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ABSTRACT: The introduction into peptide chains ofR-aminoisobutyric acid (Aib) has proven to stabilize
the helical structure in short peptides by restricting the available range of polypeptide backbone
conformations. In order to evaluate the potential stabilizing effect of Aib at the protein level, we have
studied the conformational and stability properties of Aib-containing analogs of the carboxy-terminal
subdomain 255-316 of thermolysin. Previous NMR studies have shown that this disulfide-free 62-
residue fragment forms a dimer in solution and that the global 3D structure of each monomer (3R-helices
encompassing residues 260-274, 281-295, and 301-311) is largely coincident with that of the
corresponding region in the X-ray structure of intact thermolysin. The Aib analogs of fragment 255-
316 were prepared by a semisynthetic approach in which the natural fragment 255-316 was coupled to
synthetic analogs of peptide 303-316 using V8-protease in 50% (v/v) aqueous glycerol [De Filippis, V.,
and Fontana, A. (1990)Int. J. Pept. Protein Res. 35, 219-227]. The Ala residue in position 304, 309,
or 312 of fragment 255-316 was replaced by Aib, leading to the singly substituted fragments Ala304Aib,
Ala309Aib, and Ala312Aib. Moreover, fragment Ala304Aib/Ala309Aib with a double Alaf Aib
exchange in positions 304 and 309 was produced. Far- and near-UV circular dichroism measurements
demonstrated that both secondary and tertiary structures of the natural fragment 255-316 are fully retained
upon Alaf Aib substitution(s). Thermal unfolding measurements, carried out by recording the ellipticity
at 222 nm upon heating, showed that the melting temperatures (Tm) of analogs Ala304Aib and Ala309Aib
were 2.2 and 5.4°C higher than that of the Ala-containing natural species (Tm ) 63.5°C), respectively,
whereas theTm of the Ala312Aib analog was lowered by-0.6°C. The enhanced stability of the Ala304Aib
analog can be quantitatively explained on the basis of a reduced backbone entropy of unfolding due to
the restriction of the conformational space allowed to Aib in respect to Ala, while the larger stabilization
observed for the Ala309Aib analog can be accounted for by both entropic and hydrophobic effects. In
fact, whereas Ala304 is a surface residue, Ala309 is shielded from the solvent, and thus the enhanced
stability of fragment Ala309Aib is also due to the burial of an additional -CH3 group with respect to the
natural fragment. The slightly destabilizing effect of the Alaf Aib exchange in position 312 appears to
derive from unfavorable strain energy effects, sinceφ andψ values for Ala312 are out of the allowed
angles for Aib. Of interest, the simultaneous incorporation of Aib at positions 304 and 309 leads to a
significant and additive increase of+8 °C in Tm. The results of this study indicate that the rational
incorporation of Aib into a polypeptide chain can be a general procedure to significantly stabilize proteins.

Site-directed mutagenesis is an extremely valuable tech-
nique to replace amino acid residues at any desired position
along the protein chains and thus to produce protein mutants
for probing the effects of amino acid structure on protein
function, folding, and stability (1, 2). However, the method
is restricted to the 20 genetically coded amino acids, whereas
it is anticipated that the incorporation of noncoded amino
acids with tailored side chains or even novel backbones into
proteins would much expand the scopes of protein engineer-
ing, allowing more detailed and quantitative analysis of the
effects of a given mutation on a specific protein property
(3-6). Several approaches and techniques have been

investigated in recent years for producing proteins containing
unusual amino acids. A biosynthetic procedure using
auxotrophic bacterial strains has been successfully employed
to produce protein mutants containing phenylalanine analogs,
m-fluorotyrosine, selenomethionine, or 7-azatryptophan (7,
8). Schultz and co-workers (9-14) developed a method to
produce proteins with unusual amino acids by using modified
tRNA that is acylated with the noncoded amino acid and
has a recognition site complementary to a stop codon.
However, this procedure suffers yet from several limitations,
including elaborate protection and deprotection strategies,
very small quantities of mutated protein that can be obtained,
unpredictable yields of amino acid incorporation, and the
impossibility of introducing multiple substitutions in the same
protein (4, 15, 16). Another option to introduce a large
variety of noncoded amino acids or even nonpeptidic
moieties into a polypeptide chain, the total chemical synthesis
of proteins, is largely restricted to relatively short peptides,
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since it is difficult to isolate in pure form the products of
peptide synthesis when the desired polypeptide is longer than
∼50 amino acids (17). To overcome these limitations, an
approach which would allow both the preparation of
relatively large proteins and the exploitation of the versatility
of chemical synthesis is protein semisynthesis, defined as
the covalent restitching of two polypeptide fragments, one
of which is prepared by chemical methods (18-20). The
more general procedure utilized so far in protein semisyn-
thesis is the protease-catalyzed synthesis of the two fragments
(natural and synthetic) in aqueous organic solvent, which
favors synthesis over hydrolysis of peptide bonds by the
protease (21).

R-Aminoisobutyric acid (Aib, orR-methylalanine)1 is a
natural, non-protein amino acid which has been found in
membrane-channel-forming peptides of microbial origin (22).
A variety of experimental studies conducted on short peptides
have shown that Aib exclusively forms and stabilizes helical
backbone structures (23, 24). In particular, Aib favors the
formation of 310-helices in homooligomers of Aib (25, 26),
while it stabilizes theR-helical structure when a single Aib
residue is incorporated into a synthetic peptide (27). More-
over, Aib has been reported to possess a slightly higher
intrinsic helical propensity than Ala, which is the most helix-
favoring among the 20 protein amino acids (28, 29). In this
respect, theoretical studies have indicated that the helix-
stabilizing effect of Aib is caused by the geminal methyl
groups which severely reduce the allowed conformational
space and restrict the peptide backbone torsion angles (φ,
ψ) to those characteristic of the helical configuration (27,
29-32). Therefore, the incorporation of Aib into a polypep-
tide chain is expected to indirectly stabilize the folded
structure by decreasing the chain entropy of the unfolded
state. This principle has been previously proposed and
experimentally verified by exchanging Gly with Ala in
proteins (33-35). In fact, both Glyf Ala and Alaf Aib
replacements introduce at the CR atom an extra methyl group
that greatly reduces the possible conformations of the peptide
chain in the unfolded state, thus shifting the equilibrium to
the folded state (33). In this respect, it is of interest to
observe that the hydrogen-bonding pattern characteristic of
the helical structure in some Aib-rich short peptides does
not appear to be fully disrupted up to 150°C, reflecting the
absence of any true unfolded conformation of the peptide
chain even at extreme temperatures (36).
The aim of the present work is to investigate the effects

of Aib on the structure and stability of a globular protein.
As a model system, we choose the C-terminal fragment 255-

