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ABSTRACT: Solid-phase peptide synthesis (SPPS) is a
widely used technique in biology and chemistry. However,
the synthesis yield in SPPS often drops drastically for
longer amino acid sequences, presumably because of the
occurrence of incomplete coupling reactions. The under-
lying cause for this problem is hypothesized to be a
sequence-dependent propensity to form secondary
structures through protein aggregation. However, few
methods are available to study the site-specific structure of
proteins or long peptides that are anchored to the solid
support used in SPPS. This study presents a novel solid-
state. NMR (SSNMR) approach to examine protein
structure in the course of SPPS. As a useful benchmark,
we describe the site-specific SSNMR structural character-
ization of the 40-residue Alzheimer’s f-amyloid (Af)
peptide during SPPS. Our 2D "*C/"C correlation SSNMR
data on A(1—40) bound to a resin support demonstrated
that Af underwent excessive misfolding into a highly
ordered p-strand structure across the entire amino acid
sequence during SPPS. This approach is likely to be
applicable to a wide range of peptides/proteins bound to
the solid support that are synthesized through SPPS.
S olid-phase peptide synthesis (SPPS) has been proven to be
a highly effective technique for the production of proteins/
peptides of an arbitrary amino acid sequence at high purity."
More recently, SPPS has been an indispensable tool for the
construction of peptide/protein libraries for high-throughput
screening in systems biology and drug development.” On the
other hand, it is known that the coupling efficiency in SPPS is
radically suppressed for long peptide sequences that exceed
30—50 residues.” Thus, chemical synthesis of a protein having a
longer amino acid sequence often requires chemical ligation of
shorter peptides,®, which limits automation and high-
throughput applications that are crucial in modern biology.
The difficulties in the synthesis of longer peptides have been
attributed to secondary structure formation through interchain
aggregation and/or poor solvation of the growing peptide
chains;™” however, the detailed molecular mechanisms
responsible for these observations are currently unknown. For
example, a peptide in SPPS is elongated from the C-terminus to
the N-terminus by repeated coupling of Fmoc- or Boc-
protected amino acids; thus, a major hindrance due to the
hypothesized misfolding in SPPS should arise from the
structural transition or the lack of solvation at the N-terminal
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regions. On the other hand, the N-terminal regions of proteins
are often unstructured® and less likely to participate in the
expected structure formation in SPPS. Therefore, site-specific
structures of peptides/proteins in SPPS will provide valuable
molecular-level insight into the controversies and challenges of
synthesizing larger peptides/proteins.

Currently, very little is known about the structure of a
protein or a long peptide (>20 residues) during SPPS, despite
recent advances in structural biology. X-ray crystallography, a
powerful method for protein structural determination, is not an
option because of the noncrystalline nature of the heteroge-
neous solid support in SPPS. Characterization of peptides/
proteins during SPPS by solution NMR or other spectroscopic
methods has generally been limited because of the solid support
(e.g, resin), which absorbs or scatters light and limits the
resolution of solution NMR. A wide-line D solid-state NMR
(SSNMR) study of resin-bound polyglycine [(gly-d,),, n = 3—
9] indicated a loss of mobility for the system when a critical
length was exceeded (n > 5)” but did not provide any structural
details or site specificity. High-resolution solution NMR® has
been used to characterize resin-bound polyalanine’ or
saccharides.'® However, the application of this method has
been limited to only very short peptides (up to 10—1S
residues) because of the restricted resolution for longer
sequences. Thus, defining a detailed site-specific structure on
a long peptide or protein in SPPS has been an intractable
problem for nearly 50 years, since the introduction of SPPS by
Merrifield.!

