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ABSTRACT 
 
 
The number of approved peptide therapeutics, as well as those in development, has been 

increasing in recent years. Frequently, the biological activity of such peptides is elicited through 

adoption of secondary structural elements upon interaction with their cellular target. Many 

therapeutic peptides however are unstructured in solution and accordingly exhibit poor 

bioavailability due to rapid proteolysis in vivo. To combat this degradation, numerous naturally-

occurring peptides with therapeutic properties contain stabilizing features such as N-to-C 

cyclization or disulfide bonds. Recently hydrocarbon stapling, via non-native amino acid 

substitution followed by ring-closing metathesis, has been shown to induce dramatic stabilization 

of α-helical peptides. Identifying the ideal staple location along the peptide backbone is a critical 

developmental step and methods to streamline this optimization are needed. Mass spectrometry-

based methods such as ion mobility (IM) and hydrogen-deuterium exchange (HDX) can detect 

multiple discrete peptide conformations, a significant advantage over bulk spectroscopic 

techniques. In this study we use IM-MS and HDX-MS to demonstrate that the native 36-residue 

enfuvirtide peptide is highly dynamic in solution, and that the conformational ensemble populated 

by stabilized constructs depends heavily upon staple location. Further, our measurements yield 

results that correlate well with the averaged -helical content measured by circular dichroism. 

The MS-based approaches described herein represent sensitive and potentially high-throughput 

methods for characterizing and identifying optimally stapled peptides. 
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INTRODUCTION 
 

Peptide therapeutics have historically received less attention than small molecule drugs 

and protein therapeutics, such as antibodies. This discrepancy stems from inherent 

disadvantages of peptides, including biological instability (short half-life) and limited membrane 

permeability.1 However, multiple strategies to increase the bioavailability and efficacy of peptide 

drugs have recently emerged, and accordingly the number of approved peptide therapeutics has 

been steadily increasing.2-5 Examples of such stabilizing approaches include conjugation with 

small molecules,6 polymers,7 or glycans,8 incorporating protease resistant non-natural or D-amino 

acids,6, 9 and constraining the structural flexibility through electrostatic interaction optimization.10  

An alternative approach to peptide structural stabilization is hydrocarbon stapling,11-13 

which is applied to peptides adopting an α-helical active conformation. Stapled peptides can 

inhibit protein-protein interactions,14 and have demonstrated utility in treating cancer and 

disrupting inflammatory pathways15 and viral fusion.16 During peptide synthesis, non-native amino 

acid residues are introduced into the sequence and their olefin-containing side chains are linked 

via ring-closing metathesis.17 The amino acid positions within the peptide are chosen so as to 

maintain the bioactive interaction surface with the resulting staple spanning one or two helical 

turns. Induction of -helical content by introduction of a staple correlates with an increase in target 

affinity and proteolytic stability, however, the degree of stabilization can be strongly dependent on 

the staple type and location.18, 19 

Due to the helical dependence on staple location, a suite of stabilized peptide constructs 

is often produced during development. Methods that can assess the resulting conformations in a 

medium-to-high throughput manner could efficiently reduce the number of potential leads selected 

for further investigation. The utility of mass spectrometry (MS) methods to structurally characterize 

proteins is well-demonstrated,20-22 and two such techniques – hydrogen/deuterium exchange 

(HDX) MS23-25 and ion mobility (IM) MS26 – are used frequently in the pharmaceutical industry. 
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Accordingly, HDX-MS results are included in regulatory filings for new protein drugs and IM-MS 

data is likely to be appended in the future.27 In addition to protein studies, HDX-MS is used to 

interrogate peptide conformational dynamics both in solution28 and the gas phase,29 while IM-MS 

facilitates gas-phase detection of changes to peptide conformational ensembles in response to 

various stimuli, such as ligand binding30, proline isomerization,31, 32 or disulfide-bond scrambling.33 

Conformational dynamics measured by HDX-MS have been shown to correlate with proteolytic 

stability for a series of stabilized borealin peptides differing only in their staple positions.28 Further, 

comparative conformational analyses of GLP-1 and variants stabilized by hydrocarbon-stitching 

revealed that HDX-MS was more effective than circular dichroism at identifying differences in 

structural stabilization. In vitro proteolysis testing was the most sensitive method for detecting the 

differential impact of staple variants on structural stability and, most profoundly, the stability profile 

was predictive of in vivo activity.34  However, to our knowledge IM-MS has yet to be leveraged in 

stapled peptide assessments.  