316 of thermolysin, a heat-stable metalloprotease of known
3D structure (37) that has for many years been utilized in
our laboratory as a model protein for studying various aspects
of protein structure, folding, and stability properties. We
have demonstrated previously that the proteolytic fragment
255-316 of thermolysin possesses domain-like character-
istics, since it is able to fold into a stable, native-like structure
(38). Two-dimensional NMRmeasurements showed that the
solution structure of fragment 255-316 consists of a
symmetric dimer formed by two subunits each containing
three helical segments spanning residues 260-274, 281-
295, and 301-311 (39) (see Figure 1A,B) and that the global
fold of each monomer is largely coincident with that of the
corresponding region in the X-ray structure of thermolysin
(37). Of interest, the interface between the two subunits of
the fragment dimer is of marked hydrophobic character and
coincides topologically with that between fragment 255-
316 and the rest of the protein in the intact protein.
Differential scanning calorimetry (DSC) measurements in-
dicated that fragment 255-316 behaves as a highly stable
dimer, undergoing a reversible two-state thermal unfolding
process characterized by thermodynamic parameters similar
to those normally observed for small globular proteins (40).
The incorporation of Aib into the thermolysin subdomain

255-316 was achieved by enzymatic coupling of fragment
255-302 to Aib-containing synthetic analogs of peptide
303-316 using V8-protease in 50% (v/v) aqueous glycerol
(41). Depending upon the location of the Aib exchange
along the polypeptide chain of fragment 255-316, the Aib
residue was found to stabilize the folded conformation of
the fragment to a different extent. The physicochemical
determinants of protein stabilization and the possible mo-
lecular mechanisms responsible for the context-dependent
effects of the Alaf Aib substitutions are discussed.

MATERIALS AND METHODS

Materials. Thermolysin (EC 3.4.24.27) fromBacillus
thermoproteolyticusand subtilisin Carlsberg (EC 3.4.21.14)
fromBacillus subtiliswere purchased from Sigma (St. Louis,
MO), while V8-protease fromStaphylococcus aureus(EC
3.4.21.19) was from Boehringer (Mannheim, Germany).
Protected amino acids, solvents, and reagents for peptide
synthesis, as well as those for peptide/protein sequence
analysis, were purchased from Applied Biosystems (Foster
City, CA). Trifluoroacetic acid (TFA) and phenyl isothio-
cyanate (PITC) were obtained from Pierce (Rockford, IL),
while ethanedithiol (EDT), glycerol, and ethylenediamine-
tetraacetic acid sodium salt (EDTA) were from Fluka (Basel,
Switzerland). All other reagents and organic solvents were
of analytical grade and obtained from Fluka or Merck
(Darmstadt, Germany).
Preparation of Fragments 255-316 and 255-302. The

semisynthetic approach for preparing Aib-containing analogs
of the thermolysin C-terminal fragment 255-316 involves
the enzymatic coupling of fragment 255-302 to synthetic
Aib analogs of peptide 303-316. Fragment 255-302 was
prepared from the full-length thermolysin chain by a series
of proteolytic reactions leading to truncation of the 316-
residue chain of thermolysin as follows: 1-316f 205-
316f 255-316f 255-302. The thermolysin fragment
255-316 was prepared by subjecting the larger fragment

1 Abbreviations: standard three-letter abbreviations are used for all
natural amino acids; Aib,R-aminoisobutyric acid; ASA, accessible
surface area; Boc,tert-butyloxycarbonyl; CD, circular dichroism; CZE,
capillary zone electrophoresis; DSC, differential scanning calorimetry;
EDT, ethanedithiol; EDTA, ethylenediaminetetraacetic acid; Fmoc,
9-fluorenylmethyloxycarbonyl; Gdn‚HCl, guanidine hydrochloride;
HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate; HOBt, 1-hydroxybenzotriazole; HPLC, high-pressure
liquid chromatography; NMP,N-methylpyrrolidone; PTC, phenyl-
thiocarbamoyl; PTH, phenylthiohydantoin; RP, reverse-phase; SDS,
sodium dodecyl sulfate; TFA, trifluoroacetic acid;Tm, melting tem-
perature; UV, ultraviolet; v/v, volume to volume; w/w, weight to weight;
Ala304Aib, Ala309Aib, and Ala312Aib refer to thermolysin fragment
255-316 with a single Ala residue replaced by Aib at the specified
position; Ala304Aib/Ala309Aib refers to fragment 255-316 in which
Ala304 and Ala309 have both been replaced by Aib.
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205-316, obtained by autolysis of thermolysin in the
presence of EDTA (42), to limited proteolysis with subtilisin
following essentially the procedure previously reported for
the BrCN fragment 206-316 (38). Fragment 205-316 (2
mg/mL) was digested with subtilisin at room temperature
(22-24 °C) for 3.5 h in 20 mM Tris‚HCl-0.1 M NaCl, pH
9.0, using a protease to substrate ratio of 1:200 (w/w).
Proteolysis was stopped by adding formic acid up to 10%
(v/v), and then the 62-residue fragment 255-316 was
purified on a Sephadex G-50 gel filtration column eluted
with 5% (v/v) formic acid. The peptide material of the major
chromatographic peak was collected, lyophilized, and further
purified by preparative RP-HPLC.
Thermolysin fragment 255-302 was prepared by pro-

teolytic cleavage of fragment 255-316 at the level of the
single Glu302 of the polypeptide chain using the Glu-specific
V8-protease fromStaphylococcus aureus(43). The reaction
was carried out at room temperature for 24 h in 0.1 M
ammonium bicarbonate buffer (10 mL), containing 1 mM
EDTA and 0.2% SDS, at a peptide concentration of 2 mg/
mL and using a protease:peptide ratio of 1:20 (w/w). After
the proteolytic reaction was complete, SDS was precipitated
by adding 500µL of a 7 M Gdn‚HCl solution to the reaction
mixture. This procedure was found to effectively remove
SDS from the solution (see41, for more details). After
centrifugation, fragment 255-302 was purified to homoge-
neity by preparative RP-HPLC. The fragment thus obtained
was tested for purity and identity and subsequently employed
in the enzyme-catalyzed semisynthetic procedure.
Peptide Synthesis. Aib-containing analogs of the C-

terminal peptide 303-316 of thermolysin were synthesized
by the solid-phase Fmoc method (44) using a Model 431A
Applied Biosystems peptide synthesizer. The peptide chain
was assembled stepwise on ap-alkoxybenzyl ester polysty-
rene resin cross-linked with 1% divinylbenzene (0.1 g) (45)
and derivatized with Fmoc-Lys (0.5 mequiv/g). Thetert-
butyloxycarbonyl (Boc) side-chain protecting group was used
for Lys, tert-butyl (tBu) for Ser and Asp, and triphenylmethyl
(Trt) for Gln. Coupling reactions were performed with the
HBTU/HOBt activation procedure (46) according to the
FastMoc protocol (Applied Biosystems User Bullettin no.
30, 1990) and using a 10-fold molar excess of NR-Fmoc-
protected amino acids. In order to increase the yield of the
coupling reaction, a double coupling cycle was used for Aib
and for the amino acid residue at the Aib+ 1 position (47).
After peptide assembly was completed, the side-chain
protected peptidyl resin (0.25 g) was treated for 90 min at 0
°C with a 10-mL mixture of TFA/H2O/EDT (90:5:5, v/v) to
cleave the peptide from the resin and to remove the side-
chain protecting groups. The crude peptide was purified by
preparative RP-HPLC and checked for homogeneity and
identity.
Semisynthesis.The enzyme-catalyzed coupling of the

