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A high propensity to aggregate into intractable deposits is a
common problem limiting the production and use of many pep-
tides and proteins in a wide range of biotechnological and phar-
maceutical applications. Many therapeutic polypeptides are fre-
quently abandoned at an early stage in their development because
of problems with stability and aggregation. It has been shown
recently that parameters describing the physicochemical proper-
ties of polypeptides can be used as predictors of protein aggrega-
tion. Here we demonstrate that these and similar tools can be
applied to the rational redesign of bioactive molecules with a
significantly reduced aggregation propensity without loss of phys-
iological activity. This strategy has been exemplified by designing
variants of the hormone calcitonin that show a significantly re-
duced aggregation propensity, yet maintain, or even increase, their
potency when compared to the current therapeutic forms. The
results suggest that this approach could be used successfully to
enhance the solubility and efficacy of a wide range of other
peptide and protein therapeutics.

protein aggregation � protein design � biopharmaceuticals � amyloid �
misfolding

The number of pharmacologically active peptides and proteins
under development for the prevention and treatment of

human disorders is increasing, and as a result, so is the pressure
to overcome problems associated with aggregation and stability.
Up to 96% of all drug candidates in trials are abandoned during
preclinical or clinical development, often because of low solu-
bility or aggregation problems (1). Many peptide-based drugs
with great therapeutic potential are rendered ineffective simply
because of an intrinsic propensity to aggregate irreversibly (2).
Aggregation is one of the most significant obstacles to the
development of protein-based drugs because it cannot only
compromise their bioavailability and therapeutic activity but it
may also increase the risk of immunogenic reactions (3, 4).

A good example of a bioactive peptide with limited pharma-
ceutical potential due to a high tendency to aggregate is human
calcitonin (hCT), a 32-residue polypeptide hormone synthesized
and secreted by the C cells of the thyroid, and involved in calcium
regulation and bone dynamics. In vivo, calcitonin (CT) causes a
rapid, but short-lived, decline in calcium and phosphate levels in
the blood by promoting the incorporation of these ions into bone
(5). This activity has lead to the use of CT in the treatment of
conditions such as osteoporosis and Paget’s disease, as well as
malignancy-caused hypercalcemia and musculoskeletal pain (5–
7). However, hCT shows an extremely high tendency to self-
associate in the form of amyloid fibrils. As a result hCT amyloid
deposits can occur in vivo in patients with medullar carcinoma of
the thyroid (8, 9) and in vitro in preparations designed for patient
administration (10). Not only does aggregation constitute a
serious problem during the production, storage, and adminis-
tration of hCT, but it can also lead to a significant decrease in
its activity as a drug (11). Moreover, several studies in patients
suggest that aggregation stimulates undesirable immune re-
sponses resulting in resistance or allergic reactions (12–14).

Some cell-based studies indicate that aggregation also increases
drug-induced cytotoxicity in the case of CT as well as other
therapeutics (15, 16).

Despite its low sequence identity with hCT (50%), salmon
calcitonin (sCT) has been the clinically preferred alternative to hCT
for several years because of its substantially lower propensity to
aggregate (5). However, the use of sCT has been shown to cause
side effects, such as anorexia and vomiting (17, 18), as well as to
trigger immune reactions that could severely limit its effectiveness
as a drug (19–23). Interestingly, it has been reported that hCT
shows a much higher potency than the salmon variant under specific
conditions where aggregation is prevented (24). Such specific
conditions are difficult to implement during the production, stor-
age, and distribution of hCT and its administration to patients,
explaining why hCT has never been extensively used as a thera-
peutic. These findings suggest that a human-like CT variant with a
reduced aggregation propensity, but retaining functionality, could
represent a valuable therapeutic alternative to sCT.

One strategy for overcoming these problems involves the devel-
opment and screening of specifically designed analogues that,
incorporating just a small number of amino acid substitutions, show
normal or improved biological activity as well as reduced aggrega-
tion propensity, with respect to their wild-type predecessors. Re-
cently, it has been shown that a combination of simple physico-
chemical parameters can be used to predict, in a quantitative
manner, the effect of single mutations on the aggregation behavior
of a range of polypeptides (25, 26). In the light of the success of this
approach in predicting the effect of single amino acid substitutions
associated with protein deposition diseases (26), we wished to
expand the applications of this method (i) to determine whether a
similar combination of parameters defining the properties of a
polypeptide chain could be used to predict the aggregation behavior
of sequences with multiple amino acid substitutions; and (ii) to
assess whether this approach could be used successfully to design
rationally new polypeptide variants with reduced aggregation pro-
pensities. Here, we demonstrate the success of this approach by
showing that full-length hCT-like variants containing just a small
number of rationally designed amino acid substitutions show greatly
improved solubility yet maintain their physiological activity.