In this study, we propose high-resolution *C SSNMR
analysis of resin-bound proteins during SPPS in order to
achieve the site-specific structural analysis for such systems. As
an interesting benchmark, we selected the 40-residue $-amyloid
(Ap) peptide because it is one of only a few biologically
significant systems for which structures of both monomeric and
misfolded forms have been reported. It is well-known that
unstructured monomeric AS(1—40) self-assembles into f-
sheet-rich amyloid fibrils, which are associated with Alzheimer’s
disease (AD)."! Because of the great interest in A for
biomedical and biophysical studies,'""* including SSNMR
studies,'”'* the AB peptide has been a major target of
SPPS." Indeed, various SPPS methods have been proposed to
overcome difficulties in SPPS.>'® However, there has been little
experimental evidence regarding the structural features of Af in
SPPS, which may provide critical insights into the mechanism
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Figure 1. (a) 1D *C CPMAS spectrum and (b) 2D “C/"C
correlation SSNMR spectrum of resin-bound AB(1—40) solvated with
DCM shown with color-coded signal assignments (see the inset). The
spinning speed was 20 kHz. The peptide was synthesized with
uniformly "*C- and "*N-labeled amino acids at Phe-19, Val-24, Gly-25,
Ala-30, and Leu-34. For synthesis of the sample, a standard Fmoc
SPPS protocol was employed using NMP as a solvent and Fmoc-Val-
Wang resin (0.22 mequiv/g) swollen with DCM. The resin was
washed with DCM at the end of the synthesis. The data acquisition for
(a) was started ca. 2 h after the synthesis. In (a) and (b), during the
CP period, the '*C RF field amplitude was linearly swept from 46 to
63 kHz during a contact time of 1.0 ms, while the '"H RF amplitude
was kept constant at 75 kHz. In (a), the experiment time was 17 min.
The spectrum in (b) was obtained with an fpREDR sequence.'®
During the mixing period, an fpRFDR *C—'3C dipolar recoupling
sequence with a mixing time of 1.6 ms and "*C z-pulse widths of 15 us
was used. The experiment time for (b) was 19 h. (c) C secondary
chemical shift analysis of Phe-19, Val-24, Gly-25, Ala-30, and Leu-34
for A(1—40) bound to Ap resin. (d) Schematic representation of an
AP peptide bound to resin. (e) Amino acid sequence of AS(1—40)
peptide and the secondary structure of the amyloid fibril suggested by
SSNMR."” Blue arrows denote f-sheet regions, and orange loops
denote unstructured or loop regions.

that prevents SPPS for Af and other long peptides. Here, with
recent progress in biomolecular SSNMR,"” we revisit this long-
standing problem. We report that *C SSNMR analysis using
magic-angle spinning (MAS) serves as a probe that is very
sensitive to site-specific structural properties of proteins in
SPPS.

Figure lab shows (a) 1D "C cross-polarization MAS
(CPMAS) and (b) 2D C/*C correlation SSNMR spectra of
resin-bound Af(1—40) peptide labeled at several sites between
residues 19 and 34 with uniformly *C- and "*N-labeled amino
acids (see the caption). The sample was prepared by standard
Fmoc-based SPPS using Wang resin as a solid support [see
below and the Supporting Information (SI) for details] and
packed in a rotor after washing with dichloromethane (DCM).
As mentioned above, the C-terminus of a peptide is bound to
the resin in Fmoc-based SPPS, and Fmoc-protected amino
acids are repeatedly coupled to the N-terminus (Figure 1d).
Thus, these labeled sites reflect peptide conformations closer to
the resin support. In monomeric form, A#(1—40) is known to
exhibit Iar%ely a random-coil structure with a high degree of
dynamics.” Initially, we expected considerable dynamics and
structural heterogeneity of the resin-bound peptide solvated
with DCM, which would result in weaker and broader *C
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signals in the 'C CPMAS spectra. Unexpectedly, however,
strong signal intensities were observed in the 1D *C CPMAS
spectrum (Figure 1a); this confirmed the lack of motions in the
area, because large-amplitude motions would have averaged out
dipolar couplings and suppressed "*C signals through CP. More
surprisingly, the cross-peaks for the 2D *C/"C SSNMR
spectrum (Figure 1b) showed reasonably narrow line widths
(1.9—2.8 ppm) considering that the system embedded in resin
was noncrystalline and that the line widths include Gaussian
broadening (ca. 1 ppm) and broadening due to *C—"C J
couplings. The line widths were comparable to those of A(1—
40) amyloid fibrils, which are known to have a high degree of
structural order.'”*" Because chemical shifts are sensitive to the
conformation of a peptide, this finding clearly suggests the
formation of a highly ordered conformation, which has not
been predicted in previous studies for this system bound to a
heterogeneous resin matrix.