thermolysin fragment 255-302 to the synthetic Aib-contain-
ing analogs of peptide 303-316 was conducted following
essentially the procedure described previously for fragment
205-316 (41). The natural fragment 255-302 was dis-
solved (1 mg/mL,∼0.2 mM) in 0.1 M ammonium acetate
buffer (0.2 mL), pH 6.4, containing 50% (v/v) glycerol, in
the presence of 5-fold molar excess of synthetic peptide
analog 303-316, and the enzymatic coupling was started
by adding 2µL of a stock solution (2 mg/mL) of V8-protease

at an enzyme to fragment 255-302 ratio of 1:50 (w/w). The
semisynthetic reaction was carried out in the dark at room
temperature for 5-7 days, and then the mixture was diluted
10-fold with 0.05% aqueous TFA in order to stop the
reaction. The mixture was fractionated by RP-HPLC using
an Aquapore RP-300 C8 column (4.6× 100 mm, 7µm)
(Brownlee Labs, Santa Clara, CA). The Aib-containing
analogs of fragment 255-316 thus obtained were analyzed
for their purity, chemical identity, and conformational and
stability properties.
Analytical Methods. Amino acid analyses were performed

by using the Pico-Tag method (Millipore-Waters, Milford,
MA) (48). Of note, the reaction of PITC with Aib led to a
product eluted from the Pico-Tag column at shorter retention
time (8 min, after PTC-Pro), corresponding to PTC-Aib, as
well as to a second component, eluted at longer retention
time (18 min, after PTC-Lys), corresponding to the cyclic
phenylthiohydantoin(PTH)-Aib derivative (5,5-dimethyl-3-
phenyl-2-thiohydantoin). Standards of these two Aib deriva-
tives were prepared by reacting Aib with PITC, and their
chemical identity was verified by ultraviolet (UV), infrared
(IR), and 1H-NMR spectroscopy (not shown). It was
observed that after 2 h incubation in the sample diluent (5
mM sodium phosphate buffer, pH 6.0, containing 5%
acetonitrile) PTC-Aib was quantitatively converted into the
cyclic PTH-Aib, since thegem-dimethyl group at CR atom
greatly enhances the rate of cyclization of the PTC derivative
of the amino acid (unpublished results). The chromatograhic
peak of the PTH-Aib was used to quantitate the Aib content
in the amino acids hydrolysates.
N-Terminal sequence analysis was performed with an

Applied Biosystems peptide/protein sequencer, Model 477A,
equipped with on-line PTH-analyzer, Model 120A. Standard
manufacturer’s procedure and programs were used with
minor modifications.
Capillary zone electrophoresis (CZE) was performed on

a Bio-Rad (Richmond, CA) instrument, Model HPE-100,
utilizing a fused silica capillary (50µm× 35 cm). Samples
were dissolved (1 mg/mL) in 0.1 M phosphate buffer, pH
3.5, and injected onto the capillary by applying an electric
field of 10 kV for 6 s. The electrophoretic separation was
carried out at room temperature, applying an electric field
of 300 V/cm, and the absorbance of the effluent was
monitored at 200 nm.
Electrospray mass spectrometry analyses were performed

using a PE-SCIEX (Thornhill, Ontario, Canada) single
quadrupole (API-1) mass spectrometer equipped with a
nebulization-assisted electrospray ionization source. Samples
(10-20 pmol/µL) were injected into the spectrometer at a
flow rate of 4µL/min. Scans were taken in the positive ion
mode over them/z range of 400-1600. Mass calibration
was carried out using horse heart myoglobin (Sigma) as an
external standard. The results of mass spectrometry mea-
surements were in agreement with theoretical data: natural
fragment 255-316, found 6624.0 Da (calculated 6624.5);
Ala304Aib, 6638.0 (6638.5); Ala309Aib, 6637.2 (6638.5);
Ala312Aib, 6638.0 (6638.5); Ala304Aib/Ala309Aib, 6652.1
(6652.5).
Spectroscopic Measurements. Peptide/protein concentra-

tions were determined by ultraviolet (UV) absorption mea-
surements at 280 nm on a double beam model Lambda-2
spectrophotometer from Perkin-Elmer (Norwalk, CT). Ex-
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tinction coefficients (mg-1‚cm2) of protein fragments were
calculated at 280 nm (49) and taken as 1.52 for intact
thermolysin, 0.86 and 0.735 for fragments 205-316 and
255-302, respectively, and 0.58 for fragment 255-316 and
its Aib derivatives.
Circular dichroism (CD) spectra were recorded on a Jasco

(Tokyo, Japan) Model J-710 spectropolarimeter equipped
with a thermostated cell-holder and a Neslab (Newington,
NH) Model RTE-110 water circulating bath. The instrument
was calibrated withd-(+)10-camphorsulfonic acid (50). Far-
and near-UV CD spectra were taken at 25°C in 20 mM
sodium phosphate buffer, pH 7.5, containing 0.1 M NaCl at
a fragment concentration of 50-80 µM and using 0.2- or
10-mm path length quartz cells in the far- and near-UV
region, respectively. The results were expressed as the mean
residue ellipticity, [θ]MRW ) (θobs/10)(MRW/lc), whereθobs

is the observed ellipticity in degrees at a given wavelength,
MRW is the mean residue weight taken as 107 Da for the
natural and semisynthetic analogs of fragment 255-316, l
is the cuvette pathlength in centimeters, andc is the fragment
concentration in grams per milliliter.
Thermal Unfolding. The heat-mediated unfolding of Aib-

containing analogs and natural fragment 255-316 of ther-
molysin was followed by recording the decrease of the CD
signal at 222 nm as a function of the sample temperature.
The fragment was dissolved (4.5µM) in 20 mM sodium
phosphate buffer, pH 7.5, containing 0.1 M NaCl, and placed
in a 1-cm path length cuvette, which was heated (under
stirring) at a linear heating rate of 50°C/h. Samples were
prepared by diluting aliquots (100-200µL) of concentrated
stock solution (70-140µM) with phosphate buffer to a final
volume of 3 mL. Both CD signal and temperature data were
recorded simultaneously by a computer program provided
by Jasco. The reversibility of the thermal unfolding process
was determined by measuring the recovery of the CD signal
upon cooling to the initial temperature (20°C).
Thermal denaturation transition curves were analyzed