Enfuvirtide (Enf) is a 36-residue fusion inhibitor peptide that was approved by the FDA in 

2003 for the treatment of HIV-1.35, 36 The Enf sequence is derived from the heptad repeat 2 and 

membrane-proximal external region domains of the viral gp41 protein, and adopts an α-helical 

conformation that interrupts six-helix bundle formation.37 However, experimental studies 

demonstrate that Enf exhibits only marginal and transient helicity in solution,18, 38 and these 

findings are supported by molecular dynamics (MD) simulations, regardless of whether a 

disordered or helical starting structure is employed.39 Interestingly, a 42-residue Enf construct 

including flanking resides from the gp41 sequence shows partial helicity in the C-terminal half of 

the sequence by NMR and MD.38-40 Recently it has been demonstrated that stabilized Enf 

constructs can differ widely in their α-helical character as a function of staple location18 – a 

common observation in stapled-peptide studies.19, 28 

In this work, we utilize IM-MS and HDX-MS to assess the conformation and dynamics of 

native Enf as well as various hydrocarbon-stapled derivatives. The chosen location for a 



 
 

5 
 

hydrocarbon staple can dramatically affect the helical induction and therapeutic efficacy of the 

resultant peptide.41 Our data reveal that the conformations populated in the gas-phase, as well as 

the conformational dynamics in solution, depend heavily on where the staple is located in the 

sequence. We demonstrate that, for the Enf constructs studied here, IM readouts as well as early 

timepoint HDX-MS data correlate well with average -helicity measured by circular dichroism. 

Overall our results suggest that multiple MS datasets could be used in an initial screen of staple 

locations to identify optimally-structured constructs for advancement to biological testing.  

 
 

 
 
 

MATERIALS AND METHODS 

 
Peptide Preparation 
 
All peptides used in this study were synthesized, purified, quantified, analyzed by circular 

dichroism (CD), and subjected to in vitro proteolysis testing as previously described.11 Peptides 

were produced on an Apex 396 (Aapptec) automated peptide synthesizer using Rink amide AM 

LL resin (EMD Biosciences, 0.2 mmol/g resin), at 50 μmol scale. The standard Fmoc protocol 

employed 2 × 10 min deprotections in 20% piperidine/NMP followed by a pair of consecutive 

methanol and dimethylformamide washes. The incorporated nonnatural amino acids were treated 

with 4 × 10 min incubations in 20% piperidine/NMP to achieve complete deprotection. Amino acid 

coupling was performed using 0.4 M stock solutions of Fmoc-protected amino acids, 0.67 M 2-(6-

chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate, and 2 M N,N-

diisopropyl ethylamine, yielding 1 mL of 0.2 M active ester (4 equivalents). Coupling frequency 

and incubation times were 2 × 30 min for standard residues, 2 × 45 min for the olefinic nonnatural 

amino acids, and 3 × 45 min for the residue following a nonnatural amino acid. For CD spectra, 
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peptides were dissolved in 5 mM potassium phosphate (pH 7.5) to a final concentration of 50 μM 

and percent helicity was calculated based on the theoretical maximum for a 36-residue peptide.11 

 

 

Ion Mobility Mass Spectrometry 
 

Peptides were serially diluted from DMSO stocks into 10 mM ammonium acetate (Sigma, 

St. Louis, MO), pH 6.7, to 5 µM and infused at 5 µL min-1 into the electrospray source of a Waters 

Synapt G2 (Milford, MA) Q-TOF mass spectrometer operating in positive ionization mode. Ion 

source and transmission parameters were minimized to avoid gas-phase conformational 

activation, as described previously.42 Briefly, the electrospray needle was held at 2 kV and the 

cone voltage was set to 20 V. The source and desolvation temperatures were 25 °C and 40 °C, 

respectively. Traveling wave ion mobility (TWIM) separation was achieved in N2 with a wave 

velocity of 800 m s-1 and a 40 V wave height. Arrival time distributions were converted to collision 

cross sections (CCS) via calibration of the TWIM separation using a 10 mM polyalanine (Sigma) 

solution in 49.5:49.5:1 water:methanol:acetic acid and published CCS values determined in 

nitrogen gas.43 Ion mobility data were analyzed using MassLynx 4.1 (Waters) and average CCS 

values were calculated as previously described.44 Gaussian peak fitting was performed in 

