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800 MHz NMR structure of the 28-residue peptide thymosin alpha-1 in 40% TFE/60% water (v/v) has been
determined. Restrained molecular dynamic simulations with an explicit solvent box containing 40% TFE/
60% TIP3P water (v/v) were used, in order to get the 3D model of the NMR structure. We found that the
peptide adopts a structured conformation having two stable regions: an alpha-helix region from residues
14 to 26 and two double b-turns in the N-terminal twelve residues which form a distorted helical
structure.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Thymosin alpha-1 (thymalfasin) is an immunomodulating thy-
mic peptide naturally produced by the thymus gland. It is ap-
proved for the treatment of several viruses and as an adjuvant
for immunity enhancement. Recent studies have investigated the
effects of thymosin alpha-1 and prothymosin alpha-1 on human
cytomegalovirus [1], invasive Aspergillosis [2], dendritic cell tryp-
tophan catabolism [3], HIV-1 [4,5], hepatitis B [6,7] and hepatitis
C [8,9]. It is a hormone peptide created from a precursor protein,
prothymosin, and is a 28-residue peptide that is acetate capped
on the N-terminus.

2. Materials and methods

2.1. NMR spectroscopy

A 28.8 mg sample of thymosin alpha-1 (Zadaxin, SciClone
Pharma) was dissolved into 3.9 ml of 40% trifluoroethanol (TFE),
10% D2O and 50% H2O. The pH was adjusted to 4.9, and 30 s of
centrifugation at 10,000 rpm provided a clear solution, which
was decanted and placed into a Wilmad (541-PP-8) 5 mM NMR
tube for data collection at 25 �C. A 300 ms 2D-NOESY and a
65 ms 2D-TOCSY were acquired on an 800 MHz Varian Unity+
ll rights reserved.

k).
spectrometer equipped with an RT probe with a 12.019 kHz spec-
tral width and 2048 and 1024 complex data points F2 and F1,
respectively. The NMR data were processed using Felix software
(Felix, Inc.).

2.2. Structure determination

2.2.1. Initial structure
Both the pattern of NOE crosspeaks observed and initial unre-

strained MD simulations starting from a linear peptide suggested
the presence of an alpha-helix segment between residues 14 and
26, therefore an initial structure was build with three areas: (i) a
linear structure from residues 1 to 14, (ii) an alpha-helix structure
from residues 15 to 25 and (iii) a linear structure for the rest of the
peptide. The N-terminal acetylation was also included into the
model. The sequence of the modeled peptide is: (ACE)-Ser1-Asp-
Ala-Ala-Val5-Asp-Thr-Ser-Ser-Glu10-Ile-Thr-Thr-Lys-Asp15-Leu-Lys-
Glu-Lys-Lys20-Glu-Val-Val-Glu-Glu25-Ala-Glu-Asn28.

2.2.2. Building a solvation box with 40% TFE/60% water
Before the peptide’s solvation for unrestrained and restrained

MD simulations took place, a unit box (without peptide) of approx-
imately 90 � 90 � 90 Å3 with 40% trifluroethanol (TFE)/60% water
(vol/vol; 1TFE:6H2O) was built containing 8618 TIP3P water model
molecules and 1434 TFE molecules. The geometry and energy of
the TFE molecule were initially optimized with Gaussian03 [10]
using HF/6-31G⁄ level of theory and then a single-point calculation,
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with the same level of theory, was performed to obtain the
electrostatic potential. Fitting charges to the electrostatic potential
were then performed with RESP [11] obtaining the following
charges for TFE atoms: F = �0.206066e, C = 0.553137e, CH2 =
(0.106937e + 2 � 0.072737e) = 0.252411e, OH = �0.616023e and
HO = 0.428673e (where OH and HO are the hydroxylic oxygen
and hydrogen atoms, respectively). Equal partial charges were
given to equivalent atoms.

The 40% TFE/60% water box was minimized starting with 1000
steps with the steepest descent method then switched to 4000 steps
of conjugate gradient or when the convergence criterion for the en-
ergy gradient was less than 0.01 kcal/mol Å. The system was then
equilibrated following the next protocol: (i) 40 ps to gradually heat
the system from 0 to 300 K keeping all molecules restrained by
25 kcal/mol Å2 under NVT conditions, (ii) 20 ps at 300 K with all
molecules restrained by 25 kcal/mol Å2 under NVT conditions, (iii)
the system was subsequently equilibrated in seven rounds over
380 ps where the positional restraints were gradually relaxed under
NPT conditions and (iv) the production of 1 ns MD simulation at
300 K under NPT conditions was performed. This final equilibrated
box was used as a solvation unit box during the peptide’s solvation
process within the xLeap program [11]. The long-range electrostat-
ics were accounted for using the particle-mesh Ewald summation
method, as implemented in the PMEMD module of AMBER9 and a
combined force field ‘‘GAFF + ff99SB’’ was applied. The SHAKE algo-
rithm [12] was used to constrain covalent bonds to hydrogen atoms
allowing a time step of 2 fs. A cutoff of 9 Å was chosen for the non-
bonded van der Waals interactions. During the heating protocol at
NVT conditions, the Berendsen temperature coupling algorithm
[13] was used with a coupling constant of 2.0 ps. During the equili-
bration and production of the simulation, the Langevin dynamics
were used with a collision frequency of 1.0 ps�1.