within the framework of the two-state model assuming that
the native dimer (N2) unfolds to denatured monomers (U),
according to the scheme N2 S 2U previously established
for the natural fragment 255-316 by calorimetric measure-
ments (40). At a given temperature, only native,fN, and
unfolded,fU, fractions of fragment molecules are present at
significant concentration, so that 2fN + fU ) 1. The fraction
of unfolded molecules,fU, was calculated asfU ) ([θ]222 -
[θ]N)/([θ]U - [θ]N), where [θ]222 is the observed ellipticity
at 222 nm at a given temperature and [θ]N and [θ]U represent
the ellipticity values at 222 nm of native and unfolded states
at that temperature, respectively. At each temperature in the
range 20-90 °C, [θ]N and [θ]U were calculated from the
linear extrapolation of the unfolding data in the pre- and
posttransition region, respectively. The melting temperature,
Tm, defined as the temperature at which the molar fraction
of unfolded molecules is 0.5, was derived from the linear
regression equation obtained by plottingfU Vs T in the
transition region. Given [P] is the total molar concentration
of fragment expressed in monomer units, it is possible to
derive for each temperature in the transition region the
equilibrium constant,KU ) [U]2/[N2] ) 2 [P][(fU)2/(1- fU)],
and the free energy change,∆GU ) -RT ln KU, for the
unfolding reaction, whereR is the gas constant (1.987
cal‚mol-1‚K-1) and T is the absolute temperature. It is

noteworthy that, for a dimeric protein following a two-state
N2 S 2U unfolding process, the equilibrium constant atTm,
KU(Tm), is equal to [P] and hence∆GU(Tm) ) -RT ln [P].
The difference in free energy change (∆∆GU) between the
conformational stability of the Aib-containing analogs 255-
316, ∆GU,Aib, and that of the natural fragment 255-316,
∆GU,wt, was calculated at the melting temperature of the
natural species (Tm,wt). The unfolding free energy changes
for Ala304Aib and Ala312Aib analogs of fragment 255-
316 were calculated using values ofKU measured atTm,wt.
In fact,Tm,wt is within the temperature interval in which∆GU

for Ala304Aib and Ala312Aib can be approximated as a
linear function of temperature (51), and thus∆∆GU can be
calculated directly from the equation∆∆GU ) -RT ln
(KU,Aib/KU,wt). In the case of Ala309Aib and the doubly
substituted Ala304Aib/Ala309Aib analog, which are sub-
stantially more stable than the natural species (see Results),
the value ofTm,wt is out of the temperature range where∆GU

for these analogs can be considered linearly related toT.
Therefore, the unfolding free energy changes for Ala309Aib
and the doubly substituted Ala304Aib/Ala309Aib analog
were calculated atTm,wt according to the van’t Hoff equation
∆GU,Aib(Tm,wt) ) ∆Hm,Aib[1 - (Tm,wt/Tm,Aib)] - ∆Cp[(Tm,Aib
- Tm,wt) + Tm,wt ln (Tm,wt/Tm,Aib)] - RTm,Aib[P]Aib, whereTm,Aib
and [P]Aib are the melting temperature and the molar
concentration of Aib derivatives, respectively,∆Cp is the
heat capacity change (∆Cp ) Cp,U - Cp,N) of the unfolding
reaction at constant pressure, and∆Hm,Aib is the unfolding
enthalpy change calculated atTm,Aib. The value of∆Cp used
here for Aib analogs was that obtained by calorimetric
measurements conducted on the natural fragment 255-316,
taken as 0.6( 0.1 kcal‚mol-1‚K-1 (40) and assumed to be
constant over the temperature range 20-80 °C (51, 52).
∆Hm,Aib was calculated according to the equation∆Hm )
∆Gm + Tm∆Sm, where ∆Gm and Tm are determined as
reported before and∆Sm can be calculated from the plot of
∆GU,Aib Vs T, using the equation∆Sm,Aib ) -d∆G(Tm,Aib)/
dT.
Model Building. The 3D model of Aib-containing analogs

was based on the NMR structure of the thermolysin domain
255-316 (PDB entry code 1TRL;39) and was obtained by
replacing Ala residue(s) for Aib at the desired position
without additional molecular dynamics relaxation. The
model was built using the program Insight-II (Biosym
Technologies, La Jolla, CA) run on a Silicon Graphics IRIS
SD/35 workstation. Accessible surface area (ASA) calcula-
tions were carried out by using the program ACCESS (53)
and using a probe radius of 1.4 Å.

RESULTS

Semisynthesis of Aib Analogs of Fragment 255-316. The
Aib-containing analogs of the carboxy-terminal subdomain
255-316 of thermolysin were obtained by enzyme-catalyzed
coupling of fragment 255-302 to each of the synthetic
peptide analogs of fragment 303-316 in which Alaf Aib
exchanges have been introduced at the desired position(s)
(see Figure 1C).
The natural fragment 255-302 was obtained by two steps

of proteolysis of the larger fragment 205-316, which in turn
was produced in high yields by EDTA-mediated autolysis
of thermolysin (42). In the presence of 10 mM EDTA, the
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less tightly bound calcium ion (Ca-4) is removed from the
protein, causing a local unfolding of the calcium-binding loop
that becomes susceptible to proteolytic attack by the active
thermolysin molecules still present in solution. In a subse-
quent step, limited proteolysis of fragment 205-316 with
subtilisin led to the folded and stable C-terminal domain
255-316 (38), suggesting that the N-terminal region of
fragment 205-316 (about 50 amino acids) is largely unfolded
and thus susceptible to proteolysis, as recently verified by
NMR (M. Rico, personal communication) and calorimetric
(54) analyses. Subsequently, fragment 255-316 was selec-
tively and quantitatively cleaved in slightly denaturing
conditions (0.2% SDS or 4 M urea) by the Glu-specific V8-
protease fromStaphylococcus aureusat the level of the single
Glu302 located at the first turn of the C-terminal helix (Figure
1A,B), leading to the formation of fragments 255-302 and
303-316. At variance from the parent fragment 255-316,
both proteolytic fragments 255-302 and 303-316 were
found to be essentially unfolded by CD spectroscopy (not
shown), indicating that the removal of the C-terminal helix
disrupts the native-like fold of the protein subdomain 255-
316.
The Aib-containing analogs of the 14-residue peptide