OriginPro 2016 (OriginLab, Northampton, MA) and CCS distribution widths were determined at 

5% base peak intensity. The CCS value for the isolated Enf helix from crystal structure 2x7r45 

(chain C, residues 638-673) was calculated via the trajectory method using Collidoscope.46 

 

Hydrogen/Deuterium Exchange Mass Spectrometry 

 
Enfuvirtide peptide solutions in DMSO were diluted with 10 mM sodium phosphate buffer 

pH 7.0, resulting in a stock concentration of 25 µM. Isotope exchange was initiated by 14-fold 

dilution into D2O (Cambridge Isotope Laboratories, Andover, MA) exchange buffer (10 mM sodium 
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phosphate in 90 % D2O, pD 7.0) at room temperature. The final DMSO concentration was ~0.3 

% (v/v). At various time points ranging from 10 s to 4 h, aliquots were removed and the exchange 

quenched via a 1:1 dilution into 150 mM sodium phosphate pH 2.5 at 0 °C, followed by rapid 

freezing in liquid nitrogen. Undeuterated controls were prepared in an identical manner, except 

that all buffers were formulated in H2O. For LC-MS analysis, samples were gently thawed and 

injected onto a Waters BEH130 C8 (2.1 x 50 mm) column via a Rheodyne 7725 injector. 

Chromatography was carried out with a Thermo Fisher Scientific Vanquish UHPLC (San Jose, 

CA) using a water:acetonitrile gradient in the presence of 0.1 % formic acid. The solvent lines, 

injector, and column were immersed in ice to allow separation to proceed at 0 °C. Column eluent 

was directed into the HESI source of an Orbitrap Fusion Lumos (Thermo Fisher Scientific) mass 

spectrometer. Data were acquired in positive ionization mode with a needle voltage of 3.5 kV and 

ion transfer tube and desolvation temperatures of 300 °C and 250 °C, respectively. All mass 

spectra were exported from Xcalibur software and the 3+ and 4+ charge states of each peptide 

were used for deuterium uptake analysis in HXExpress.47, 48 No correction for back-exchange was 

performed therefore deuterium uptake values are reported as relative.49 

 
 

 

RESULTS AND DISCUSSION 
 
Investigation into the Enf conformational ensemble was enabled with the use of multiple 

structurally-constrained constructs. The sequences investigated (Table 1) contain a single i, i+4 

hydrocarbon staple,11 localized to the N-terminal (SAH-gp41(638-673)(C)), central (SAH-gp41(638-

673)(B)), or C-terminal region (SAH-gp41(638-673)(D), SAH-gp41(638-673)(E)). All subsequent solution- 

and gas-phase experiments were conducted on native Enf and the four stapled peptides. To aid 

in data interpretation, additional ion mobility experiments were performed on select double-

stapled Enf constructs (details in Supporting Information). 
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Table 1. Amino acid sequences of enfuvirtide constructs. Red “X” corresponds to the non-native 
amino acid substituted to enable hydrocarbon stapling and red bars indicate the staple positions. 
 
 
Enf Secondary Structure Monitored by Circular Dichroism 
 

Enfuvirtide must adopt an α-helical structure to carry out its inhibitory activity against HIV 

fusion,50 however CD spectroscopy revealed that native Enf is largely disordered in solution (Fig. 

S1), in accordance with previous studies.10, 18, 38, 40, 50 A minor amount of α-helicity is nonetheless 

observed—19% when compared to a fully-helical theoretical peptide of equal length.11 For all Enf 

constructs assessed here, hydrocarbon-stapling resulted in an increase in helicity, as measured 

at 222 nm, and followed the trend of native < SAH-gp41(638-673)(C) < SAH-gp41(638-673)(E) < SAH-

gp41(638-673)(B) << SAH-gp41(638-673)(D). The dramatic difference in helical content between SAH-

gp41(638-673)(E) and SAH-gp41(638-673)(D), despite only a two amino acid frameshift in the staple 

location is notable, and a similar helical dependence on staple location has been measured for 

an unrelated viral peptide.16 While many biomolecules can populate multiple conformations in 

solution, CD reports only on the global average. Therefore, in an attempt to further define the Enf 

structural ensemble, we employed mass spectrometry-based techniques capable of detecting co-

existing conformations.  

