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Abstract: A model peptide AAGDYY-NH2 (B1), which is found to
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adopt a b-turn conformation in the TEM-1 b-lactamase inhibitor
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protein (BLIP) in the TEM-1/BLIP co-crystal, was synthesized to
elucidate the mechanism of its b-turn formation and stability.
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Its structural preferences in solution were comprehensively
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respectively. The set of observed diagnostic NOEs, the restrained
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molecular dynamics simulation, CD and FT-IR spectroscopy
confirmed the formation of a b-turn in solution by the model
peptide. The dihedral angles [(w3, Q3) (w4, Q4)] of [(–528, –328)
(–388, –448)] of Gly-Asp fragment in the model peptide are
consistent with those of a type III b-turn. In a conclusion, the

Correspondence to:

conformational preference of the linear hexapeptide B1 in

Dr Yinlin Sha

solution was determined, and it would provide a simple
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formation and stability is an essential part of solving the
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protein-folding puzzle (1–3). In the past, the structures of
protein fragments and designed peptides have been widely
explored by spectroscopic analysis, including nuclear
magnetic resonance, infrared spectra and circular dichroism
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measurements, to obtain information on secondary struc-
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ture formation and stability (4–6). Occurring as a regular
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secondary structural element, b-turns are prevalent in
globular proteins, and may also be possible sites for
nucleation in protein folding. Although much is known
about the characteristics of b-turns in proteins (7,8), many
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questions remain unanswered about what factors determine
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b-turn formation and stability, and what role they play
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in protein folding. Recently, several peptide models that
75
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adopt b-hairpin conformations have been developed to

a 2-nm band width. A cell with a path length of 0.1 mm

investigate b-sheet formation and stability (9–11). However,

was used.

it may be problematic to identify the interactions that
stabilize b-turns with b-hairpin peptide models, because

Infrared spectroscopy

the interstrand interactions observed in a b-hairpin may
enhance b-turn formation and stability.

Residual trifluoroacetic acid was removed from the

Here, we show that a functional hairpin loop AAGDYY-

samples after peptide synthesis and HPLC purification by

NH2 (B1) from TEM-1 b-lactamase inhibitor protein (12–14)

at least three lyophilization–solubilization cycles in 10 mm

co-crystallized with TEM-1 b-lactamase exists in solution

HCl solution. The peptide B1 was analyzed in D2O by IR

with a b-turn conformation in the absence of the protein

at 5 mg/mL, at pH 7.0 and 208C, using a Bio-Rad FTS165

context. Our experimental results show that the short

spectrometer equipped with a DTGS detector and a cell

linear hexapeptide B1 can form a b-turn conformation

pathlength 25 mm. Typically, 400 scans were averaged after

in solution, and the conformational potency of peptide

subtraction of the buffer contribution. After Fourier trans-

backbones and environment would be the determinants

forming with a triangular apodization function, curve fitting

for its formation and also support the concept that

was performed with the Bio-Rad win-ir curvefit.ab

b-turns can be stabilized mainly by local interactions

program.

rather than medium- or long-range hydrophobic or electrostatic interactions. Moreover, the relatively rigid backbone

NMR spectroscopy and dynamic simulation

of the model peptide is expected to be a useful template
for the de novo design of peptide inhibitors of TEM-1

All NMR experiments were recorded at 248C on a Varian

b-lactamase.

Unity Inova 600 spectrometer. The sample concentration
was 3.5 mm in DMSO-d6 solvent. Two-dimensional total
correlation spectroscopy (TOCSY) (16), and nuclear Over-

Materials and Methods
Peptide synthesis and purification

Peptide B1 (AAGDYY-NH2) was synthesized on a 0.2-mmol
scale by solid-phase peptide synthesis strategy using
Fmoc chemistry (15). Cleavage of the peptide from Rink
resin and removal of all side chain-protecting groups were
achieved in trifluoroacetic acid solution. The crude peptide
was purified by reversed-phase high-performance liquid
chromatography (RP–HPLC, Gilson) on a ZORBAX C18
column with gradients of water/acetonitrile containing
0.1% trifluoroacetic acid. Peptide homogeneity and identity
were analyzed by analytical HPLC, and matrix-assisted laser
desorption time-of-flight mass spectroscopy (MALDITOF
MS), respectively.

hauser enhancement spectroscopy (NOESY) (17) were
recorded using the time-proportional phase incrementation
of the first pulse (18). The TOCSY spectrum was acquired
using the MELV-17 pulse sequence with a 80-ms mixing
time (19) and the NOESY spectrum (Fig. 3) was recorded
with a 600-ms mixing time and displayed in the phasesensitive mode. Usually, 25632048 data points were
collected and for each block, 64 transients were collected
for two-dimensional experiments. The experimental data
were acquired and processed using the vnmr 6.1b program
on a SUN sparc station ultra 170 computer. The processed
data were analyzed using xeasy (20) for visualization of
NMR data, peak-picking and peak-integration using a
Silicon Graphics Indigo R 5000 computer.
Assignment of resonances of peptide B1 was accomplished
by two steps (spin system identification and sequential
assignment) according to the general procedure described
by Wüthrich (21). The value of cross-peaks in the NOESY