303-316 were synthesized by automated stepwise solid-
phase synthesis utilizing Fmoc-chemistry (44) and the
HBTU/HOBt activation procedure (46) on ap-alkoxybenzyl
ester resin. Due to the steric hindrance of the methyl groups
on the CR atom, the coupling efficiencies of Aib and of the
residue at the Aib+ 1 position in the stepwise assembly of
the peptide chain are usually poor (55). To overcome this
problem, several new carboxyl-activating agents have been
recently proposed (56). In our case, a double coupling cycle
with HBTU/HOBt was used for Aib and for the amino acid
just following the Aib residue on the growing peptide chain.
As a result, both Ala309Aib and Ala312Aib analogs of
fragment 303-316 were obtained in high yields (up to 90%).
Conversely, the analog Ala304Aib of fragment 303-316,

as well as the doubly substituted derivative Ala304Aib/
Ala309Aib, was obtained with a∼35% yield. The chemical
characterization of the synthetic mixtures led to the conclu-
sion that the low yields of synthesis for these peptide analogs
are determined by the poor efficiency of the covalent
coupling between the sterically hindered residues Val303 and
Aib304. All Aib-containing derivatives of peptide 303-
316 were isolated to homogeneity by micropreparative RP-
HPLC, and their identity was established by amino acid
analysis after acid hydrolysis (not shown) and mass spec-
trometry (see Materials and Methods).
The restitching of fragments 255-302 and 303-316 by

the use of V8-protease was achieved by following essentially
the procedure previously developed for the semisynthesis of
the larger fragment 205-316 (41). The natural fragment
255-302 was allowed to react with a 5-fold molar excess
of synthetic Aib analog of fragment 303-316 (see Figure
1C) in 0.1 M ammonium bicarbonate buffer, pH 6.0,
containing 50% (v/v) glycerol as organic cosolvent, in the
presence of V8-protease (see Materials and Methods). The
time course of the enzyme-catalyzed synthesis was followed
by RP-HPLC analysis. As an example, Figure 2 shows the
RP-HPLC profile of the semisynthetic reaction of fragment
255-302 with the synthetic Aib-peptide 303-316, with the
Ala f Aib exchange in position 309 of the chain, before
(Figure 2A) and after 5-days incubation (Figure 2B) with
V8-protease. Upon addition of the protease, a new compo-
nent was generated in the mixture eluting from the HPLC
column after fragment 255-302, whereas the amount of this
latter component was significantly reduced (Figure 2B). The
peptide products of semisynthesis were purified by micro-
preparative HPLC and analyzed for their purity and identity.
The homogeneity of the semisynthetic analogs was assessed
by analytical RP-HPLC and capillary zone electrophoresis
(CZE) (not shown), while the chemical identity was estab-
lished by analyzing their amino acid composition after acid
hydrolysis and by electrospray ionization (ESI) mass spec-

FIGURE 1: (A) Schematic representation of the dimeric 3D structure of the C-terminal domain 255-316 of thermolysin, as given by NMR
analysis (39). For clarity, the locations of the Aib residue in positions 304, 309, and 312, shown in ball-and-stick representation, are
indicated for only one monomer. N, N′ and C, C′ indicate the NH2- and COOH-termini of the two monomers. The arrow indicates the site
of cleavage by V8-protease at the single Glu302. The ribbon drawing was generated using the program MOLSCRIPT (88). (B) Amino acid
sequence of the C-terminal domain 255-316 of thermolysin (89). Residues comprised in helical segments are underlined. The assignment
of secondary structure elements is that reported for the NMR solution structure of the dimeric form of fragment 255-316 (39). (C) Amino
acid sequence of the thermolysin peptide 303-316 and of its Aib-containing analogs obtained by solid-phase synthesis.
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trometry (MS). Both amino acid analysis and ESI-MS data
are in agreement with those calculated from the amino acid
sequence of the various fragments. Moreover, the results
of automated N-terminal sequence analyses (not shown)
further confirmed the chemical identity of the purified
semisynthetic Aib fragments.
The V8-protease-mediated coupling of all the Aib analogs

proceeded in high yields (up to 90%), similar to those
observed when fragment 205-302 was coupled to the natural
peptide 303-316, indicating that the coupling efficiency is
not affected by the presence of Aib residue(s) along the
peptide sequence. Thus, the semisynthetic procedure allowed
us to prepare the Aib analogs of fragment 255-316 in
sufficient quantity and high purity for conducting the
conformational and stability studies reported below.
Conformational Characterization of Aib Analogs. The

conformational properties of the Aib analogs of fragment
255-316 were investigated by circular dichroism (CD)
spectroscopy in the far- (Figure 3A) and near-UV (Figure
3B) region. The far-UV CD spectra show the presence of
two minima at 222 and 208 nm and a maximum at 193 nm,
characteristic of a polypeptide chain possessing a high

R-helix content (57). The near-UV CD is dominated by the
negative absorption of tyrosines centered at 278 nm, while
some phenylalanine fine structure is visible in the 260-270
nm region (58). Interestingly, the CD spectra of the Aib
derivatives in the far- and near-UV region are superimposable
to each other and very similar to those of the natural
fragment, indicating that both the helical secondary structure
(far-UV CD) as well as the aromatic side-chain topology
(near-UV CD) of the protein domain 255-136 are fully
retained upon Alaf Aib replacement(s). It should be
emphasized that near-UV CD is a very sensitive probe of
protein conformation, so that even small perturbations of
tertiary structure can dramatically alter the resulting CD
spectrum (58, 59). Therefore, the identity of the near-UV
CD spectra for all Aib analogs (see Figure 3B) is taken as
strong evidence that the incorporation of Aib residue(s) into
fragment 255-316 does not perturb its native three-
dimensional structure.
Stability Properties of Aib Analogs. The thermal unfolding

of the natural fragment 255-316 and of its Aib derivatives
was followed by monitoring the temperature dependence of
the dichroic signal at 222 nm, which is a sensitive parameter
of the helical secondary structure (Figure 4). The unfolding
process of either natural or semisynthetic analogs is highly
cooperative, as judged from the sigmoidal shape of the

FIGURE2: RP-HPLC analysis of the V8-protease-mediated coupling
of natural fragment 255-302 to the synthetic peptide 303-316 with
Ala f Aib exchange in position 309 before (A) and after (B) 5-days
reaction. An aliquot (100µg) of the reaction mixture was applied
to an Aquapore RP-300 C8 column (4.6× 100 mm), which was
eluted at a flow rate of 0.8 mL/min with a linear gradient (- - -) of
acetonitrile in 0.05% (v/v) aqueous TFA. Numbers near the
chromatographic peaks refer to the identity of the peptide material
eluted from the column.

FIGURE 3: Far- (A) and near-UV (B) CD spectra of the C-terminal
domain 255-316 of thermolysin (s) and of its semisynthetic
analogs Ala304Aib (- - -), Ala309Aib (-‚-), Ala312Aib (‚‚‚), and
Ala304Aib/Ala309Aib (-‚‚-). Spectra were taken at 25°C in 20
mM sodium phosphate buffer, pH 7.5, containing 0.1 M NaCl at a
fragment concentration of 50-80 µM and using a 0.2- or 10-mm
path length cuvette in the far- and near-UV region, respectively.