Materials and Methods
Aggregation Studies. CT10–21 peptides (Southampton Polypep-
tides, Southampton, U.K.) and full-length CT (Biopeptide, San
Diego) peptides were synthesized by using standard Fmoc
synthesis. CT10–21 peptides were N-terminally acetylated and
C-terminally amidated and were supplied with a purity �95%.
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Full-length CT peptides were C-terminally amidated (essential
for bioactivity) and supplied as acetate salts with a purity �98%.
Details on sample preparation and kinetic measurements are
included in the supporting information, which is published on the
PNAS web site.

The rate of aggregation in the exponential growth phase was
determined by fitting the data to a single exponential function
plus a term to account for baseline drift (Y � Ae�kx � Bx � C).
Aggregation propensity for all of the sequences analyzed was
estimated by using algorithms described elsewhere (26–28)
(accessible online at www.amyloidfibril.com) as described in the
supporting information.

Thioflavin T binding and negative electron microscopy were
performed at the end of each aggregation experiment to confirm
the presence of amyloid fibrils as reported (29–31) (see sup-
porting information).

Cell Culture and Biological Activity Assays. T47D cells were grown in
Dulbecco’s modified Eagle’s medium containing 4.5 g�liter glucose
and Ham F12 medium (1:1) supplemented with 2 mM L-glutamine,
100 nM dexamethasone, and 10% FCS in 5% CO2, as described
(32). For binding studies and cAMP measurements the cells were
seeded into 24-well plates at a density of 100,000 cells per well and
allowed to reach confluence. Lyophilized peptide aliquots were
dissolved in PBS containing 20 mg�ml D-mannitol to a stock
concentration of 100 �M and used immediately. Fresh stocks were
prepared for each experiment. hCT was iodinated with the use of
a modified chloramine T method and purified by HPLC as de-
scribed (32–34). CT receptor binding, cAMP stimulation, and
hypocalcaemic activity assays were performed as described in the
supporting information.

Results and Discussion
Aggregation Studies on CT10–21 Peptides. To test the ability to
predict the effect of multiple amino acid substitutions on the
aggregation rate of a polypeptide sequence, a series of short
peptides were designed by using amino acids 10–21 of hCT as an
initial template (these peptides are collectively named CT10–21).
Studies on peptide fragments of hCT have suggested that
residues in this region could play an important role in the activity
and aggregation behavior of the full-length peptide (35, 36). It
has been shown in particular that five residues corresponding to
positions 15–19 of hCT (DFNKF) play an active role in oligom-
erisation and fibril formation by hCT in vitro (35), and Lys-18 and
Phe-19 have been identified as key residues in both the bioac-
tivity and self-assembly of hCT (36).

Sequence variability between CT10–21 peptides involve amino
acid substitutions designed to modify a wide range of parameters
including the net charge, intrinsic hydrophobicity, and secondary
structure propensities (see supporting information). The aggre-
gation rate constants for each of the CT10–21 peptides were
calculated from kinetic experiments monitored by changes in
turbidity at 340 nm over time (Fig. 1a). Full details of these
experiments can be found in the supporting information.

Of the 17 CT10–21 peptide variants tested, six did not show any
measurable increase in turbidity in the timeframe of the experiment
(�60 days) in any of the different conditions tested (supporting
information). However, the remaining 11 samples showed increas-
ing turbidity as a function of time, and TEM analysis confirmed the
presence of amyloid fibrils in these preparations. Fig. 1a shows a
plot of the relative aggregation rates for the 11 CT10–21 peptide
variants and includes reference data for single point mutants of
natively unfolded polypeptides associated with amyloid deposi-
tional disorders, including IAPP, the amyloid �-peptide and
�-synuclein (26). The combined plot has a linear correlation
coefficient of r � 0.87 (P � 0.02) and a slope of 1.01. The correlation
between the predicted and experimental values for the CT10–21
variants is highly significant, showing that the empirical algorithm

can be applied successfully to predict the changes in aggregation
rates resulting from multiple as well as just single substitutions. At
the end of the experiment, the amount of peptide remaining in
solution was also measured for all samples. Interestingly, the
amount of peptide recovered shows a significant degree of corre-
lation with the predicted aggregation propensity (supporting infor-
mation). Altogether, the data support the use of this algorithm as
a valid strategy for redesigning hCT, and, ultimately, other polypep-
tides, to increase substantially their stability in solution against
aggregation.

