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ABSTRACT: Short peptides are potential drug
candidates for pharmaceutical and biotech
industries. Short peptides are natural ligands for
numerous G-protein coupled receptors (GPCR) and
hence constitute a large number of drug candidates.
Synthetic short peptides are also extensively
developed as agonistic or antagonistic ligands that
function in a similar manner to antibodies, soluble
receptors and protein ligands. Characterization
of the peptides in solution is often performed
in the presence of organic solvents, which can
presumably generate the structure bound to the
target surface and also enhance the solubility of
the peptides. Analytical ultracentrifugation (AUC)
technique should provide information on the state
of self-association of the peptide in solution. Its
application for short peptides has been far less than
the applications for proteins. We believe that AUC
should be used to show the associated state of the
peptides, as reviewed in this paper.
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1. Introduction

Requirement of high quality analysis of protein
solution has lead to extensive applications of analytical
ultracentrifuge (AUC) for pharmaceutical proteins (1-5).
This technology measures the homogeneity of proteins
in solution, in particular the amount of aggregated
proteins and their sizes (1-5). It appears that the same
scrutiny has not been extended to the low molecular
weight peptides, with a few exceptions (6-9), while
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peptides constitute a major part of drug developments
(e.g., peptide mimetics developed by Affymax Inc.,
USA). Many G-protein coupled receptors (GPCR) use
short peptides as a natural ligand (10-12). Synthetic
short peptides are developed as an agonistic or
antagonistic ligand that targets various cell surface
receptors, protein ligands and cell surface markers in
a similar manner that antibodies are used (14,15). At
first glance, AUC may not be a versatile technology
for short peptides, as they would not sediment due to
their small mass as in proteins (16). We show here that
AUC is informative for the analysis of short peptides in
solution using a neuroprotective peptide, Humanin and
ADNF9, as a model.

Humanin and ADNF9 are 24 and 9 amino acid
peptides and protect neurons from various cell toxic
stresses (17-19). The mechanism of their protective
effects is not clear, in part due to lack of information on
the conformational state in solution. We have used AUC
to characterize the self-association of these peptides
in different aqueous solutions and shown that their
biological activities must be evaluated in the context
of the solution structure (8,9,20-22). Here we review
such data to demonstrate the value of AUC for peptide
research and development.

2. Principle of AUC

Numerous publications are available for the operative
principle of AUC (1-3,23). It uses centrifugal force to
sediment (or float) the solutes whose density differs
from the medium. Proteins and peptides generally
have a higher density than aqueous medium and hence
sediment toward the bottom of the cell (Figure 1).
The sedimentation of the solutes (here peptides) is
monitored by absorbance (or refractive index), while
sedimenting, as a function of cell position and time (see
middle row of Figure 1). The rate of the sedimentation
of the solute is a function of the mass and shape.
A typical sedimentation profile of Humanin (HN)
peptide is shown in Figures 2A and B. Each curve
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Figure 1. Schematic illustration of sedimentation profile. First row shows the distribution of monomeric and aggregated HN in the centrifuge
cell as a function of sedimentation time. Second row shows the absorbance profile of the cell at different sedimentation time. Third row shows the

results of dilution of HN dissolved in water into buffers.

corresponds to UV absorbance at different positions in
the centrifuge cell. As the peptide sediments, the curve
moves toward the bottom of the cell (from left to right),
reflecting sedimentation of the peptide. The shape of
the curve indicates the homogeneity (or heterogeneity)
of the sample. If it contains one species (for example,
all in monomer), then it should show an inflection
point, as depicted in Figure 1 (see middle row). If the
sample contains many different forms (e.g., monomer,
dimer, etc.), then the curve shows a broad boundary or
multiple inflection points. Analysis of the curve gives
the information about the distribution of various self-
associated species of the peptide samples in solution.