 
 
Multiple Native Enf Conformations Observed by IM-MS 
 

We used traveling-wave IM-MS to first investigate the native Enf conformational 

ensemble. The mass spectrum displayed a narrow charge state distribution dominated by the 

[M+4H]4+ ion (Fig. S2), similar to previous reports.51 The more highly charged ions (5+, 6+) 

YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFENF

SAH-gp41(638-673)(C) YTXLIHXLIEESQNQQEKNEQELLELDKWASLWNWF

SAH-gp41(638-673)(B) YTSLIHSLIEESQNQXEKNXQELLELDKWASLWNWF

YTSLIHSLIEESQNQQEKNEQELLELXKWAXLWNWFSAH-gp41(638-673)(D)

SAH-gp41(638-673)(E) YTSLIHSLIEESQNQQEKNEQELLELDKXASLXNWF
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exhibited only a single conformer due to charge repulsion (Fig. 1a), while low charge states (3+, 

4+) presented multiple conformations. The dominant [M+4H]4+ ion gave rise to a deconvoluted 

CCS distribution consisting of four species (Fig. 1b) and will be the focus of all subsequent 

comparisons. Peptide or protein conformational heterogeneity is manifested in the width of the 

cross section distribution52, 53 and the greater than 150 Å2 width for the Enf [M+4H]4+ ion suggest 

several contributing peptide structures. Multiple studies have demonstrated that helical 

conformers exhibit larger cross sections than disordered peptides.54-58 It is thus reasonable to 

hypothesize that the Enf conformer at 1078 Å2 results from a mostly helical species, while the 

remainder of the distribution consists of an ensemble of partially helical and disordered structures. 

This observation is supported by recent molecular dynamics simulations showing that Enf 

maintains no ordered structure in solution, but rather exists in a rapid equilibrium between a 

partially helical structure and globular conformations made up mostly of beta turns.39, 59 Further, 

using the Collidoscope software package,46 the calculated CCS for the 4+ charge state of a fully 

helical Enf peptide45 was 1153 Å2, only ~7 % larger than our experimental measurement of the 

largest Enf conformer. 
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Figure 1. (a) Native enfuvirtide collision cross section distributions for charge states 3+ to 6+. (b) 
Enf peak maxima from Gaussian fits as a function of charge state. Filled and open circles 
correspond to compact and extended species, respectively. In all cases, the standard deviation 
of triplicate measurements are <1 % and the corresponding error bars are smaller than the data 
point symbols. The filled square represents the calculated CCS for a fully helical Enf peptide 
(details in text).  
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Gas-Phase Enf Ensembles Depend on Hydrocarbon Staple Location 
 
 In an effort to delineate the multiple conformers observed in the native Enf CCS 

distribution, we acquired IM-MS data for the four singly-stapled constructs listed in Table 1, and 

Figure 2 shows the resultant CCS distributions for the [M+4H]4+ charge states. The SAH-gp41(638-

673)(C) construct exhibits a CCS trace (Fig. 2b) nearly identical in shape to native Enf, albeit shifted 

to a slightly higher CCS. The SAH-gp41(638-673)(E) construct (Fig. 2c) also presents multiple 

conformers, separated by 115 Å2, however the ensemble is much more discretely segregated into 

two populations. While both the SAH-gp41(638-673)(C) and SAH-gp41(638-673)(E) constructs display 

multiple conformers by IM, they exhibit only slightly more helicity than native Enf (Fig. S1). The 

centrally-stapled construct, SAH-gp41(638-673)(B), is approximately twice as helical as native Enf 

(Fig. S1), and the CCS distribution is considerably skewed toward the more extended conformer 

