient of-0L00% B over 100 min
useful tool for protein design. yielding a white powder after lyophilization. Deprotection of the
Z-protected Lys side chains &fl was accomplished as described above
affording pure5 after a small sample (2 mg) was purified for CD
analysis (preparative C18 employing a linear gradient of 7% to 37%
General Methods and Material. The 4-nitrophenyl carbonate  solvent B over 60 min). MS (ESI): 1659.0 [(M H)*, calcd 1658.9].
Wang and Pal resins were purchased from Calbiochem-NovabiochemMS for peptide6: 1673.0 [(M+ H)*, calcd 1673.0]. MS for peptide
International, Inc. Methylene chloride (GEl,), dimethylformamide 7. 1688.0 [(M+ H)*, calcd 1687.0]. MS for peptidek 8, and9:
(DMF), piperidine, methanol (MeOH), trifluoroethanol (TFE), diiso-  peptidel, 1574.3 [(M+ H)™, calcd 1573.9]; peptids, 1645.0 [(M+
propylethylamine (DIEA), trifluoroacetic acid (TFA), ethanedithiol (HS-  H)*, calcd 1644.9]; peptid®, 1730.0 [(M+ H)*, calcd 1730.0].
(CHy),SH), formic acid (HC@H), 10% Pd/C, ethylenediamine, 1,3- Circular Dichroism Studies. CD spectra were collected on an
diaminopropane, and 1,4-diaminobutane were purchased from Aldrich AVIV 62DS spectropolarimeter usina 1 mmaquartz cell. Peptide
Chemical Co. and used without further purification. The appropriate samples were prepared from stock solutions in water and diluted to
side-protected Fmoc-amino acids and BHdenzotriazole-1-yl)-1,1,3,3- 150 uM with desired buffer. The concentration of peptide solutions
tetramethyluronium hexafluorophosphate (HBTU) were purchased from were determined by Tyr absorbance at 276 an (1450 cnt* M%),
either Advanced Chemtech or Calbiochem-Novabiochem and were usedMean residue ellipticity /222 was calculated using the equatidi)
without further purification. Aminoiminomethanesulfonic acid was = (fobsd10iC)/r, wherefqpsqis the ellipticity measured at 222 nm in
prepared by the peracetic acid oxidation of formamidinesulfinic acid millidegrees,| is the length of the cell (cm); is the concentration
as described by Moshét. Peptides were purified using either a (M), andr is the number of residues. Fraction helix)(as calculated
preparative Vydac C4 or C18 peptide/protein column. Solvent A was according to the Luo and Baldwif? equatiorfy (0 °C) = (0222 — 2220)/
composed of water and 0.1% TFA, and solvent B was composed of (—44000(1— 3/Nr) — 2220), where Nr is the number of residues in a
90% acetonitrile, 10% water, and 0.1% TFA. helical conformation. A sensitivity analysis in which the valu&gf,
Synthesis of Peptides.Peptidesl, 8, and9 were prepared on Pal for 100% helix formation was varied hi15% causes small systematic
resin using a standard Fmoc prototblPeptides2—4 were prepared changes in the free energy of helix formation for the individual peptides
according to identical protocols, which will be described in detail for but practically invariant changes MAG.®. Initiation (), propagation
peptide2. Peptidess—7 were also prepared according to a general (W), n-capping ), and C-cappingd) parameters used for the calculation

Experimental Section

procedure, which will be described by the synthesis of perfide of AAG.® can be found in the Supporting Information.

Synthesis of Peptide 2 (Ac-YGG-(KA)s-NH(CH2):NH2). A Sedimentation Equilibrium Ultracentrifugation. Sedimentation
manual solid-phase reaction vessel was charged with 4-nitrophenyl €quilibrium data were collected a2 for a 150uM sample of peptide
carbonate Wang resin (0.75 g, 0.5 mmol, loading).67 mmol g* 9 (50 mM acetate, 10 mM NaCl, pH 5.0) on a Beckman XL-I Analytical
resin) and enough Ci€l, to swell the resin (23 mL). Ethylenedi- ultracentrifuge equipped with interference optics. Peptide concentration

amine (0.33 mL, 5 mmol) was added via syringe, and the reaction was Was determined by tyrosine absorbaneesm= 1450 M cm™). Data
shaken for 30 min (venting of the reaction vessel is necessary for the Were collected at three speeds (50 000, 55 000, and 60 000 rpm) and
first 10 min due to the gerenation of excessive pressure). After 30 fit globally as previously describétusing the software package Igor
min, the resin was drained and washed with,Ckl(3 x 1 min), DMF Pro (WaveMetrics, Inc.).
(3 x 1min), and CHCI; (3 x 1min). Ethylenediamine (0.33 mL, 5 .
mmol) was recoupled to the resin overnight to ensure maximum loading ~ Acknowledgment. We thank Neville Kallenbach for thought-
after which time the resin was washed as desribed above. Standardul discussion and Luis Serrano for help with the program
Fmoc protocd? employing HBTU activation was used to generate the AGADIR2s. We also thank Bill Moore and the University of
resin-bound benzyloxycarbonyl (Z) side-chain-protected peptide Ac- Pennsylvania Protein Chemistry Laboratory for mass spectrom-
YGG-(K(2)A4)s-NH(CH).NH resin. Subsequent peptide cleavage etry services.
from the resin was accomplished by suspending the resin-bound peptide
in’5 mL of 30% TFA/2% ethanedithiol in Ci€I, under N atmosphere Supporting Information Available: Circular dichroism
for 2 h. This r_nlxture was then filtered, and 20 mL of 2-propanol was (CD) spectra of peptide$—9, pH-dependent CD spectra of
added to the filtrant which was sub_sequently evaporated under re_duce‘éaeptidez NaCl-dependent CD spectra of pepti@and9, and
pressure to near dryness. Cold diethyl ether was added to precipatat ables of fractional helical content for peptides9 as a function
crude10which was collected by filtration and dried under high vacuum. . e . - .

of helix length, the modified LifsorRoig C-capping paramters

Deprotection of the Z-protected Lys residuesl6fwas performed as . : . .
follows: a 50 mL round-bottomed flask was charged with crade (c), and the corresponding free energies of helix formation for

(50 mg, 23.5¢mol), 5 mL of MeOH, and 7 mL of 98% formic acid. ~ Peptides1—9 (5 pages). See any current masthead page for
A suspension of 10% Pd/C (20 mg) in 2 mL of MeOH was then added ordering information and Web access instructions.

via pipet, and the reaction was stirred under 1 atm pfdd2 h. The JA9726771

reaction was filtered, and the residual Pd/C was washed with MeOH

(3 x 5mL). The filtrant was evaporated to dryness, and the resulting  (18) Schneider, J. P.; Lear, J. D.; DeGrado, WJFAm. Chem. Soc.
residue was dissolved in 0.1% TFA in,® and lyophilized yielding 1997 119 5742.