Far-UV circular dichroism spectroscopy

spectrum was used to generate the distance constraints.
The preliminary structures were created using dyana (22)

The CD spectrum was recorded on a Jobin-Yvon CD6

on a silicon graphic Indy R 5000 computer. The 17 structures

spectrometer and was the average of three scans corrected by

with lowest target function, that resulted from calculations

subtracting a spectrum of the appropriate solution in the

with the final input data set starting with 100 random

absence of peptide recorded under identical conditions.

structures using torsion-space molecular dynamics anneal-

Each scan in the range 190–250 nm was obtained by taking

ing, were subjected to restrained energy minimization

data points every 0.5 nm, with integration time 0.5 s and

(REM) performed with the SANDER module of the amber
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5.0 package (23,24), using the amber all-atom parametriza-

structure in peptides and proteins (27). Weak, mono-

tion. Of the 17 structures obtained, 13 that were most

tonous spectrum suggests usually a disordered and fluctu-

consistent with the NMR data were selected.

ating structures. The near-UV CD spectra of peptide B1
suggested the presence of unique side-chain packing and
asymmetric environments about the aromatic amino acid

Results and Discussion

Tyr at lower temperature in aqueous solution and at
higher temperature in DMSO/water mixed solvent (Fig. 2).

We synthesized a six-residue linear peptide with potential

The near-UV CD spectra as a function of temperature

to form b-turn structure in solution and investigated its

(data not shown) also indicated that the Tyr aromatic side

structural preferences by CD, FT-IR and 1H NMR spectro-

chain gradually adopted a variety of different orientations

scopy, respectively.

when temperature increased, as observed by an averaging

The far-UV CD spectrum of b-turn has been identified

of CD signals having weaker intensity. The CD experi-

as a weak red-shifted positive n R p* band near 225 nm, a

ments supported the theory that peptide B1 existed in

strong positive p R p* transition between 200 and 205 nm,

aqueous solution as a b-turn structure exhibiting CD

and a strong negative band between 180 and 190 nm (25).

characteristics distinctly different from the spectra of Tyr

Figure 1 shows the CD spectrum of peptide B1 in 50 mm

aromatic side chains.

phosphate buffer at 208C. The general characteristics of

The aqueous solution structure of peptide B1 was also

the CD spectrum with a negative band at 193 nm and two

investigated using infrared spectroscopy by examining

positive bands near 204 and 228 nm are consistent with

the conformation-sensitive bands arising from the peptide

those of reported b-turn CD as described previously (25),

bond. Figure 3 shows the curve-fitted amide I band region

indicating b-turn formation by peptide B1 in aqueous
solution. However, overlapping far-UV CD signal from the
aromatic side chains may exist in Fig. 1, because free Tyr in

40

solution can also have a far-UV CD signal similar to b-turn

20

the obtained far-UV CD characteristics of peptide B1 in
aqueous solution, and subsequently, far-UV CD spectra of
B1 and its derivative sequences composing Tyr-Tyr fragment
were compared (data not shown). At least two of the
derivative sequences exhibited different CD characteristics
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Figure 1. The far-UV CD spectrum of peptide B1 (1 mg/mL) in
50 mm phosphate buffer at 208C.

250

260

270

280

290

300

310

320

330

340

350

wavelength (nm )

Figure 2. (A) The near-UV CD spectrum of peptide B1 in phosphatebuffered saline at 108C. (B) The near-UV CD spectrum of peptide B1 in
DMSO/H2O (1 : 1 v/v) solution at 248C.
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of peptide B1 in 50 mm phosphate (D2O) buffer. Band

shows the observed representative cross-peaks in the

position, assignment and percentages (28) of the spectral

NOESY experiment, including aN(i, i+2) NOE cross-peak

components are shown in Table 1. The two bands, located

between residues Gly3-Tyr5, aN(i, i+1) and between residues

at 1668 and 1681 cm–1, are indicative of the presence of

Asp4-Tyr5 and Gly3-Asp4, as well as intense NN(i, i+1) NOE

b-turn structure, and the absorptions at 1613 cm

–1

may

arise from side-chain vibrations of tyrosine. The band at

cross-peaks between residues Asp4-Tyr5 and Gly3-Asp4 (very
close to diagonal peak, Fig. 5).