(Fig. 2d). A small proportion of more condensed conformations is still present, however they are 

almost completely absent in SAH-gp41(638-673)(D) (Fig. 2e). The CCS distribution measured for the 

SAH-gp41(638-673)(D) construct consists of a single, relatively narrow peak that aligns quite well 

with the extended conformer observed in native Enf. SAH-gp41(638-673)(D) also exhibits the most 

helicity by CD—2.5-fold greater than that of native Enf—and thus the extended species around 

1075 Å2 is hypothesized to result from a helical conformer.  
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Figure 2. CCS distributions of the [M+4H]4+ charge state of (a) native enfuvirtide, (b) SAH-
gp41(638-673)(C), (c) SAH-gp41(638-673)(E), (d) SAH-gp41(638-673)(B), and (e) SAH-gp41(638-673)(D). 
Dashed vertical lines correspond to peak maxima from native Enf and are for feature comparison. 
Dotted vertical line represents the calculated CCS value for a fully-helical Enf peptide. Asterisks 
in B and C denote peaks resulting from singly-charged contaminant ions. 
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In addition to the single-stapled constructs described above, we measured multiple 

double-stapled Enf peptides with IM-MS. Double stapling has been shown to dramatically 

increase peptide proteolytic stability when compared to both native and single-stapled versions.18, 

28 The CCS distribution depicted in Figure S3b supports the observation that the SAH-gp41(638-

673)(E) staple more clearly defined the Enf conformational landscape into two species, while the 

addition of the SAH-gp41(638-673)(C) staple had little effect. Conversely, the addition of the SAH-

gp41(638-673)(B) staple shifted the majority of the peptide to an extended conformation (Fig. S3c). 

Finally, the SAH-gp41(638-673)(C,D) double-stapled construct resulted in a CCS profile (Fig. S3d) 

indistinguishable from that of the SAH-gp41(638-673)(D) single staple, further demonstrating that 

SAH-gp41(638-673)(D) is the most helix-inducing staple investigated here, while the SAH-gp41(638-

673)(C) staple does little to alter the Enf conformational distribution. 

  
 
Staple Positioning Alters Enf Conformational Dynamics 
  

The ion mobility results presented above suggest that gas-phase measurements can be 

used as a rapid screening tool for assessing the helical content of stapled peptides. We next 

sought to investigate whether the gas-phase results would correlate with solution phase analysis. 

HDX-MS is sensitive to backbone hydrogen bonding in secondary structural elements, such as 

α-helices, and can report on the conformational dynamics of multiple co-existing populations.60-62 

Different kinetic exchange regimes for protein segments have been previously discussed.63-65 

Briefly, exchange in the EX2 regime occurs when hydrogen bonds undergo opening/closing 

transitions much faster than the chemical H→D exchange rate. Conversely, EX1 kinetics are 

observed when several amide hydrogens participate in opening/closing events much more slowly 

than the rate of chemical exchange. EX2 kinetics manifest in an isotopic envelope that gradually 

increases in m/z with exchange time, whereas bimodal distributions are a hallmark of EX1 

exchange. HDX has previously been utilized to investigate stapled peptides,28 and for the 

sequences tested it was shown that deuterium uptake at the initial time point (10 s) correlated 
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well with protease stability, but not helicity. We sought to determine whether this correlation was 

also present in the Enf constructs used in this study. 

Representative HDX spectra for the native Enf [M+4H]4+ ion and those of the four singly-

stapled constructs are shown in Figure 3, and the average temporal deuterium uptake for each 

construct is summarized in Figure 4. In agreement with the CD and IM data, native Enf is highly 

dynamic in solution and was consequently fully exchanged at the earliest labeling time point. 