Redesigning Full-Length CT Variants. In the light of these findings,
a series of full-length variant CT sequences was designed on the
basis of the following principles. First, modifications to residues
thought to be important for physiological function were avoided
to minimize the risk of compromising the biological activities of
the variants, and hence their therapeutic potential. The first
seven residues of hCT (CGNLSTC), which are believed to be
important in the activation of the CT receptor (37), were left

Fig. 1. Prediction of the aggregation rates of CT10–21 peptides. (a) Compar-
ison of the experimental relative aggregation rates for hCT10–21 peptides with
predicted values calculated as reported (26). Relative aggregation rates are
plotted as ln(k��k), where k is the rate of the human wild-type sequence and
k� that of the mutant sequence. Filled circles correspond to the values ob-
tained for those CT10–21 peptides that were amenable to measurement in the
time span of the experiment. Empty circles correspond to a data set of mutants
of a range of natively unfolded polypeptides (amylin, A�-peptide, tau,
�-synuclein, prion peptides) as described (26). (b) In silico aggregation pro-
pensity predictions for a collection of CT variants with an increasing number
of modifications with respect to full-length hCT. The predicted value for sCT
(16 modifications) is included for comparison. Details of the sequences are
included in supporting information.
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unchanged in all redesigned variants. Second, modifications that
are predicted to increase �-helical stability were introduced in
the area of the peptide with the highest helical propensity in the
wild type sequence (residues 13–19). This approach was followed
based on evidence obtained in other systems indicating that
stabilization of native-like local helical interactions could have a
beneficial effect in preventing aggregation (30, 38, 39). Third, the
maximum allowed number of changes from the wild-type se-
quence was kept to 20% of the total number of residues, with the
intention of maintaining biological activity and minimizing
potential side effects. Modifications were also made with the
specific aims of reducing the net hydrophobicity of the polypep-
tide chain and disrupting hydrophobic patches present in hCT,
especially those located in highly aggregation-prone regions of
the molecule. We used a modification of the algorithms reported
in refs. 26 and 27 to identify highly aggregation-prone regions

(aggregation hotspots) in the CT molecule (28) (supporting
information).

The aggregation propensities of �600 sequences were analyzed
in silico by using the algorithm tested on the short peptide sequences
(26). Fig. 1b shows the results of this analysis on a subset of those
sequences (see supporting information for details). There is a
general decrease in aggregation propensity as a larger number of
mutations are incorporated into the sequence of hCT, whereas the
spread of values shows the sensitivity of the aggregation rate to the
specific nature of the substitution. Remarkably, four modifications
are predicted to be sufficient to reduce the aggregation propensity
of hCT to that of sCT, the currently favored therapeutic. This result
supports the rationale that a small number of substitutions could be
sufficient to generate a version of hCT able to surpass the stability
of sCT against aggregation.

Aggregation Kinetics of Redesigned Variants. Three full-length CT
variant sequences were selected for testing in experimental assays
(see Fig. 2A). Two of these variants (5P and 6S) were chosen
because of their high scores in the in silico selection procedure
illustrated in Fig. 1b. In both cases, only those residues less
conserved across CT sequences of different species were varied.
When several modifications gave similar scores, selection was
performed by giving priority first to residues present in hCT,
followed by those present in CT sequences found in other species.
Otherwise, the most conservative mutations were chosen (e.g., Lys
to Arg). The third variant (6CHR) was designed with the specific
aim of substantially enhancing the helical propensity of the peptide,
because it has it has been shown that stabilization of local helical
interactions can reduce the aggregation propensity of peptides and
partially unfolded proteins (30, 38, 39). Finally, the maximum
number the mutations included was chosen to be six to keep
sequence identity with the parental hCT to a value �80%.

The time courses of aggregation of the three variants are shown
in Fig. 2b together with those of hCT and sCT (see also Table 1).
A significant reduction in the rate of aggregation can be observed
for all reengineered variants when compared with the human
sequence. This is particularly dramatic for variants 5P and 6S, which
not only show a substantially decreased aggregation propensity
compared to hCT, but also improve that of sCT. The success of the
present design strategy is not only evident in the reduced rates of
aggregation of the engineered variants, as revealed by turbidom-
etry, but also in the amount of material remaining in solution at the
end of the aggregation experiment. Amino acid analysis showed
that �32% and 74% of the starting material for variants 5P and 6S,
respectively, was still present in solution at the end of the incubation

Fig. 2. Aggregation kinetics of different full-length CT variants. (a) Amino
acid sequences of hCT, sCT, and the designed variants 6CHR, 5P, and 6S. Amino
acids that differ from the human sequence are marked in bold. (b) Aggrega-
tion kinetics for all five calcitonin variants in PBS, pH 7.4 at 37°C.