1648 cm–1 can be assigned as overlapping absorptions of

Although NOEs cannot be rigorously interpreted in

b-turn and unordered conformations. Considering the CD

terms of a unique structure due to conformational averaging

and NMR results, it is reasonable to conclude that the

(31), it is not uncommon (32) to look for a model structure

–1

is from b-turn

compatible with the experimental NOEs using distance

conformation. Although the quantitative values (Table 1)

geometry and energy minimization. The best 12 calculated

are based on various assumptions inherent in curve-fitting

structures of peptide B1 shown in Fig. 6 qualitatively

routines, they provide good estimates, particularly when

account for the observed patterns of NOEs, and are

used in a comparative manner (29).

consistent with the aN(i, i+2) and NN(i, i+1) NOEs

main contribution of band 1648 cm

NMR experiments were initially carried out in water

involving residues 2–5. The RMSD of the backbone heavy

for comparison with the CD and IR data and for a more

atoms of the structures is 0.28 Å. This value is relatively

detailed characterization of the conformational preferences

small considering the potential for conformational aver-

and stability of peptide B1. However, many negative

aging in a small peptide and the limited possibilities for

NOEs were observed in the NOESY spectrum, indicative

obtaining NOE restrains in peptide B1 (33). The super-

of effective correlation times that were large compared

imposition of the structures over the backbone indicates

with 1/v, i.e. t @ 0.3 ns in water (30). Subsequently, NMR
experiments were performed in DMSO-d6. Although
several NMR parameters may be used, it is generally

Table 2. NMR assignments for peptide B1 in DMSO solution at
248C (d, p.p.m)

recognized that the pattern of diagnostic NOEs, in particular

Residues

long-and medium-range NOEs, are the most conclusive

Ala1

NH

aH

bH

3.85

1.32
1.26

dH

eH

evidence of secondary structure. The complete 1H NMR

2

Ala

8.57

4.39

assignments of B1 are given in Table 2, and Fig. 4

Gly3

8.18

3.76, 3.68

Asp4

8.19

4.56

2.66, 2.42

Tyr5

7.90

4.27

2.80, 2.64

6.93, 6.93

6.61, 6.61

6

7.84

4.29

2.87, 2.71

7.01, 7.01

6.65, 6.65

Tyr

HOOCCH2
Asp4 CH
Figure 3. Decomposition of the amide I band of peptide B1 in 50 mm
phosphate buffer (D2O) at 208C.

O

Tyr5
N
H

N H
O

O
Table 1. Band position, percentage area and assignment of FT-IR
spectrum for peptide B1
Band position (cm–1)

% area

Assignment

1681

2

b-turn

1668

16

b-turn

1648

79

b-turn+unordered

1613

3
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Tyr residues

H CH
Gly3

N
H

Ala2

Figure 4. Region of 600-MHz NOSEY spectrum of peptide B1 at
248C in DMSO solution (A: Gly3 CaH«Tyr5 NH, B: Asp4 NH«Tyr5
NH, C: Gly3 NH«Asp4 NH, D: Gly3 CaH«Asp4 NH, E: Asp4
CaH«Tyr5 NH).
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The model peptide B1 exists in DMSO solution with
type III turn conformation; however, the same peptide
sequence adopts a type II’ turn in the TEM-1/BLIP co-crystal.
The observed conformational change of peptide B1 means
that environment is an important determinant for b-turn
formation.
What are the origins of b-turn formation and stability
in solution? The model peptide B1, owing to its simplicity,
is a good candidate for dissecting and quantifying the
different interactions contributing to b-turn formation
and stability. It has been suggested that the conformation
of a given peptide sequence is governed by a complex balance
between intrinsic w, Q propensities of the various amino
acids and their abilities to form local hydrophobic and
electrostatic side chain to side chain or side chain to
backbone interactions (36). However, in our case, the NMR
studies indicate that there does not exist any interstrand
Figure 5. The key NOEs observed for peptide B1.

structure-stabilizing interactions between the side chains
of Ala1 and Tyr6, or Ala2 and Tyr5, as no long-range NOEs
were observed indicating that these residues were in
close proximity to each other. These observations would
suggest that the conformational propensity of the peptide
backbone could contribute greatly to b-turn formation.
It can be expected that the entropy loss in fixing residues is
less obvious in the process of forming a conformation by a
small peptide with relatively rigid peptide backbone.
Therefore, it seems that for peptide B1, turn residues
Ala-Gly-Asp-Tyr are responsible for stabilizing the structure. The b-turn-forming tendency of the Gly-Asp fragment,
instead of hydrophobic or electrostatic interactions, provides the stabilization energy required for a conformation
to be formed. The results of our studies also show that
environment, sequence context and solution properties are
important determinants for b-turn formation, and in

Figure 6. The 12 best superimposed structures of B1 compatible with
the patterns of NOEs observed.

particular the type of b-turn.
The fact that peptide B1 adopts b-turn conformation in
solution implicates that some small peptides can exist
in solution with a conformational preference instead of

that peptide B1 forms a b-turn with dihedral angles [(w3, Q3)
(w3, Q3)] of [ (–528, –328) (–388, –448)], corresponding to a
typical type III b-turn (34). The final calculated structures
exhibit a hydrogen bond (35) between the Ala2 carbonyl
oxygen and the Tyr5 amide hydrogen that is characteristic

an unordered states. Further studies of the small structureformed peptide fragments may provide insight into the
origins of b-turn formation and stability toward a better
understanding of protein folding mechanisms.

of b-turn formation. However, evidence for the existence
of the hydrogen bond was not observed in the H/D
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