3. Sedimentation analysis of example peptides

Preparation of peptide samples appears to contribute to
the outcome of the self-association of HN peptides and
possibly other peptides. As far as Humanin peptides are
concerned, the standard procedure for their biological
analysis has been to dissolve them first in water and
then dilute into the assay media (17). In fact, wild
type HN peptide is insoluble when directly dissolved
in phosphate-buffered saline (PBS) (20). HN and HN
derivatives are fully soluble, upon visual inspection, in

water. Although it would be interesting to know the self-
association of the HN peptides in water, hydrodynamic
technologies, including AUC, cannot be applied to
such system due to unscreened charges on the peptides:
the addition of electrolytes screens the charges and
makes the peptides behave normally in hydrodynamic
measurements. While insoluble upon direct dissolution
of the HN in PBS, the samples once dissolved in water
lead to an apparently transparent solution when diluted
into PBS or other aqueous buffers. It should be noted
that apparent transparency does not mean that they are
in functional structure or state in buffer solution. This
appears to be the case for HN.

The functional structure of HN has been proposed
to be a dimer, based on co-precipitation of two different
forms of the peptide (24,25). As schematically shown in
Figure 3, first, a HN peptide was conjugated to beads.
When this bead was mixed with a presumably dimeric
Humanin fused with immunological detection tag (HN-
tag), the HN-tag was detected in the bead fraction,
indicating that HN-tag was trapped by the bead through
its binding to HN attached on the bead (Figure 3, line
1). When the above bead fraction containing both HN
and HN-tag was incubated with excess HN, no HN-tag
was observed in the bead fraction by immunostaining

www.ddtjournal.com



210 Drug Discov Ther. 2009; 3(5):208-214.

HN in 20 mM phosphate

s .

. ot st
s e v
e .

L. '..51{:.':.'-,‘.,:.‘—.,“ o . - _‘._?"1-
SRR T it W;_t‘}

W e, £

o
-
T P gt ALY
et

e
P
.

_“,“Ff'
. gt ' ‘_“‘.-‘
LY.
o T
40 min

B | HNin 5 mM phosphate

First scan after reaching 60000 rpm

-~
o

AQSO 054 awdiirmsbers st il T u-‘-'q.'.."-n-,vh‘ P O T L T 0 e e A AL e T g e -’“""‘:hﬁ‘\"‘f“"\; e

7 _*In;-"'
e “'?‘ml‘;T
- T
. __*___.‘w_.ﬁ___‘__“,,.,m»'m'ﬁt_f‘"""‘“’fﬁ"hm 400 min after reaching 60,000 rpm
e— . ner :
6.5 r{cm) 7.0

Figure 2. Sedimentation profile of HN in 20 (A) and 5 (B) mM phosphate, pH 6.0. Reformatted from ref. 22.

(line 2). These observations were used to hypothesize
that HN functions as a dimer. However, the same data
can equally be explained from aggregated HN. HN
extensively aggregates in PBS (20). Figure 3 (line
3) assumes that HN-tag also aggregates. Aggregated
HN-tag may further self-associate with the HN on the
bead, resulting in both HN and HN-tag aggregated on
the bead. When this bead was mixed with excess HN
aggregates (line 4), HN-tag aggregates are displaced
with the HN aggregates, releasing HN-tag into solution.
Based on this analysis, it appears that dimerization does
not appear to be the only explanation for the observed
co-precipitation of HN with HN-tag. If dimerization is
not the mechanism of the HN function, then what is the
structure of HN that exhibits neuroprotective activity.
Let us go back to sedimentation profile of HN in 20
mM phosphate, pH 6.0 (Figure 2A). The HN peptide
sediments as large aggregates, as can be seen by a
movement of sedimentation boundary in 5 min span (an
indication of fast sedimentation). Careful examination
of sedimentation pattern showed a fraction of the
peptide remaining in the cell after 40 min spin at 60,000
rpm. Sedimentation profile at 40 min has a shallow
slope ascending from the top to the bottom of the cell.
This can be explained from the distribution of HN into
aggregates and monomers (see Figure 1, bottom row).