Table 1. Kinetics of aggregation of full-length natural and designed CT variants

Peptide
Helical

content*
Predicted
ln(k��k)†

Observed
ln(k��k)

Predicted
ln(kagg), s�1‡

Observed
ln(kagg), s�1 ln(Tlag), s§ �A340 % recovery¶

hCT 0.17 0 0 �10.2 �7.6 	 0.2 6.9 	 0.2 1.9 	 0.3 0.7 	 0.2
sCT 0.75 �10.5 �0.3 �12.6 �7.9 	 0.3 8.3 	 0.1 0.8 	 0.2 7.0 	 2.0
6CHR 2.19 �5.6 �1.1 �11.3 �8.7 	 0.3 11.6 	 0.7 2.4 	 0.3 0.8 	 0.2
5P 0.63 �11.4 �2.8 �12.8 �10.4 	 1.4 9.9 	 0.7 0.4 	 0.2 32.0 	 6.0
6S 0.69 �14.0 �4.5 �13.5 �12.2 	 0.9 11.3 	 1.2 0.2 	 0.1 74.0 	 5.0

Each measurement presented is the mean of at least four different experiments performed on different days, and each consisting of
five replicates, along with the standard deviation. Aggregation was also monitored by thioflavin-T binding and TEM analysis (supporting
information).
*Intrinsic helical propensity (in %) was calculated with AGADIR (48) using the appropriate experimental conditions.
†Calculated as described (26).
‡Calculated using an extended version of the algorithm described in Chiti et al. (26) as reported elsewhere (27, 28), including sequence
patterns that favour aggregation (49), and predicts absolute aggregation rates for any sequence from a random-coil state (www.
amyloidfibril.com).

§Tlag is a descriptor of the lag phase, and corresponds to the time taken to reach 10% of the final amplitude of each kinetic trace.
¶Recovery was estimated by amino acid analysis of the different samples after sedimentation at 13,000 
 g and filtering through a 0.2-�m
filter.

Fowler et al. PNAS � July 19, 2005 � vol. 102 � no. 29 � 10107

BI
O

CH
EM

IS
TR

Y



period (60 days), compared to 7% for sCT and �1% for hCT (Table
1). This enhanced solubility has important benefits for the long-
term storage and bioavailability of these variants, as well as a
decreased risk of undesired immunogenic responses associated with
aggregation (12–14).

Physiological Activity of hCT Variants. The biological activities of the
redesigned CT variants were tested by monitoring their ability to

recognize and activate specifically the hCT receptor in T47D
(human ductal carcinoma) cells. This cell line primarily expresses
the receptor hCT(a) (formerly known as hCRT2) as well as lesser
amounts of receptor hCT(b) (formerly known as hCRT1), in a
similar expression pattern to that observed in osteoclasts, the
ultimate target for hCT in the treatment of osteoporosis, especially
in postmenopausal women (40, 41). Receptor binding for each of
the full-length hCT variants was monitored by a competition assay
under equilibrium conditions employing [125I]hCT. Total [125I]hCT
binding was 12 	 2% of radioligand added (1,700 Bq), and
nonspecific binding was estimated to be 15–25% of the total
[125I]hCT binding. The binding data show that hCT is the least
effective of all of the peptides tested in displacing [125I]hCT, (Table
2 and Fig. 3a). The measured IC50 for hCT is 3,220 	 240 pM,
whereas the affinity of the remaining variants (sCT, 6CHR, 6S, and
5P) is around an order of magnitude higher (P � 0.01), with the 5P
variant having the highest affinity at 154 	 34 pM. These data also
indicate that the modifications introduced in the designs to prevent
aggregation do not interfere with their binding to the CT receptor.