Rapid deuteration was also observed previously for a synthetic peptide derived from the Enf-

analogous region in feline immunodeficiency virus gp36.66 The SAH-gp41(638-673)(C), SAH-

gp41(638-673)(E), and SAH-gp41(638-673)(B) constructs all exhibited small amounts of protection at 

early time points, but became fully labeled within 10 min. In the cases of SAH-gp41(638-673)(C) and 

SAH-gp41(638-673)(E), this may have been predicted from the IM traces (Fig. 2), however more 

protection would have been expected for the SAH-gp41(638-673)(B) construct. While SAH-gp41(638-

673)(B) exhibited significant helicity by CD and a largely extended structure by IM, the HDX results 

highlighted that the peptide is quite dynamic in solution and the observed secondary structure is 

relatively unstable. The clear outlier in the HDX dataset is the SAH-gp41(638-673)(D) construct. The 

staple imparted significant protection from exchange at all time points, with complete labeling not 

yet achieved even after 4 h, indicative of extensive backbone hydrogen bonding nucleated by the 

staple with the protective umbrella extending for more than 20 amino acids. These results support 

the assignment of the single peak in the SAH-gp41(638-673)(D) CCS distribution as a helical 

conformation. Interestingly, while all other peptides exhibited EX2 exchange kinetics, SAH-

gp41(638-673)(D) labeling proceeded largely in the EX1 regime,67 with an unfolding transition half-

life of ~1 min as estimated by peak width analysis.63 Additional bubble-plot analysis performed in 

HXExpress48 revealed that the exchange profiles observed for SAH-gp41(638-673)(D) resulted from 

large-scale helix-unfolding events rather than distinct peptide conformations in solution (Fig. S4). 

Interestingly, the SAH-gp41(638-673)(C, D) construct exhibited exchange kinetics intermediate to the 

SAH-gp41(638-673)(C) and SAH-gp41(638-673)(D) constructs. While the EX1 kinetics were not as 
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obvious as in the SAH-gp41(638-673)(D) construct, the temporal widening63 of the isotopic envelope 

revealed their presence in the double-stapled peptide (Fig. S5). This indicated that while the SAH-

gp41(638-673)(C) staple does little to affect the conformational dynamics of native Enf, it can 

suppress the unfolding events measured for SAH-gp41(638-673)(D), or at least increase the 

transition half-life beyond the timescale of the current experiments. 

 

 

  

 
 

Figure 3. Hydrogen/deuterium exchange spectra of Enf and stapled constructs. Top spectrum of 
each column depicts the [M+4H]4+ ion from the unlabeled sample and subsequent rows result 
from deuteration times ranging from 10 s to 4 h. Satellite isotopic envelopes in undeuterated 
spectra result from small amount of sodium adduction. Peptide color-coding mimics that of Figure 
2 for clarity. 
 
 

Undeuterated

10 s

1 min

10 min

60 min

240 min

N
o
rm

a
liz

e
d

 E
S

I-
M

S
 I

n
te

n
s
it
y

1124 1128 1132 1144 1148 1152

m/z

1092 1096 1100 1104 1123 1127 1131 1136 1140 1144

ENF SAH-gp41
(638-673)

(C) SAH-gp41
(638-673)

(E) SAH-gp41
(638-673)

(B) SAH-gp41
(638-673)

(D)



 
 

16 
 

 
 
Figure 4. Deuterium uptake plot depicting conformational dynamics of native enfuvirtide (orange), 
and stapled constructs SAH-gp41(638-673)(C) (red), SAH-gp41(638-673)(E) (purple), SAH-gp41(638-

673)(B) (green), and SAH-gp41(638-673)(D) (grey). Averages and standard deviations were calculated 
using multiple charge states (4+ and 3+) acquired in triplicate experiments. 
 
 
 
Connections between MS Results and Helicity 
 

In the previous sections we presented MS-based results of Enf conformation and 

dynamics, and now we discuss the observed relationships between CCS measurements, 

deuterium labeling, and α-helicity. Figure 5a shows that the average collision cross section of the 

Enf constructs reasonably correlated with helical content (R2 ~ 0.78), however when the width of 

the CCS distribution was taken into account, the correlation improved dramatically (Fig. 5b). The 

width of the distribution speaks to the conformational landscape available to the peptide construct. 

A broad distribution, as in the case of native Enf (Fig. 2a), indicates conformational fluidity while 

a narrow peak (SAH-gp41(638-673)(D), Fig. 2e) reflects a more defined structure.  