Using the well-resolved resonances and signal assignments
shown in Figure 1b, we analyzed secondary structures of resin-
bound AB(1—40) using secondary "*C shifts (A) for the *C,
(blue) and "C, (red) shifts, which represent the deviation of
the experimental shift (8,y,) from the corresponding shift for
random-coil model peptides (5,.)** (ie, A = Oexp — O, see
Table S1 in the SI). The negative and positive A values for *C,
and 13Cﬂ, respectively, suggest the formation of extended f-
strand structures over the hydrophobic core region in AB(1—
40).** It is noteworthy that in Figure 1b, only a single cross-
peak was observed for a chemically bonded *C—"3C pair,
unlike some amyloid fibrils, which often show multiple cross-
peaks for a *C—'3C pair due to structural polymorphs. This
result suggests a remarkable finding that the AS(1—40) peptide
not only aggregates in the course of SPPS but also misfolds into
a single, well-defined f-strand conformer. For the SPPS of Af,
we used low-loading resin (0.22 mequiv/g in a dry state), yet
the estimated concentration of Af in resin swollen with a
solvent is in on the order of 40 mM, which is typically more
than sufficient to introduce misfolding of AB(1—40) in an
aqueous solution. On the other hand, because of the solid
support, peptides from SPPS have very limited translational
diffusion, unlike a peptide in a solution. Thus, it was not trivial
to predict misfolding and a high degree of structural order for
Ap in SPPS. The features of this SSNMR spectrum, which was
collected ca. 2 h after the synthesis, were unaltered over several
days (see Figure S4 in the SI). This result suggests that the
peptides were misfolded and that their conformation reached
the equilibrium state in the solvent reasonably quickly. We
confirmed that with the exception of mild line broadening, the
chemical shifts for this sample were unchanged by the removal
of DCM (Figure S4c). We also collected a 1D "*CPMAS
spectrum of the same resin-bound Af peptide sample solvated
with N-methyl-2-pyrrolidone (NMP), which was obtained
without a DCM wash, although the flammable nature of NMP
prevented us from testing a time-consuming 2D experiment.
The 1D spectrum for this sample with NMP was found to be
very similar to that shown in Figure 1la. Thus, the solvent effects
on C shifts are negligible. Notably, the f-strand structures
likely are stable without the solvents.

We next examined the site-specific structure of the N-
terminal residues of A#(1—40) in SPPS. In previous studies of
amyloid fibrils, it was reported that the first 10 residues of
AB(1-40) in the N-terminus are disordered or mobile.'” On
the other hand, we found that it was difficult to couple
efficiently the last 3—4 amino acids of the N-terminus of AB(1—
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Figure 2. (a) Aliphatic region of a 2D BC/BC  chemical-shift
correlation SSNMR spectrum of resin-bound AB(1—40) solvated with
DCM, with color-coded signal assignments (red, Ala-2; green, Phe-4;
blue, Val-12). The peptide was labeled with uniformly °C- and *N-
labeled amino acids at Ala-2, Phe-4, and Val-12. The sample
preparation and SSNMR method are the same as those in Figure 1b
except for the labeled positions. The experiment time was 31 h. (b)
3C secondary chemical shift analysis of Ala-2, Phe-4, and Val-12 for
AB(1-40) bound to Af resin. (c) Aliphatic region of a 2D *C/"*C
correlation SSNMR spectrum for the same resin-bound AS(1—40)
sample after the removal of DCM, with color-coded assignments.
Dashed lines show the new resonances that appeared after removal of
DCM. The experiment time was 31 h. (d) *C secondary chemical
shift analysis of the new resonances of Ala-2, Phe-4, and Val-12 for the
dried resin-bound AB(1—40) sample used in (c).

40) in SPPS without multiple couplings. Therefore, we decided
to examine whether misfolding of Af in SPPS involves three
residues (Ala-2, Phe-4, Val-12) in the N-terminal region using
2D 3C/BC correlation SSNMR for AS(1—40) in which
uniformly "*C- and "*N-labeled amino acids were introduced at
these sites (Figure 2a). Although the normalized signal
intensities were weaker than those observed in Figure 1b,
sharp resonances were observed for the cross-peaks for all of
these residues. Surprisingly, analysis of the secondary chemical
shifts showed that '*C, and *C; exhibited negative and positive
shifts, respectively (Figure 2b), suggesting the formation of a -
strand in the N-terminal region up to Ala-2. Quantitative
analysis using TALOS software also confirmed the f-strand
formation (Table S1). This finding confirms the excessive
misfolding of the N-terminal residues of A(1—40) in SPPS,
which has not been previously observed, even for the AB(1—
40) fibril. This is the first example demonstrating excessive
misfolding of the p-strand in the N-terminal region for a
relatively long peptide in SPPS.