Stabilization of Proteins by AlafAib Exchange Biochemistry, Vol. 37, No. 6, 19981691



thermal transition curves, and fully reversible (at least 95%)
upon lowering the temperature to the initial value (20°C).

Previous differential scanning calorimetry (DSC) measure-
ments allowed us to calculate the thermodynamic quantities
characterizing the thermal unfolding of the natural fragment
255-316 (40). It was concluded that this fragment behaves
as a dimer in solution, undergoing a two-state reversible
thermal unfolding process according to the scheme N2 S
2U (40). On this basis, the thermal transition curves shown
in Figure 4 were treated within the framework of a two-
state model, in which the folded dimer (N2) unfolds into two
denatured monomers (U). At a given temperature, only
native, fN, and unfolded,fU, fractions of protein molecules
are present at significant concentration, so that 2fN + fU )
1. The melting temperature,Tm, defined as the temperature
at which the molar fraction of unfolded molecules is 0.5,
and the difference in the unfolding free energy change
(∆∆GU) were calculated from the thermal unfolding curves.
The data reported in Table 1 clearly indicate that the effects
of Ala f Aib substitution are remarkably context-dependent,
since the same mutation at different sites causes different
stabilizing effects. In particular, the Alaf Aib substitution
in position 304 enhances the thermal stability of the protein
domain by 2.2°C, as estimated by the difference inTm of
the Aib analog with respect to that of the natural Ala-
containing fragment. This stabilizing effect is even more
pronounced when Ala309 is replaced by the Aib residue
(∆Tm ) +5.4 °C). Surprisingly, the protein domain is
slightly destabilized (∆Tm ) -0.6 °C) by Ala f Aib
replacement in position 312. When Aib was introduced at
both positions 304 and 309, the dimeric structure of the
fragment was stabilized by 8.0°C. Interestingly, the
stabilizing effects of these replacements are nicely additive,
if compared to the singly-substituted analogs, in terms of
both∆Tm and∆∆GU (Table 1).

DISCUSSION

Semisynthesis of Fragments. The semisynthetic approach
described here for preparing analogs of the C-terminal
domain of thermolysin is both practical and useful. The
addition of the organic cosolvent glycerol significantly favors
synthesis over hydrolysis of peptide bonds by V8-protease,
and the restitching of fragments 255-302 and 303-316
occurs in remarkable high yields (∼90%, after 5-7 days of
reaction), in analogy to those previously reported for the
longer fragment 205-316 (41). Enzyme-catalyzed semi-
synthesis allows incorporation of noncoded amino acids or
site-specific labels into large polypeptides or even proteins
with minimum chemical handling and without the undesir-
able side products usually generated in the chemical syn-
thesis. However, a semisynthetic procedure is usually
complicated by the fact that the protease used for the
synthesis often degrades the end product of the reaction and
thus the yields of the final semisynthetic product are poor.
The high yields of the present system can be explained by
proposing that the semisynthetic fragment is quite resistant
to proteolysis and slowly accumulates in the reaction mixture.
Indeed, the folded fragment 255-316 in aqueous buffer is
not degraded by V8-protease, and its single site of possible
proteolytic attack, the peptide bond Glu302-Val303, is
cleaved by the Glu-specific V8-protease only if the fragment
is (partly) denatured in the presence of 4 M urea or 0.2%
SDS (see Materials and Methods).
The solid-phase chemical synthesis of Aib analogs of the

thermolysin peptide 303-316 required a double coupling
cycle for the incorporation of Aib and of the amino acid
residue at the Aib+1 position, as expected by considering
the steric hindrance of the Aib residue. Using this treatment,
the yields of the final synthetic peptide were quite high
(∼90%), but were much lower (∼35%) for the peptide
analogs requiring peptide bond formation between two
sterically hindered amino acid residues, such as the peptide
bond between Val303 and Aib304 (see Results). These
observations indicate that the total chemical synthesis of Aib
analogs of the 62-residue fragment 255-316 likely would

FIGURE 4: Thermal unfolding of the natural fragment 255-316
and of its semisynthetic Aib derivatives. Denaturation experiments
were carried out at a protein concentration of 4.5µM (∼30 µg/
mL) in 20 mM sodium phosphate buffer, pH 7.5, containing 0.1
M NaCl, using a 1-cm path length cuvette heated at a linear heating
rate of 50 °C/h. The unfolding process was monitored by CD
changes at 222 nm, and data are reported as the ratio [θ]/[θ]o, where
[θ]o is the ellipticity value at the initial temperature (20°C). (s)
Natural fragment 255-316; (- - -) Ala304Aib; (-‚-) Ala309Aib;
(‚‚‚) Ala312Aib; (-‚‚-) Ala304Aib/Ala309Aib.

Table 1: Thermodynamic Data for the Thermal Unfolding of
Natural Fragment 255-316 and Its Semisynthetic Aib Analogsa

fragment 255-316 Tmb (°C) ∆Tmc (°C) ∆∆GU
d (kcal‚mol-1)

natural fragment 63.5 - -
Ala312Aib 62.9 -0.6 -0.20
Ala304Aib 65.7 2.2 0.71
Ala309Aib 68.9 5.4 1.76
Ala304Aib/Ala309Aib 71.5 8.0 2.43

a The thermodynamic parameters were obtained by analyzing the
thermal denaturation curves reported in Figure 4 within the framework
of a two-state model, N2 T 2U, previously established for the natural
species by calorimetric measurements (40). b Tm is the melting tem-
perature, defined as the temperature at which the molar fraction of
unfolded molecules is 0.5. The data reported results from the average
of heat-induced denaturation experiments conducted in triplicate. The
error on the estimation ofTm is (0.2 °C or less.c ∆Tm is the change
in melting temperature of the Aib analog relative to the natural fragment.
d ∆∆GU is in monomer units and is the difference between the free
energy of unfolding of each Aib analog and that of natural fragment
255-316 at the melting temperature of the wild-type species,Tm,wt.
∆∆GU values are calculated as reported under Materials and Methods.
A positive value of∆∆GU indicates that the Aib analog is more stable
than the wild-type fragment. The error on the determination of free
energy changes was approximately 10%.
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be unpractical, considering that the overall yields of the
desired fragment would be prohibitively low.
Protein Stability. The structural features of mutated