Here we assumed that the structure of HN in water
(though unknown for self-association) converts to
aggregates (shown a large black square) and monomers
(small square) upon dilution into PBS or phosphate
buffer, pH 6.0. Att = 0 (i.e., before centrifugation), both
monomers and aggregates are distributing in the cell as
a homogeneous solution (see top row of Figure 1) and
hence has a flat absorbance from the top to the bottom
of the cell (middle row). After ~20 min centrifugation (t
= 20) at 60,000 rpm, the aggregates sediment half-way
to the bottom leaving the monomer-only phase behind.
Boundary between the monomer-only phase and
sedimenting aggregates is broader than depicted due
to diffusion of aggregates (though slow). Monomer-
only phase also should have a concentration gradient of
monomers that also sediment, but at a much slow rate
than aggregates (see bottom row, small arrow). At t =
40, all aggregates sediment to the bottom, leaving only
the monomers in the cell. Slow sedimentation and fast
diffusion of the monomer, as depicted in the bottom
row (Figure 1), cause a shallow concentration gradient.
Namely, the observed shallow slope at t = 40 in Figure
2A means that there is a fraction of HN that does not
sediment fast enough to form a boundary. This was
not observed in PBS: namely, no absorbance gradient,
such as shown in Figure 1 (middle row, far right)
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Figure 3. Schematic illustration of co-precipitation experiments. First line shows binding of dimeric HN-tag with HN on the bead. Second line
shows dissociation of HN-tag in the presence of excess HN dimers. Third and fourth lines show the above binding and dissociation experiments

with the aggregated HN-tag or HN.

or Figure 2A, was observed in PBS. This indicates
that while a majority of the HN peptide aggregated
in PBS, a fraction of HN had a smaller mass species
in 20 mM phosphate, pH 6.0. Although farther away
from physiological pH, the phosphate concentration
was reduced to 5 mM, which increased the amount of
the protein remaining in the cell after spin. Figure 2B
shows the concentration gradient after 400 min spin
at 60,000 rpm. Comparison with Figure 2A shows
a steeper concentration gradient after 400 min spin,
indicating that 5 mM phosphate clearly increased the
amount of low mass species. The molecular weight
of that fraction can be more clearly determined by
sedimentation equilibrium.

Sedimentation equilibrium experiment is done
at lower centrifugal speed and smaller cells. After
reaching sedimentation equilibrium (i.e., complete
balance between centrifugal force and diffusion),
the concentration gradient formed, such as shown in
Figure 4A for HN, is used to determine the molecular
weight. The observed concentration gradient in
Figure 4 represents the peptide species after spinning
down the aggregated species and that remain in the
centrifuge cell. The molecular mass thus determined

showed that the peptide in that remaining fraction is a
monomer. Namely, the HN peptide either extensively
aggregates or is monomeric in phosphate buffer at pH
6.0. Assuming that the aggregated species is not the
functional form, the observed results suggest that the
active structure is monomer.

4. HN analogs

It appears likely that the monomeric form of HN
observed in 5 and 20 mM phosphate, pH 6.0, is the
functional state or at least the precursor of the HN
activity. We further addressed this possibility from the
analysis of various HN analogs. Structure-function
mutational analysis resulted in several analogs that are
more active than the wild type HN. One of the analog
that has a mutation of Ser14Gly had a 1,000-fold higher
activity that the parent HN (22). One possibility may be
that this analog is more soluble in PBS. Sedimentation
analysis showed otherwise, as this analog also did
aggregate extensively. More informative is another
analog with multiple mutations that also had a similarly
enhanced activity (20). The most significant observation
for this analog is its molecular weight. Sedimentation
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equilibrium analysis clearly demonstrated that this
analog is a monomer in PBS and contains little
aggregates. Thus, it is more likely that the monomeric
state in PBS is at least the molecular species in PBS
that leads to the biological function of HN, although a
transition to other structures cannot be excluded under
physiological conditions.