The stimulation of the CT receptor by the CT variants was
quantified by monitoring the intracellular cAMP levels before and
after incubation of T47D cells with each of the peptides. All of the
peptides studied maximally stimulated cAMP accumulation be-
tween 300- and 360-fold over basal levels (2–6 pmol per 500,000

Table 2. Values of [125I]hCT binding inhibition and
cAMP stimulation

[125I]CT binding inhibition
IC50, pM

cAMP stimulation
EC50, pM

hCT 3220 	 240 231 	 73*
sCT 224 	 25† 131 	 18*‡

6CH-R 416 	 40† 96 	 20*‡

6S 408 	 106† 115 	 27*‡

5P 154 	 34† 48 	 7

Results are means 	 SEM. Binding and cAMP experiments were repeated
three and six times, respectively. *, P � 0.05 versus 5P. †, P � 0.01 versus hCT.
‡, P � 0.05 versus hCT when treated as a group of peptides of equivalent
potency.

Fig. 3. Receptor binding and stimulation activity of CT variants. (a) [125I]hCT binding inhibition measured in T47D cells. Cells were incubated for 5 h at 15°C
with 1,700 Bq [125I]hCT in the absence (control vehicle) or presence of different CT variants. Total binding was 197 	 27 Bq per 500,000 cells and nonspecific
binding was 15–25% of total binding. Results are means 	 SEM (standard error mean) from three independent experiments. (b) Stimulation of intracellular cAMP
levels after incubation in the presence of CT variants or vehicle alone. Cells were incubated for 15 min at 37°C in the presence of 1 mM IBMX. Basal cAMP levels
ranged from 2–6 pmol per 500,000 cells and maximal cAMP levels from 500–3,000 pmol per 500,000 cells. The results shown represent the means 	 SEM
corresponding to six independent experiments. (c) Persistent stimulation of T47D cells. Cells were pretreated with a saturating concentration of unlabelled
peptides (100 nM) under similar conditions to those used for the measurement of cAMP stimulation, except that IBMX was omitted during all this initial period.
Cells were then washed extensively for a total period of 6 h, and cAMP levels were then measured in the presence of IBMX after stimulation with 100 nM of each
of the various peptides in T47D cells previously subjected to a pretreatment with the different peptides (re-stimulated), as well as in cells that had not been
exposed to such pretreatment. An additional group of samples corresponded to pretreated T47D cells that had not been subjected to a second incubation with
the different CT variants (recovered). Results are means 	 SEM of four independent experiments. The observation of similar cAMP levels in acutely stimulated
cells and restimulated cells with all of the peptide variants indicates that in all cases no significant receptor down-regulation has occurred during the chase period.
In all cases, the control corresponds to cells incubated in the presence of vehicle only. (d) Hypocalcaemic activity of CT variants on rats. Values correspond to the
variation in calcium levels in blood (means 	 SEM) 20 min after the administration of each of the CT variants at 0.3 �g�kg and the vehicle alone.

10108 � www.pnas.org�cgi�doi�10.1073�pnas.0501215102 Fowler et al.



cells). This assay also showed hCT to have the lowest potency of all
of the CT variants, stimulating cAMP production with an EC50 of
231 	 73 pM (Fig. 3b and Table 2). sCT, 6CH-R, and 6S were
approximately equally potent, being on average twice as effective as
hCT in this assay; whereas 5P was 2-fold more potent than sCT,
6CH-R, and 6S, and 5-fold more potent than hCT (P � 0.05). The
increase in efficacy observed for the engineered variants is likely
to arise as a direct consequence of their reduced propensity to
aggregate and increased availability, as previous studies seem to
suggest (24). This possibility was further investigated by measuring
the persistence of cAMP stimulation in T47D in the presence of the
different peptides. All of the engineered CT variants seem to persist
in stimulating the accumulation of cAMP more effectively than
hCT, once the peptides are withdrawn from the media (Fig. 3c).
This finding can be related to longer-term receptor activation, as it
is the case for sCT, perhaps associated with an increased facility of
the CT variants to interact with membrane lipids (42, 43). Such an
observation could have important repercussions in the use of these
reengineered variants as therapeutics. Improved pharmacokinetics
should enable the use of lower CT doses (reducing the risk of
undesired side effects) or to decrease dosing frequency.

The activity of the different CT variants was further analyzed
by monitoring their hypocalcaemic effect in a rat model (Fig. 3d).
Despite the limitations presented by this model [existence of
renal effects that stimulate calcium secretion in urine, rather
than inhibition of bone resorption, and differences in binding to
rat CT receptors compared to the specific hCT(a) receptor], we
observed that two of the redesigned CT variants (6S and 5P) have
a stronger hypocalcaemic effect than hCT 20 min after their
administration to rats. Moreover, 5P and sCT are shown to have
comparable hypocalcaemic effects (within the large standard
errors observed), in these tests.