These new data indicate that some dynamics is involved in
the N-terminal region of resin-bound Af. We first noticed that
the signal-to-noise ratio in Figure 2a was less than that in
observed in Figure 1b for the unit sample and unit number of
scans. The integrated signal intensity of the aliphatic region
(10—70 ppm) in the 1D spectrum normalized by sample
amount and the numbers of *C species and scans was less than
what was observed in Figure la (ca. 67%). To examine the
effects of the solvent and dynamics, we obtained a 2D Bc/B3C
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spectrum for AB(1—40) for the same sample after removing the
solvent (Figure 2c). Interestingly, new resonances emerged for
Ala-2, Phe-4, and Val-12 in the spectrum of the sample without
the solvent (dashed lines in Figure 2c). The new resonances for
Phe-4, which did not have very clear separation from the peaks
for Val-12 in Figure 2¢, were confirmed by a dipolar-assisted
rotational resonance (DARR) experiment (see Figure S6).
Remarkably, the secondary chemical shifts for these new
resonances (Figure 2d) indicate a-helical structure for Ala-2,
Phe-4, and Val-12 (Table S1) on the basis of an analysis using
TALOS software.”® The integral intensities of these peaks were
comparable to those for the resonances corresponding to the -
strand structure (ca. 120% for Ala-2 with respect to the
corresponding peak for the f-strand species). The slightly
broader line widths observed in Figure 2c may be attributed to
the fact that the conformational heterogeneity becomes fixed
after solvent removal. The present SSNMR results suggest for
the first time that unlike amyloid fibrils of Af, approximately
half of the population of AS(1—40) exhibits excessive
misfolding into a rigid S-strand within the N-terminal region
during SPPS, while the rest of the population possesses a helical
structure. Because the latter conformer is not visible in the 2D
spectrum with solvent (Figure 2a), it is likely that the highly
dynamic nature of the non-# conformer suppresses the CP in
the presence of solvent (also see Figure S5). Our preliminary
data using '*C—'H rotational-echo double-resonance
(REDOR) experiments for *C, of Ala-2 and Ala-30 for AS
in DCM (see the SI) showed that these residues in the fS-strand
structures have order parameters close to 1 (S = 0.84—0.86;
Table S2), suggesting a lack of motion. These data clearly
demonstrate that the proposed novel SSNMR analysis allows us
to determine the site-specific structural and dynamical
information, including the presence of the two conformations
in the N-terminus of Af during SPPS. It is quite possible that
the excessive misfolding into an extended f-strand structure at
the N-terminus prevents coupling of additional amino acids. In
SPPS, the efficiency of coupling (f) for each amino acid usually
needs to be extremely high (f > 99%), as the yield (&) is
approximately given by & = fN, where N denotes the number of
amino acid residues. Assuming that f is ca. 50% (or 0.5), the
yield is suppressed down to & = 0.8—3% even for a short
sequence having 5—7 residues. The population of the misfolded
species obtained by SSNMR (ca. 50%) implies that a drastic
decline in the synthesis efficiency of SPPS could be explained
by the excessive misfolding across the sequence.

In conclusion, we have presented an approach for obtaining
site-specific analyses of protein structures during SPPS. Despite
the long history of SPPS and its effectiveness in biological
applications, no site-specific structures have been reported for
proteins bound to a solid support in SPPS. We have
demonstrated that our SSNMR approach is highly effective in
elucidating structural and dynamical features of long peptides
or proteins during SPPS using AfS(1—40) as a notable
benchmark system of a long hydrophobic peptide. This is the
first example to report that a site-specific structure can be
defined for aggregated proteins during SPPS. Since a relatively
small quantity of isotope-labeled peptide-bound resin (5—10
mg) is required for multidimensional *C SSNMR analysis, our
approach opens an avenue toward the routine analysis of
protein structures during SPPS. Moreover, our SSNMR data of
Ap(1-40) peptide bound to a heterogeneous resin have
demonstrated that the resin-bound peptide undergoes misfold-
ing into a unique conformation having a highly ordered p-

dx.doi.org/10.1021/ja212190z | J. Am. Chem.Soc. 2012, 134, 28482851



Journal of the American Chemical Society

Communication

strand structure during the course of SPPS. To our surprise, the
f-strand region of Af(1—40) bound to resin spans the entire
sequence, including the N-terminal region, which is unstruc-
tured and dynamic for AB(1—40) even in amyloid fibrils. The
observation of excessive misfolding provides excellent insight
into how the structural evolution of Af can interfere with
efficient coupling in the N-terminus of a peptide during SPPS.
These findings clearly indicate major structural problems in
efficient synthesis of Af and possibly other proteins by SPPS.
Although additional studies are needed to identify whether such
excessive misfolding into highly rigid f-strand structures is
commonly observed during SPPS of other peptides/proteins,
the SSNMR approach presented here is likely applicable to a
broad range of proteins and may provide a critical structural
foundation for designing more efficient SPPS schemes. For
analysis of long peptides with redundant amino acids, the
present method using 2D "C/"C correlation requires a
considerable number of labeled samples to examine the entire
sequence, as commonly observed for SSNMR analysis of
heterogeneous peptides. For such systems, sequential assign-
ments may offer more efficient structural analysis in future
studies.

Materials and Methods. *C- and "*N-labeled AB(1—40) was
synthesized with standard Fmoc-based synthesis as previously
described'* using an ABI 433 peptide synthesizer and the
Fmoc-Val-Wang resin. After synthesis, the Fmoc group was
removed and the resin was washed with DCM. All of the
SSNMR experiments were conducted at a static field of 9.4 T
using a Varian InfinityPlus 400 NMR spectrometer and a
home-built 2.5 mm MAS triple-resonance probe. Other details
are described in the SL
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Detailed experimental procedures for SSNMR and SPPS,
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