Structure-function analysis also created another
analog with a single mutation of Ser7Ala, which is
devoid of activity (22). This analog behaves similarly
to HN in sedimentation analysis: i.e., extensive
aggregation in 20 mM phosphate, pH 6.0 and a large
fraction remaining in the cell after 400 min spin
at 60,000 rpm. What is remaining in the cell was
determined to be a monomer similarly to HN and S14G
analog: the sedimentation equilibrium data plotted in
Figure 4B fit a single monomeric species. Thus, the lack
of activity for this analog is not due to its aggregation
state and must be due to the sequence difference.

5. Cicular dichroism
Circular dichroism (CD) is a commonly used

spectroscopy for peptide samples. CD analysis showed
that HN and HN analogs (both active S14G and

inactive S7A analogs) are all disordered at low peptide
concentrations. As shown in Figure 5, the CD spectra of
the HN peptides below 0.05 mg/mL show no indication
of a-helical or B-sheet structures and correspond to more
or less disordered secondary structures. However, at
higher peptide concentration (0.1 mg/mL), there appears
to be a transition into a f-sheet structure. Such structure
transition is enhanced at higher peptide concentration
and must be due to extensively aggregation. Namely, it
appears that the monomeric structure of HN is disordered
and the aggregated structure is $-sheet.

6. Perspective

Sedimentation analysis is a standard technology for
aggregation analysis of therapeutic proteins. Such
aggregation analysis is essential for pharmaceutical
proteins, as aggregated proteins may cause immuno-
genicity. A small amount of protein aggregates, €.9.,
1-5%, can generate antibodies against therapeutic
proteins: numerous examples exist for such immuno-
genicity problems: e.g., bone morphgenic proteins
(26), monoclonal antibody (27), tumor necrosis
factor antagonist (28) and growth hormone (29).
Sedimentation analysis is used to quantitatively show
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Figure 4. Sedimentation equilibrium of HN (A) and Ser7Ala analog (B)

the cell after centrifugation. Reformatted from ref. 22.
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Figure 5. Circular dichroism spectra of HN, Ser14Gly analog and Ser7Ala analog in 5 mM phosphate, pH 6.0. Reformatted from ref. 22.
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the amount of aggregated species in the pharmaceutical
proteins. Size exclusion chromatography is also used
for this purpose with a caveat that SEC columns often
non-specifically bind proteins, leading to incorrect
estimate of aggregate content. AUC has no such
problems. It does not appear, however, that AUC is also
commonly used for therapeutic peptides. Due to small
mass, it would be difficult to determine the aggregation
if the peptides distribute into the monomers and small
oligomers. However, certain less soluble peptides, such
as HN, may be subjected to AUC analysis for structure-
function analysis. In the case of HN, it was made clear
that the original dimer hypothesis was unlikely and
such interpretation occurred due to the tendency for HN
to heavily self-associate in buffer solutions.

We have applied AUC for other short peptides,
ADNF9 (8) and NAP (9). These are also 9 and 8 amino
acid neuroprotective peptides. It was apparent that
these are more soluble judged from the dissolution
kinetics in PBS. AUC analysis demonstrated that these
peptides are monomeric. CD analysis showed that
their structures are disordered as in HN. They showed
no indication of B-sheet structure at higher peptide
concentration, consistent with no apparent aggregation
even at increased concentration. Value of AUC for
structure-function analysis was also demonstrated for
the neuropeptide head activator containing 11 amino
acids (30) and the neuropeptide Y containing 13 amino
acids (31). Although earlier studies suggested a dimer
for both the full length head activator peptide and
the shorter fragment as a functional structure, AUC
analysis revealed otherwise: while the full length was
a monomer, the fragment extensively aggregated (30).
The monomeric neuropeptide Y self-associated into
oligomers in 40% trifluoroethanol, a helcal inducing
organic solvent (31). In conclusion, AUC can be used
for characterization of short peptides that should help
understand the mechanism of their biological functions
and avoid confusion about the solution structure
responsible for the activities. With further clinical
developments of peptides, AUC may also find greater
applications for quality control of the therapeutic
peptides.
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