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General.  Commercial-grade reagents and solvents were used without further purification 

except as indicated.  CH2Cl2, THF, and DMF were dried prior to use by percolation through 

anhydrous Al2O3 as described by Grubbs and coworkers. 1   All reactions were stirred 

magnetically; moisture-sensitive reactions were performed under argon in flame-dried glassware.  

Flash chromatography with silica gel was performed following the conditions described by Still 

and coworkers.2   Reverse-phase HPLC experiments were conducted with 4.6 x 150 mm 

(analytical scale) or 21.4 x 150 mm (preparative scale) Waters C18 reverse phase columns using 

a Beckman Coulter HPLC equipped with a System Gold 168 Diode array detector.  The typical 

flow rates for analytical and preparative HPLC were 1 mL/min and 8 mL/min, respectively.  In 

all cases, 0.1% aqueous trifluoroacetic acid and acetonitrile buffers were used.  Proton NMR 

spectra of monomer were obtained on a Bruker AV-400 spectrometer (400 MHz).  Carbon NMR 

spectra were obtained on a Bruker spectrometer operated at 13C Lamor frequency of 100.6 MHz.  

Proton chemical shifts are reported as d values relative to tetramethylsilane (TMS, 0.00 ppm) or 

to the particular solvent used in the experiment (CDCl3: 7.26 ppm, CD3CN-d3: 1.94 ppm, D2O: 

4.75 ppm).  Carbon chemical shifts are reported as d values relative to TMS (0.00 ppm) or to the 

particular solvent used in the experiment (CDCl3: 77.0 ppm).  Data is reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = 

doublet of doublets, br = broad), coupling constant, and integration. High-resolution mass 

                                                
1 Pangborn, A., Giardello, M. A., Grubbs, R. H., Rosen, R. K., Timmers, F. J. Organometallics 1996, 15, 1518-
1520. 

2 Still,W., Kahn, M. , Mitra, A. J. Org. Chem. 1978, 43, 2923-2925. 
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spectra (HRMS) were obtained on a LC/MSD TOF (Agilent Technologies).  LCMS data was 

obtained on an Agilent 1100 series LC/MSD (XCT) electrospray trap.  

Synthesis and characterization of peptides. 

General procedure: Unconstrained peptides 1, 2 and bis-olefin resin bound peptides 5-8 were 

synthesized by conventional Fmoc solid phase chemistry on Rink amide HMBA resin 

(NovaBiochem) in 0.05 – 0.15 mmol scale with appropriate substitutions of dipeptide 9 and 4-

pentenoic acid (or 5-hexenoic acid) when needed.  In each coupling step, Fmoc group was 

removed by treatment with 20% piperidine in NMP (2×20 min).  Fmoc amino acid (4 equiv) was 

activated with HBTU (3.6 equiv) in 5% DIPEA/NMP solution for 15 minutes, added to the resin 

and shaken for 60 minutes.  The coupling efficiency was monitored by ninhydrin test and double 

coupling were applied while ninhydrin test gave positive results.  After all amino acids were 

assembled on the resin, the resin were thoroughly washed with DMF, methanol and 

dichloromethane respectively, and dried under vacuum overnight.  

Metathesis reaction of the dried resin-bound bis-olefin peptides of 5, 6, 7 and 8 were 

performed in dry dichloroethane under an argon atmosphere in the presence of Hoveyda-Grubbs 

catalyst (0.15 mol%) in a glass 10 mL microwave reaction vessel. 3, 4  The vessel was sealed, 

placed in a microwave reactor (CEM Discover) and irradiated (250 W maximum power, 120 ˚C, 

ramp 5 min, hold 10 min).  Resin bound peptides were cleaved from the resin by treatment with 

the cleavage cocktail (CF3CO2H:H2O:triisopropylsilane, 95:2.5:2.5) for 1.5 hour, and purified by 

reversed-phase HPLC (20% – 60% overall yield) (Scheme S1).   

                                                
3 Chapman, R. N., Arora, P. S. Org. Lett. submitted. 
4 Dimartino, G., Wang, D., Chapman, R. N., Arora, P. S. Org. Lett. 2005, 7, 2389-2392. 
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Hydrogenation of HBS peptide 3a, 3c, 4a, or 4c was performed in methanol solution 

under atmospheric pressure hydrogen in the presence of Pd/C catalyst (10% w/w).  After 7 hour, 

the reaction mixture was filtered and concentrated to obtain the hydrogenated product 3b, 3d, 4b, 

or 4d in quantitative yield.   