Further characterization of the efficacy of these variants
would require testing their biological activity in relevant animal
models [e.g., transgenic animals expressing hCT(a) receptors],
bioavailability through different routes of administration (injec-
tion vs. nasal or even oral), pharmacokinetics, and immunoge-
nicity (e.g., cross-reactivity of antibodies found in patients
subjected to long term sCT therapy, or human T cell stimulation
by the different peptides). All of these are beyond the scope of
the present study, which is to prove that rational modification of
polypeptides can be successfully used to create active variants
that exhibit a substantially reduced aggregation propensity.

It is also very important to note that the present approach can be
used to address protein aggregation, regardless of the type of
assembly formed. Indeed, these algorithms have been tested in
proteins under conditions in which amyloid fibrils were not formed
(cases of oligomerization, protofibril formation, or early stages of
amyloid formation in which amorphous aggregates are formed)
(26), as well as with nonamyloidogenic proteins that only seem to
produce amorphous assemblies (27) (A. Pawar, J.Z., F.C., S.B.F.,
S.P., C. Wright, and M. Vendruscolo, unpublished observations).
Therefore, the aggregation propensity of polypeptides that self-
associate but do not necessarily form amyloid fibrils can be pre-
dicted with equal efficacy using similar approaches. This finding
shows the general applicability of this approach, as suggested by
studies on several other polypeptides (31, 44), including those with
therapeutic biological relevance (S.P., S.B.F., and J.Z., unpublished
results). Further implementation and improvement of the algo-
rithms used here, as well as those developed by other groups, will

be valuable for successful protein redesign aimed to prevent ag-
gregation (26–28, 39, 45, 46).

Conclusions
We have successfully designed three hCT-like variants with in-
creased stability in solution using a semiempirical approach based
on previous studies on model amyloid proteins (30, 31, 39, 47), and
a more quantitative approach involving an in silico selection pro-
cedure that makes use of a combination of physicochemical pa-
rameters to describe the aggregation propensities of polypeptide
chains (26–28, 39). The second methodology increased dramati-
cally the throughput of the screening process, enabling the selection
of candidates from a large number of sequences involving the
simultaneous mutation of multiple residues. The aggregation pro-
pensity of the engineered variants was found to be substantially
decreased when compared to the human sequence, especially in
those variants designed using the predictive algorithm (5P and 6S).
These variants also clearly outperform sCT in the aggregation
assays. Most importantly, all redesigned variants show increased
physiological activity when compared to hCT, both in terms of
receptor binding and cAMP stimulation. Although two (6CHR and
6S) show comparable activity to sCT, one of the variants (5P) shows
2- to 3-fold higher potency than the salmon variant, the currently
favored therapeutic form of CT. Indeed two of the reengineered CT
variants (5P and 6S) show an enhanced hypocalcaemic activity in
vivo when compared with that of hCT, further validating our design
approach.

The substantially reduced number of sequence differences from
hCT in these reengineered variants compared to sCT, together with
their lower-aggregation propensities, also should minimize the risk
of undesired immunogenic responses (19–23) or gastric dysfunc-
tions, such as anorexia, nausea, and vomiting (17), that have been
reported to occur in patients under treatment with sCT. It has been
suggested that the first nine residues at the N terminus of sCT could
be particularly important in promoting anorexia (18). Because all
of the redesigned hCT variants described in this study have com-
plete sequence identity with the first 11 residues of the hCT
sequence, they could well have an improved gastric tolerance on the
basis of these previous studies (18).

The success of the present study on CT, together with previous
evidence showing the general applicability of these algorithm to
predict the aggregation behavior of a large collection of polypep-
tides (26, 27), suggests that the approach described here could
facilitate the general redesign of polypeptide therapeutics to pro-
duce a much higher resistance to aggregation, and therefore a
higher bioavailability, than natural sequences. Therefore, it could
also be extremely useful in the development of more user-friendly
formulations for many drugs that currently require parental ad-
ministration. We believe, on the basis of the evidence from this
study, that the present methodology could have a significant impact
as a general strategy for designing new forms of polypeptide-based
biopharmaceuticals. The major aims of such an approach would be
to optimize production, formulation, posology, and shelf-life for
these polypeptide drugs, and perhaps even to eliminate the need of
cold-delivery chains. All these could indeed have important reper-
cussions in both the therapeutic efficacy of such molecules and the
overall economics of drug discovery.
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