  

 

Labeling Time (min)

0.1 1 10 100

R
e

la
ti
v
e

 D
e

u
te

ri
u

m
 U

p
ta

k
e

 (
D

a
)

0

5

10

15

20

25

30

35

ENF

SAH-gp41(638-673)(B)

SAH-gp41(638-673)(C)

SAH-gp41(638-673)(D)

SAH-gp41(638-673)(E)



 
 

17 
 

 

 
Figure 5. Correlation between mass spectrometry results and helical content. (a) Average 
collision cross section (R2 ~ 0.78), (b) distribution width-corrected average CCS (R2 ~ 0.95), and 
(c) relative deuterium uptake after 10 s of exchange (R2 ~ 0.93), as a function of α-helicity 
measured by circular dichroism. Data points and error bars are averages and standard deviations, 
respectively, from triplicate measurements. Lettering in (a) corresponds to staple locations as 
described in Table 1. 
 



 
 

18 
 

While the IM data are acquired in the gas-phase, the CD measurements take place in solution. 

Thus it is interesting to compare the CD results with the solution-phase HDX dataset. The relative 

deuterium uptake at the earliest (10 s) time point for the Enf constructs exhibited very good 

correlation with α-helicity (Fig. 5c). This finding contrasts with results published by Shi et al. 

showing that deuterium uptake of stapled borealin peptides correlates with proteolytic stability 

rather than helicity.28 Such differences conceivably derive from the distinct sequence 

compositions and lengths of peptides investigated, as well as the different proteases used and 

the corresponding number of potential cleavage sites. We note that for the constructs studied 

here, HDX reasonably correlates with proteolytic stability, provided the SAH-gp41(638-673)(E) 

construct is removed from consideration (Fig. S6). Indeed, in the latter case, the E staple does 

not afford prominent -helical stabilization (consistent with the HDX results) but does confer 

marked proteolytic stability due to the closer proximity of its C-terminal staple to sites of proteolytic 

vulnerability, namely the WNWF sequence. In a prior study of (i, i+4), (i,i+3) double-stapled 

membrane proximal external region (MPER) HIV-1 peptides,68 the identical phenomenon was 

observed, with 6-fold enhancement in proteolytic stability simply by moving the same i,i+4 staple 

two residues closer to the WNWF residues. In the context of the Enf peptide, which also includes 

this sequence, moving the D staple two residues downstream to the E staple position results in a 

3-fold enhancement in chymotrypsin resistance.  It is noteworthy that the E staple also replaces 

two Trp residues of the native sequence. Taken together, HDX provides a high precision read-

out of stapling effects on peptide structure and proteolytic resistance, as recently demonstrated 

for hydrocarbon-stitched GLP1 peptides.34 Our SAH-gp41(638-673)(E) results highlight that when 

proteolytic resistance derives more from sequence-specific staple protection rather than -helical 

induction, HDX naturally favors detection of the conformational rather than proteolytic changes. 

Thus, coupling the MS analyses to studying the resistance patterns to multiple proteases should 
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prove useful in distinguishing between the effect of hydrocarbon stapling on peptide conformation 

and localized protection of vulnerable sequences.   

 

CONCLUSIONS 

 Hydrocarbon-stapled peptides often exhibit increased -helicity and protease resistance 

in comparison to their native versions, and determining the optimal staple type and position is 

critical for maximizing biological activity. Here we demonstrated the utility of mass spectrometry 

in analyzing the conformation and dynamics of stapled peptides, both in solution and in the gas 

phase. Native enfuvirtide was determined to be highly dynamic by ion mobility and hydrogen 

exchange, consistent with previous experimental and computational studies. The C-terminally 

stapled SAH-gp41(638-673)(D) construct exhibited the narrowest IM distribution with the largest 

average CCS value, indicative of a stabilized -helical conformation. Solution-phase HDX 

measurements on a series of single-stapled Enf constructs revealed that a variety of staple 

positions had little effect on conformational dynamics when compared to the native peptide. 

However, one single-stapled construct in particular, SAH-gp41(638-673)(D), was found to be highly 

protected from exchange, indicative of extensive hydrogen bonding of backbone amides, which 

again points to an induced -helical conformation. The readouts of these MS experiments 

exhibited good correlation with average helical content measurements by circular dichroism, 

providing justification for their utility in the development and optimization of stapled peptides. 

These MS-based techniques require small sample amounts and the ability to differentiate 

numerous constructs by m/z should facilitate sample multiplexing to further decrease sample 

analysis times. 
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