 

 

Scheme S1. Synthesis of peptides 1, 2 and constrained HBS α-helices 3a-d and 4a-d   

 

Peptides 1, 2, 3a and 4a were synthesized and characterized as described: 5  

Peptide 1: AcQVARQLAEIY-NH2.   

Peptide 2: AcRIARLEEKYK-NH2.    

                                                
5 Wang, D., Chen, K., Kulp III, J. L., Arora, P. S. J. Am Chem Soc. 2006, 128, 9248-9256.   
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HBS α-helix 4a:   
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HBS α-helix 3b: ESIMS m/z for C59H97N16O16 [M+H]+ calcd 1285.7, found 1286.2. 
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Figure S1. Analytical HPLC plot of HBS α-helix 3b.  HPLC conditions: C18 reversed-phase 

column.  5% B to 20% B in 5 min, 20% B to 50% B in 40 min, 50% B to 100% B in 5 min; A: 

0.1% aqueous TFA, B: acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm. 
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Figure S2.  1H-NMR of HBS α-helix 3b in 30% D2O in CD3CN. 

 

 

HBS α-helix 3c: ESIMS m/z for C60H97N16O16 [M+H]+ calcd 1297.7, found 1298.1.   
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Figure S3. Analytical HPLC plot of HBS α-helix 3c.  HPLC conditions: C18 reversed-phase 

column.  5% B to 20% B in 5 min, 20% B to 50% B in 20 min; A: 0.1% aqueous TFA, B: 

acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm. 

 

 

Figure S4.  1H-NMR of HBS α-helix 3c in 30% D2O in CD3CN.  JHX4-HX5 (15.5 Hz) indicates a 

trans alkene geometry. 



Wang, et al. 

S9 

HBS α-helix 3d: ESIMS m/z for C60H99N16O16 [M+H]+ calcd 1299.7, found 1299.7.   
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Figure S5. Analytical HPLC plot of HBS α-helix 3d.  HPLC conditions: C18 reversed-phase 

column.  5% B to 20% B in 5 min, 20% B to 50% B in 20 min; A: 0.1% aqueous TFA, B: 

acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm.   

 

Figure S6.  1H-NMR of HBS α-helix 3d in 30% D2O in CD3CN. 
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HBS α-helix 4b: ESIMS m/z for C64H110N19O16 [M+H]+ calcd 1400.8, found 1400.7.   
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Figure S7. Analytical HPLC plot of HBS α-helix 4b.  HPLC conditions: C18 reversed-phase 

column.  5% B to 15% B in 3 min, 15% B to 35% B in 20 min, 35% B to 100% B in 7 min; A: 

0.1% aqueous TFA, B: acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm. 

 

 

Figure S8.  1H-NMR of HBS α-helix 4b in 30% D2O in CD3CN. 
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HBS α-helix 4c: ESIMS m/z for C65H110N19O16 [M+H]+ calcd 1412.8, found 1412.7.   
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Figure S9. Analytical HPLC plot of HBS α–helix 4c.  HPLC conditions: C18 reversed-phase 

column.  5% B to 15% B in 3 min, 15% B to 35% B in 20 min, 35% B to 100% B in 7 min; A: 

0.1% aqueous TFA, B: acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm. 
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Figure S10.  1H-NMR of HBS α-helix 4c in 30% D2O in CD3CN.  JHX4-HX5 (15.9 Hz) indicates a 

trans alkene geometry. 

 

 

 

HBS α-helix 4d: ESIMS m/z for C65H112N19O16 [M+H]+ calcd 1414.8, found 1414.7.   
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Figure S11. Analytical HPLC plot for HBS α-helix 4d.  HPLC conditions: C18 reversed-phase 

column.  5% B to 15% B in 3 min, 15% B to 35% B in 20 min, 35% B to 100% B in 7 min; A: 

0.1% aqueous TFA, B: acetonitrile; flow rate: 1.0 mL/min; monitored at 275 nm.   

 

 

 

Figure S12.  1H-NMR of HBS α-helix 4d in 30% D2O in CD3CN. 
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2D-NMR spectra of HBS α-helix 3b.  