proteins obtained by chemical or genetic methods, relative
to those of the wild-type species, are critical for a correct
interpretation of protein engineering experiments. In fact,
if the structural consequences of a mutation at a given site
are known to be restricted to the local environment in which
the mutation has been introduced, while the overall protein
fold is unchanged, then it is possible to use a “minimalist
approach” (60) in interpreting stability or functional changes
in mutant proteins and to ascribe the observed differences
in the properties of the mutant exclusively as deriving from
the modified side chain only. The results of the conforma-
tional characterization of the semisynthetic Aib analogs,
conducted by far- and near-UV CD measurements, allow us
to firmly establish that the secondary structure as well as
the side chain packing of the native species is retained upon
Ala f Aib replacement(s). On this basis, the observed
changes in stability of the Aib analogs can be related solely
to the effects of the Alaf Aib exchange at specific locations
along the polypeptide chain of the fragment. However, the
possibility that Ala f Aib substitutions can affect the
dimerization constant and hence the overall stability of the
dimer should also be taken into account. This possibility
cannot be ruled out for the Ala309Aib analog, since Ala309
is in a hydrophobic environment close to the dimer interface
(see Figure 1). Conversely, both Ala304 and Ala312 are
solvent-exposed, far from the dimerization interface, and
hence it is unlikely that Alaf Aib substitutions at these
positions could change the stability of the dimer by altering
the interactions between the two monomers. In the follow-
ing, we will attempt to understand the physical basis of Aib-
mediated protein stabilization by quantitating the impact of
amino acid substitution(s) on the free energies of the folded
and the unfolded forms of the dimeric fragment 255-316
in terms of side-chain and backbone entropy, hydrophobicity,
and strain energy changes caused by the Alaf Aib
replacement(s). The stability data were interpreted on the
basis of the 3D model, obtained by replacing Ala residue(s)
for Aib at the desired position in the NMR solution structure
of the dimeric fragment 255-316 (39).

Ala304Aib. The Ala304 residue is located at the end of
the first turn of the C-terminal helix 301-311 and is solvent-
exposed (39). The backbone conformational angles of
Ala304 (φ ) -55° ( 3° andψ ) -47° ( 4°, see Table 2)
are within the range allowed to the rather fixed geometry of
Aib (φ ) (57° andψ ) (47°) (30), suggesting that no
strain has been introduced upon Alaf Aib substitution. In
addition, model building and ASA calculations indicate that
position 304 can potentially accommodate the extraâ′-carbon
of Aib without significantly interfering with neighboring
atoms. As a result, the substitution of Ala304 for Aib
enhances the thermal stability of fragment 255-316 by 2.2
°C in terms ofTm, corresponding to an increase in the
unfolding free energy change of 0.71 kcal/mol of monomer
(Table 1). We show here that this stabilizing effect can be
explained on the basis of a reduction of the backbone
conformational entropy of unfolding.

For a given residue X, an approximate estimate of the
unfolding entropy change can be obtained by the equation
∆Sconf(X) ) R ln(γU/γN), whereγU andγN are the number
of conformations available to residue X in the unfolded and
native state, respectively (61). Considering that the 3D
structure of the folded fragment 255-316 is not changed
upon Alaf Aib replacement (see Results), thenγN for Ala
is very close toγN for Aib. Thus, it is possible to calculate
the unfolding entropy change of Aib with respect to Ala as
∆SAlafAib ) ∆Sconf(Aib) - ∆Sconf(Ala) ) R ln(γAib/γAla),
whereγAib and γAla are the relative conformational space
available to Aib and Ala, respectively. The replacement of
the proton on the CR atom of the Ala residue with a -CH3
group greatly restricts the possible rotations about the N-CR

and CR-C′ bonds. Indeed, the region of conformational
space allowed to Ala (γAla ) 38%) (62) is considerably
reduced for Aib (γAib ) 12%) (31). On this basis, the
estimated backbone contribution to the entropy of unfolding
of Aib relative to Ala is-2.2 cal/(deg‚mol), which allows
us to estimate a figure of∼0.74 kcal/mol for the free energy
change of unfolding, atTm,wt, utilizing the equation∆∆Gconf

) -Tm,wt∆SAlafAib, in excellent agreement with the difference
in stability determined experimentally for the two fragment
species (see Table 1).

Table 2: Backbone Dihedral Angles (φ, ψ)a and Solvent-Accessible Surface Areas (A)b of Ala and Aib at Positions 304, 309, and 312 of
Thermolysin Domain 255-316

Ala

304 309 312

φ (deg) ψ (deg) Aφ (Å2) ∆Aφ (Å2) φ (deg) ψ (deg) Aφ (Å2) ∆Aφ (Å2) φ (deg) ψ (deg) Aφ (Å2) ∆Aφ (Å2)

-55( 3 -47( 4 30 35 -57( 3 -46( 4 0 65 -90( 14 10( 20 25 40

Aib

304 309 312

Aφ (Å2) ∆Aφ (Å2) Aφ (Å2) ∆Aφ (Å2) Aφ (Å2) ∆Aφ (Å2)

45 65 0 110 40 70
a Average values ofφ andψ at each position are reported together with the corresponding root mean square deviations calculated on the eight

final structures of the two subunits in the dimeric fragment 255-316 (39).φ andψ values of Aib residues are those measured for Ala at the
corresponding position in the natural fragment.b Accessibility values are based on the NMR solution structure of dimeric fragment 255-316 (39).
Solvent-accessible surface areas are obtained using the program ACCESS (53) and are reported as the average valuepermonomer unit. Accessibility
values of Aib analogs are inferred from model building by replacing Ala for Aib at the specified position, without additional molecular refinement.
Aφ is the hydrophobic surface area of Ala or Aib side chains accessible to solvent in the folded state.∆Aφ ) Aφ,U - Aφ represents the difference
in solvent exposure of Ala or Aib side chains in the unfolded (Aφ,U) and folded (Aφ) state. The unfolded state is approximated by the tripeptide
Gly-X-Gly in the extended conformation (φ ) -120°, ψ ) +140°) (87). Aφ,U values were calculated as 65 and 110 Å2 for Ala and Aib, respectively.
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The stabilizing effect of the Alaf Aib exchange in
position 304 of fragment 255-316 is in line with that
obtained by replacing Ala82 for Aib in T4-lysozyme, which
is the single attempt at introducing Aib into proteins reported
so far (10). However, the Ala82Aib mutant of T4-lysozyme
was only∼1 °C more stable than the wild-type protein. The
lower stabilizing effect observed for T4-lysozyme compared
to those observed here might be explained by considering
that Ala82 is located at a short and flexible loop connecting
two helices in T4-lysozyme and not at a segment of regular
secondary structure, as Ala304 in the thermolysin fragment.
In this respect, rigidification of a flexible site in a protein
structure is expected to decrease the entropy of both unfolded
and native states, thus resulting in a lower stabilizing effect
(see also below). This view is in keeping with the results
of a number of mutagenesis studies showing that loop regions
tolerate extensive changes in amino acid composition with
only small changes in protein stability (63) and suggesting
that the effects of potentially stabilizing mutations in proteins
are expected to be more pronounced when amino acid
replacements are made at the level of the more rigid
secondary structure elements (64).
Ala309Aib. The comparative analysis of the thermody-

