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ABSTRACT

Analysis of substrates directly on solid phase resins without the need for separate cleavage conditions remains an outstanding challenge in the
field of solid phase synthesis. We now present the first example of simultaneous cleavage andmass spectrometric analysis of peptides from solid
supports using direct analysis in real time (DART) mass spectrometry. We have shown that this method is compatible with a diverse array of solid
phase resins and is suitable for analysis of both peptides and organic substrates.

Solid phase peptide synthesis (SPPS) is now a mature
field, with hundreds of applications, ranging from the
creation of split-pool libraries,1 to the commercial pre-
paration of vaccines2 and clinical therapeutics.3 As an
extension of this technology, solid phase organic synthesis
(SPOS) has developed into a mature field over the past
decade and is now amainstream technique for the creation

of small molecule libraries.4 Despite the widespread adop-
tion of solid phase synthesis technology, the direct analysis
of resin-bound substrates remains an elusive goal. Current
analytical methods include FTIR,5 LC-MS,6 magic angle
spinning NMR,7 and colorimetric tests.6 Generally, these
methods require cleavage of the substrate from the resin,
precluding further chemical manipulation. These methods
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are low throughput and typically require the sacrifice of the
cleaved material, thus reducing overall yields.
Previously, researchers have gone to great lengths to

install mixed linkers8 or to employ highly technical instru-
mentation (e.g., nanomanipulation and various MALDI
techniques)9 to extract information about substrates with-
out requiring global cleavage from the resin. In particular,
time-of-flight-secondary ion mass spectrometry (TOF-
SIMS) has been shown to be effective for ionization of
surface associated peptides from polystyrene beads. This
method can be coupled with the release of peptides from
solid supports with TFA vapors, but failed to yield analyte
ions when extended to covalently bound substrates.10

Photocleavable linkers that are activated by short pulses
fromMALDI lasers have also been used to simultaneously
remove and analyze substrates from resin based solid
supports.11 In addition, there are several recent reports
that employ electron impact mass spectrometry to the
analysis of polystyrene resins bearing simple surface
functionalizations.12 We now present the first example of
the use of direct analysis in real time mass spectrometry
(DART-MS) for the analysis of resin bound substrates and
demonstrate that this technique is appropriate for a diverse
array of SPPS and SPOS products. The method can be
adapted to determine peptide sequence fromMS fragmen-
tation studies and can also be used to monitor reaction
progress in SPOS systems.
The field ofmass spectrometry is currently undergoing a

period of intense technological advancement, centered on
the design and development of new ionization methods.
Among these new techniques, desorption electrospray
ionization (DESI) and DART have emerged as two new
approaches for the analysis of heterogeneous substrates
under atmospheric pressure conditions. Together with
advances in TOF-SIMS13 and MALDI, these techniques
now offer the ability to analyze a diverse array of hetero-
geneous substrates, frommass spectral imaging of cryosec-
tioned biological samples,14 to the detection of explosives
residue on clothing.15

In DART analysis, ionization is achieved through the
collision of metastable excited-state neutral helium atoms,

formed by atmospheric pressure glow discharge, with
water molecules within the atmospheric pressure region
of the ionization source, to form protonated water dimers
(Figure 1). Subsequent proton transfer from these water
dimers to analyte molecules affords analyte ions that can
be detected using standard mass analyzer technologies.16

The principle advantages of DART ionization over other
techniques are the high degree of tolerance for sample
heterogeneity, and elimination of requirement for sample
preparation. This provides an opportunity for the investi-
gation of materials that have previously been inaccessible
to mass spectrometric analysis. Given the recent rash of
reports detailing heterogeneous substrate analysis using
DART, we were motivated to explore the potential for
using this technology to directly analyze resin-bound pep-
tides without prior chemical cleavage.
Our initial study was performed with a small (15 μM)

solid phase synthesis lantern, containing a peptide scaffold
of relevance to our global health drug discovery program.17

The washed lantern (3�DMF, 3�CH2Cl2, 3�DMF) was
exposed to the ionization region of the source, and gave
immediate strong signals for both [M � Fmoc þ H]þ and
various y ions (Supporting Information, Figure S12),
showing that it was possible to readily observe predicted
protonated signals for covalently attached analytes using
DART-MS. Encouraged by this initial success, we ex-
panded the scope of the study to include both the most
commonly used polymer supports (SPPS resins, lanterns,
and TentaGel), and themost frequently used linkers (trityl,
Rink amide, Wang, and Merrifield). The same substrate
(Fmoc-VVVAF-resin) was synthesized on each of the solid
supports using standard SPPS methods (Supporting
Information), and analyzed by DART-MS under identical
conditions. In total we synthesized 12 substrates for analysis,
containing different combinations of solid supports and
linkers. These included four polystyrene-based resin ana-
logues, three TentaGel samples, and two lantern analo-
gues. In all cases we were able to observe either [M þ H]þ

or [M � Fmoc þ H]þ ions, indicating that cleavage and
ionization of analytes is independent of both polymer
support and linker composition.