Spectra of peptide 3b were recorded on a Bruker Avance 500 at 20 °C.  All 2D spectra were 

recorded by collecting 4092 complex data points in the t2 domain by averaging 64 scans and 128 

increments in the t1 domain with States-TPPI mode.  TOCSY experiments are performed with a 

mixing time of 80 ms on 6000 Hz spin lock frequency, and NOESY with the mixing time of 200 

ms.  The data were processed and analyzed using Bruker TOPSPIN program.  The original free 

induction decays (FIDs) were zero-filled to give a final matrix of 2048 by 2048 real data points.  

A 90° sine-square window function was applied in both dimensions. 

 

 

Figure S13. TOCSY spectrum (500 MHz, 293 K) of HBS α-helix 3b in TFE-d3/D2O/PBS (20/5/75). 
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Figure S14. Fingerprint region of the 500MHz DQF-COSY spectrum (293 K) of HBS α-helix 

3b in TFE-d3/D2O/PBS (20/5/75). Important crosspeaks between the backbone amide protons 

and Cα protons are shown by arrows. 
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Figure S15. NOESY spectrum (500 MHz, 293 K) of HBS α-helix 3b in TFE-d3/D2O/PBS 

(20/5/75). 
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Figure S16. Fingerprint region of the 500 MHz NOESY spectrum (293 K) of HBS α-helix 3b in 

TFE-d3/D2O/PBS (20/5/75). 
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Figure S17. Fingerprint region of the 500 MHz NOESY spectrum (293 K) of HBS α-helix 3b in 

TFE-d3/D2O/PBS (20/5/75). 
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1H NMR chemical shift assignment for HBS α-helix 3b.   

Table S1. 1H NMR assignments and chemical shifts (δ, ppm) for HBS α-helix 3b (293 K) in 

TFE-d3/D2O/PBS (20/5/75). 

Residue NH Hα Hβ Hγ Hδ Others 

Q1 8.52 4.59 2.09 2.41   

V2 8.72 3.86 2.24 1.15 0.95  

A3 -- 3.61 1.40    

R4 6.26 3.99 1.92 1.64, 1.75 3.31  

Q5 8.13 4.09 2.10, 2.23 2.30, 2.46   

L6 8.25 4.20 1.58, 1.89 1.40 0.88  

A7 8.02 4.11 1.53    

E8 7.78 4.13 2.51, 2.68 2.23   

I9 7.73 3.82 1.67 0.81, 1.08 0.45  

Y10 8.17 4.48 2.83, 3.18   phenyl 2, 6H: 6.80;  pheny 3,5H: 7.21 
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Thermal and chemical denaturation of HBS helix 3a 
 

The HBS helices remain significantly helical at high temperatures (85 °C), as shown by CD 
spectroscopy, but can be denatured with concentrated solutions of guanidium chloride (Figure 
S18).  The [θ]222 value for HBS α-helix 3a in 8 M GuHCl at 85 °C is ~ -4500.  This value is 
substantially more positive than the value at 85 °C in PBS (~ -11000) and may represent the 
value for the 13-membered nucleation macrocycle.  The [θ]222 value for HBS α-helix 3a in 8 M 
GuHCl at 25 °C is also ~ -4500 (data not shown). 
 
 
 

 
 

Figure S18.  Thermal and chemical denaturation of HBS helix 3a.  Portions of guanidinium 
chloride were added to a solution of 3a in PBS at 85 °C and the resulting mean residual value at 
222 nm was recorded.  

 



Wang, et al. 

S21 

Evaluation of helix-coil transition in HBS helices 
 
We applied the Ising model to the helix-coil transition in an oligopeptide with the end segment 
locked in the α-helix conformation. In general, there are two parameters, in the case of 
homopolymer, in the model. 
 
1. The helix stability or propagation constant, s, is defined as the equilibrium constant for the 
extension of a helical region by one residue : 
 

............. hhchcc
s
!"!  

 
Here h corresponds to the helix state of a residue and c corresponds to the coiled state. 
 
2. The cooperativity constant, σo, is an extra constant needed to specify the equilibrium for the 
formation of a new helical region: 
 

! 