namic data reported in Table 1 shows that the replacement
of Ala for Aib in position 309 stabilizes the protein domain
more efficiently than in position 304. As discussed above
for Ala304, the backbone geometry of Ala309 is compatible
with the conformational restraints imposed by the Alaf
Aib exchange (see Table 2). However, at variance from
Ala304, which is a surface residue, Ala309 is completely
buried in a hydrophobic environment (39), but allowing
enough space for the two methyl groups of Aib to be placed
inside the apolar interior of the protein domain, as verified
by model building. Moreover, accessible surface area (ASA)
calculations indicate that Aib309 is completely shielded from
the aqueous solvent (see Table 2). Based on these consid-
erations, it is proposed that the greater stabilizing effect
observed for Alaf Aib exchange in position 309 with
respect to that at position 304 can be approximated by the
relationship∆∆GU ) ∆∆Gconf + ∆∆Gφ, where the energy
term∆∆Gconf is the contribution to∆∆GU that arises from
the reduction of the backbone conformational entropy
(expected to be very close to that estimated for the Alaf
Aib exchange in position 304, 0.74 kcal/mol), and∆∆Gφ

represents the contribution of hydrophobic stabilization to
the overall stability of protein domain 255-316.
It is widely accepted that the contribution of a given

mutation to the hydrophobic stabilization of a protein can
be estimated from the changes in the apolar surface area
buried upon folding by the wild-type and mutant protein
(∆∆Aφ), multiplied for a proportionality constant. Based on
theoretical (65) and experimental grounds (66), the value of
this constant is taken as 20-25 cal/molper Å2 of apolar
surface area buried. As given by the ASA values reported
in Table 2, Aib309 buries more hydrophobic surface than
Ala309 (∆∆Aφ ) ∼45 Å2), leading to an increase in∆Gφ

of ∼0.9-1.1 kcal/mol. This value of∆∆Gφ is that expected
from the difference between the change in stability of the
analog Ala309Aib determined experimentally (∆∆GU ) 1.76
kcal/mol) and the contribution of the unfolding entropy
change estimated from the Alaf Aib exchange in position
304 (∆∆Gconf ) 0.71 kcal/mol). It is of interest to note that

a hydrophobic stabilization of∼1 kcal/mol compares favor-
ably with the gain in∆GU, estimated from protein engineer-
ing experiments, deriving from the addition of a -CH3 group
to a hydrophobic cavity in the absence of strain (1.0-1.4
kcal/mol) (67).
Ala312Aib. The Alaf Aib exchange in position 312 of

fragment 255-316 slightly destabilizes the folded conforma-
tion of the fragment by∼0.6 °C, which corresponds to a
decrease in the free energy of unfolding of∼0.2 kcalper
mole of monomer (see Table 1). Ala312 is partially shielded
from the solvent and, at variance from Ala304 or Ala309, is
not embedded in the C-terminal helix 301-311. The
backbone dihedral angles of Ala312 (see Table 2) are outside
those allowed for the Aib residue (see above). Moreover,
model building indicates that the presence of the extra -CH3

of Aib312 tends to introduce prohibitively close contacts with
the main-chain atoms of Asp311 and Val315. Notwithstand-
ing, the overall 3D structure of fragment 255-316 is not
changed upon Alaf Aib substitution (see Results), sug-
gesting that Aib312 is forced by the global fold of the protein
to acquire an unfavorable conformation. These findings are
in line with the notion that protein structures can accom-
modate a larger side chain with little structural perturbations
(68-70) and that, in general, the mutated residue adapts to
the 3D environment in which it is embedded rather than the
environment to the mutation (71, 72). However, residues
with φ, ψ angles outside their preferred conformation
represent sites of local strain and have been found to
destabilize the folded state of proteins by 0.5-2 kcal/mol
(73-75). Hence, the lower stability of the analog Ala312Aib
can be reasonably explained by considering that the poten-
tially stabilizing effect of Alaf Aib exchange by the
entropic effect (see above) is largely offset by unfavorable
strain energy effects that destabilize the folded state of
fragment 255-316. Moreover, simple entropic consider-
ations allow us to propose that the Alaf Aib exchange at
position 312 is expected to produce a lower stabilizing effect
with respect to those at position 304 or 309, since Ala312 is
a rather flexible residue, as given by the high value of the
root mean square deviations of dihedral anglesφ, ψ (see
Table 2), and is located at the fraying C-terminal end of the
protein domain 255-316 (39). The Alaf Aib exchange
restricts the peptide backbone into a limited set of possible
conformations, decreasing the entropy of the native state and
leading to a smaller reduction of the unfolding entropy
change (∆Sconf) and correspondingly to a lower stabilizing
effect of the Alaf Aib replacement.
Ala304Aib/Ala309Aib. A key result of the present study

is that the stabilizing effect of Alaf Aib replacement at
positions 304 and 309 is additive, if compared to the singly
substituted Aib analogs (see Table 2). Additivity of muta-
tional effects is often observed in proteins when mutations
are relatively distant in the three-dimensional protein struc-
ture (76), as for example in subtilisin BPN′ (77), T4-
lysozyme (78), Bacillus subtilisneutral protease (35), and
gene V protein (79). Conversely, deviations from additive
behavior can occur when the sites of mutation interact
directly with each other (80, 81) or indirectly through large
structural perturbations (82-84), or when multiple amino
acid replacements affect the properties of the denatured state
to a different extent with respect to the single mutations (85).
On this basis, the additivity of the stabilizing effects of Ala
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f Aib exchange in positions 304 and 309 can be taken as
evidence that the sites of mutation behave independently, in
the sense that the substitution of Ala304 for Aib does not
affect the contribution to protein stability of the Alaf Aib
replacement at position 309. Moreover, the observed addi-
tivity of mutational effects can be taken as an indication that
the structural perturbations introduced by the amino acid
replacements are restricted to the local environment of the
mutation sites, as indeed inferred from CD spectroscopy (see
Figure 3 and above).
Conclusions. Our results show that the rational incorpora-

tion into a globular protein of the conformationally con-
strained amino acid Aib can lead to significant stabilization
of the protein structure. Considering also the results of
previous studies conducted on Aib-containing peptides (3),
it can be proposed that Aib exchange in a polypeptide chain
has great potential for engineering protein stability, if a
suitable procedure for the incorporation of Aib into a protein
is found. Clearly, the results of this study indicate that
semisynthesis can solve this problem, but a drawback of this
procedure is that it requires significant experimental efforts
in tailoring the technique to the specific protein system
(availability of a suitable fragment system, choice of the
protease and of the solvent conditions for the fragment
ligation) (18, 20). Nevertheless, once this problem has been
overcome, the semisynthetic approach can be used to tackle
protein engineering experiments that would be difficult or
even impossible by using genetic methods (86). In this study,
the Aib replacement was confined to Ala residue(s) located
in the C-terminal helix of fragment 255-316. Since Ala is
the most helix-forming amino acid among the 20 protein
amino acids (28), it could well be that after performing Aib
exchange(s) at other residues in helical segments in a protein,
even more dramatic enhancements of protein thermal stability
than those observed in the present study could be achieved.
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