Figure 1. Schematic of DART ionization source.
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To be of general utility, any analytical method for SPPS
analytes needs to show substrate tolerance for each of the
20 proteinogenic amino acids. A library of 20 pentapep-
tides was therefore synthesized, with the general structure
Fmoc-AAAAX-resin, where X was replaced with each
amino acid in turn (Table 1). Analysis of these samples
afforded [M�FmocþH]þ and y ions in all cases, showing
that this method is suitable for analytes containing any of
the standard amino acids.
Although identification of parent masses is a valuable

tool for SPPS chemistry, the determination of complete
amino acid sequences directly from solid phase resins
would significantly increase the utility of this method for
investigating samples such as split-pool synthesis libraries.
Given thatMS/MS fragmentation is a widely usedmethod
for investigating amino acid sequence in proteomics re-
search, we elected to examine the effect of applying CAD
fragmentation to solid phase substrates for the generation
of fragmentation spectra for peptide sequencing. Exami-
nation of 2-chlorotrityl-bound Fmoc-VVVAF-resin using
in-source collisionally activated dissociation (CAD) af-
forded a near-universal fragmentation pattern, including
all predicted a, b, and y ions (Figure 2). This high coverage
of fragmentation patterns is uncommon in peptide mass
spectrometry. However, using this DART-CAD method,
we were able to unequivocally assign the sequence of the
test substrate directly from fragmentation data.
In addition to the use of SPPS in modern biotechnology

research, SPOS, employing organic substrates, is also a
valuable tool for library development. To examine the
suitability of our new method for nonpeptidic substrates,
we prepared a library of organic small molecules for
analysis using this technique. A total of 18 organic acids
(Figure 3) were coupled to 2-chlorotrityl resin and sepa-
rately analyzed using standard DART-MS conditions. All
18 of these substrates, including basic, polar, aliphatic and
aromatic substrates, afforded ions consistent with pre-
dicted cleavage products, indicating that this method is
widely applicable to both SPPS and SPOS substrates.

Finally, we explored the potential for the use of this
method for following reaction progress on the solid sup-
port. Reaction monitoring of SPOS reactions is notor-
iously challenging, with most current methods requiring
quenching, cleavage and HPLC analysis of aliquots of
resin to check reaction progress. This strategy is time-
consuming, andprecludes real-timemonitoring of reaction
progress because of the inherent delay caused by theHPLC
step. We were therefore motivated to explore the applica-
tion of this new analytical tool to on-bead monitoring of
reaction progress.
An on-bead Heck coupling between aryl iodide (1) and

methyl acrylate (2) was selected as a representative example
of the type of complex synthetic transformation being
performed in modern SPOS chemistry. The reaction was
followed by removing an aliquot of beads at each time

Table 1. Amino Acid Compatibilitya

polar acidic basic aliphatic aromatic

Ser(t-Bu) Asp(O-t-Bu) Lys(Boc) Gly Phe

Thr(t-Bu) Glu(O-t-Bu) Arg(Boc)2
b Ala Tyr(t-Bu)

Cys(t-Bu)c His(Boc)c Val Trp(Boc)

Pro Leu

Asn(Dmcp)c Met(O2)

Gln(Dmcp)c Ile

aGrey sphere = resin support; black sphere = variable residue.
bWhen the Pfb protecting group was used, no y ions were observed.
cWhen the Tr group was used, only [Tr]þ ions were observed.

Figure 2. CAD fragmentation spectrum.

Figure 3. Library of SPOS substrates, grouped by functionality.
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point, and washing them thoroughly with 10% NaCO3

followed by 3� DMF, 3� CH2Cl2, 3� DMF. Analysis of
the beads by DART-MS showed a time-dependent de-
crease in ion intensity for ions consistentwith themolecular
weight of the starting material, coupled with a correspond-
ing increase in intensity for ions consistent with the pre-
dicted reaction product (Figure 4). A parallel examination
of the starting material/product ratio by cleavage and
NMR analysis of the same beads showed comparable
results, indicating that DART-MS can be used for the
qualitative monitoring of reaction progress. It is important
to stress that this reaction monitoring method is not
quantitative, because of the combined effects that differ-
ential ionization, ion suppression and variation in sample
concentrations within the ion source can have on apparent
ion intensities. As a mass-based analytical technique, this
method is best suited to the monitoring of starting material
and product ions, and is not necessarily suitable for identi-
fying side reactions, whose masses are unknown. Never-
theless, thismethodoffers anewapproach to thequalitative
evaluation of reaction progress on solid supports.
In conclusion, we have presented the first example of the

analysis of covalently attached analytes on solid surfaces
by DART-MS. This new method is applicable to the
analysis of peptides, and can be used to determine peptide
sequence directly on the solid support using in-source
CAD fragmentation. Themethod has been shown towork
with a variety of acid-labile linkers, and all of the standard

amino acids, including amino acids containing side chain
protecting groups. It should be noted that protecting
groups are often lost during the ionization process and
that ions such as [M � Fmoc þ H]þ are common; in ad-
dition, both Pfb and Tr protecting groups should be
avoided as they cause signal interference that precludes
the observation of analyte ions. Finally, we have shown
that this method is applicable to synthetic organic sub-
strates such as aromatic heterocycles and can be used for
qualitative real-time reaction monitoring without sample
preparation.
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Figure 4. On-bead Heck reaction followed by DART-MS and verified with 1H NMR.