....ccc...
"os

# $ # ....chc.... 
 
These two parameters allow one to express the statistical weight of any state of a 
homooligopeptide, either with locked or free end.  We consider the case when all n residues of 
the oligopeptide are free and identical. In this case we need to account for the following states: 
 

1. All residues are in the coiled state. This is the reference state in this description; its 
statistical weight equals 1. 

2. States with one helical regions of k residues in length. There are )1( +! kn  possible 
positions of the region along the oligo and all of them have to be taken into account. The 
statistical weight of these states is 

! 

"os
k .  Overall, the contribution of these states into the 

partition function is 

! 

(n " k +1)#os
k . 

3. States with two or more helical regions. Their statistical weights are proportional to 

! 

"o  in 
the second or higher degree, correspondingly. It can be shown that their contribution to 
the partition function is always negligible if 

! 

n < 1

"o

.  (σo is typically ~ 0.004 in 

oligopeptides corresponding to an n ~16.) 
 

Thus, to a good approximation, the partition function, 1Z , for a short chain is 
 

! 

Z
1
"1+#o (n $ k +1)s

k

k=1

n

%   (i) 

(see Cantor & Schimmel, Biophysical Chemistry, Ch. 20, equation 20-26) 
 

This approximation assumes that the helix can denature in either direction, i.e the 
conformation ccchhhhhccc......  is allowed.  In the case of the HBS helices, we assume that 
the helix will denature in only one direction, which simplifies the partition function Z1.   
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Here we evaluate two different scenarios, first assumes a stable nucleus which will break at 
high temperatures and the second where the nucleus can never break.  Although the second 
scenario applies to HBS helices, the first assumption allows us to estimate a nucleation 
constant for HBS helices. 
 

Case I.  Case I assumes that the nucleus will break at high enough temperatures so we can 
determine a value for the nucleus.  We denote the effective nucleation constant for forming the 
core as σc, where σc >> σo.  This constant refers to addition of an H-bond next to the core. 
 
 

! 

Z
2
"1+#

c
s
k

k= 0

v

$    (ii) 

 
where v = n-n* and n* denotes the number of residues in the macrocycle. 
 
The summation in (ii) is a geometric series that yields 
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Fraction helicity can now be obtained from the partition function Z2 
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" lnZ
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# c
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  (iv) 

 
Simplifying (iv) leads to eq 1 in the manuscript which allows simulation of f as a function of σc. 
  

! 

f =

" c s
v #1

$ 
% & 

' 
( ) 

s#1+" c s
v #1

$ 
% & 

' 
( ) 

   (1) 

 
 
Case II.  If we consider the oligo with the end locked in the helical state (in which the nucleus 
cannot break) ; there are 

! 

(n " n*) residues which can adopt both coiled and helical states. The set 
of states for this oligo is smaller than the set for the free-end oligo:  

1. The state with all residues in the coiled states is not possible for such oligo, since the first 
residue is in locked in the helix state. 

2. States with one helical region always form a continuous stretch with the locked end, so 
for any value of k the helical regions are precisely localized. 
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3. Again, the effective nucleation constant for forming the core is σc, where σc >> σo. 
 
 
Thus the partition function Z1 (and Z2) is reduced to a simpler form: 
 

! 

Z
3
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c
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k=0

v

$    (v) 

 
 
It is useful to note that σc is now a factor in the statistical weight for each state. Therefore, we 
can simplify 

! 

Z
3
 by multiplying it by 1/σc  (partition function can be multiplied by any constant).  

Thus, for any σc value, the partition function is 
 

! 

Z
3
" s

k

k= 0

v

# =
s
v $1

s$1
   (vi) 

 
 
We see that σc is completely eliminated from 

! 

Z
3
.  In essence the helix-coil transition of a short 

peptide with locked end does not depend on σ. This is true, however, only under condition that 

! 

n < 1

"
o

, which is the case for all models we consider here. 

 
We can now complete the calculation of the melting curve, f , for the peptide with the locked 
end. Using the standard procedure we obtain eq 3 that simulates fraction helicity as a function of 
temperature (through s) independent of σ. 
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  (3) 

 
 

! 

s = s
0
exp

"H

RT
0

#
"H

RT

$ 

% 
& 

' 

( 
)   (2) 

 
The equations described here apply to a homopolymer, and heterogeneity will effect the 
transition.  In a future communication, we will explore the detailed role of sequence on the helix-
coil transition in prenucleated peptides. 
 