2.2.3. MD simulations
2.2.3.1. 25 ns unrestrained MD simulation at 300 K on 40% TFE/60%
water solvent. The initial structure (see Initial structure section)
was neutralized adding 6Na+ counterions using an algorithm of
xLeap [11]. The latter structure was then surrounded by a 10 Å
layer of pre-equilibrated 40% TFE/60% TIP3P solvation unit box
(see Section 2.2.2) in an orthorhombic box of approximately
60 � 90 � 60 Å3 containing a total of 16,737 atoms. The system
was minimized by 1000 steps steepest descent method then
4000 steps of conjugate gradient or when the energy gradient
was less than 0.01 kcal/mol Å. The solvated system was then equil-
ibrated following the same protocol as given above (see Section
2.2.2) except that the system was equilibrated in seven rounds
over 380 ps where the positional restraints were gradually relaxed
until the solvent and counterions were free to move while restrain-
ing the solute (2 kcal/mol Å2) under NPT conditions. The solute was
finally relaxed in seven rounds over 3.5 ns as positional restraints
were gradually removed. A production phase followed with 25 ns
unrestrained MD simulation at 300 K under NPT condition. Struc-
ture snapshots were collected every 1 ps.

2.2.3.2. 1 ns restrained MD simulation at 300 K on implicit
solvent. The last structure of the latter 25 ns unrestrained MD
simulation was used as the initial structure for a restrained MD
simulation on implicit solvent using the Generalized Born method
[14] at 300 K. The idea of this simulation was to find a good initial
structure (low NMR restraints penalty) for a final restrained MD
simulation on 40% TFE/60% TIP3P explicit solvent during 10 ns
(see next section). In order to find a good structure with low
NMR penalty for the 549 restraints applied, we followed this
protocol: (i) 100 ps to gradually heat the system from 0 to 300 K
keeping all residues restrained by 25 kcal/mol Å2, (ii) the system
was then equilibrated in three rounds over 120 ps where the
positional restraints were gradually removed leaving a stable sys-
tem at 300 K, (iii) during the next 400 ps all NMR restraints energy
terms were proportionally increased from 0% to 200% of its default
values, (iv) then a 200 ps simulation followed where all NMR
restraints energy terms were proportionally decreased from 200%
to 100%, and (v) 400 ps where all NMR restraints energy terms
were kept at 100%, (vi) from this last period one stable structure
was selected followed by 1 ns restrained MD simulation on implicit
solvent at 300 K with all (549) NMR restraints applied. 1000 struc-
ture snapshots were collected. The Generalized Born method
(ig = 5) was employed and the force field ‘‘ff99SB’’ implemented
in AMBER9 [11] was applied. The SHAKE algorithm [12] was used
to constrain covalent bonds to hydrogen atoms and a time step of
1 fs was used. No cutoff was used for the long-range interactions.
During the heating protocol, the Berendsen temperature coupling
algorithm [13] was employed with a coupling constant of 0.8 ps.
During the equilibration and production of the simulation, the
Langevin dynamics was used with a collision frequency of
1.0 ps�1. The 1000 collected structures were then minimized with
the Generalized Born method (ig = 5) including all NMR restraints
(549) starting with 500 steps with the steepest descent method
then switched to 500 steps of conjugate gradient or when the con-
vergence criterion for the energy gradient was less than 0.01 kcal/
mol Å, and finally the 1000 structures were sorted by energy. The
lowest energy structure was then selected for the next and last
simulation.
2.2.3.3. 10 ns restrained MD simulation at 300 K on 40% TFE/60% water
solvent. The lowest energy structure from the previous MD simula-
tion was used as initial structure for a 10 ns NMR restrained MD
simulation at 300 K in 40% TFE/60% water solvent. The initial struc-
ture neutralized with 6Na+ counterions was surrounded by a 10 Å
layer of pre-equilibrated 40% TFE/60% TIP3P solvation unit box (see
Section 2.2.2) in an orthorhombic box of approximately
60 � 45 � 60 Å3 containing a total of 8088 atoms. The system
was minimized starting with 1000 steps with the steepest descent
method then switched to 4000 steps of conjugate gradient or when
the convergence criterion for the energy gradient was less than
0.01 kcal/mol Å. The solvated system was then equilibrated follow-
ing the same protocol as given above (see Section 2.2.2) except that
after the step (iii) where the system was equilibrated in seven
rounds over 380 ps and the positional restraints were gradually re-
laxed at 300 K under NPT condition, the equilibration followed the
next protocol: (iv) during the next 500 ps all NMR restraints energy
terms were proportionally increased from 0% to 200% of its default
values, (v) followed by 300 ps where all NMR restraints energy
terms were proportionally decreased from 200% to 100% and final-
ly, (vi) a production of 10 ns restrained MD simulation at 300 K un-
der NPT condition with all NMR restraints was performed. During
the last nanosecond one thousand structures were collected, then
minimized with the Generalized Born method (ig = 5) including
all NMR restraints (549) starting with 1000 steps with the steepest
descent method then switched to 1000 steps of conjugate gradient
or when the convergence criterion for the energy gradient was less
than 0.01 kcal/mol Å, and finally the 1000 structures were sorted
by energy. The best 20 structures with the lowest energy were se-
lected. The average structure was obtained from the average of the
20 best structures and then minimized.
3. Results

3.1. Chemical shift assignments

Following well-established methods [15], the TOCSY correla-
tions were used to create a list of amino acid spin system
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assignments, as denoted by horizontal lines in Fig. 1. Data provided
complete spin system assignments by correlations between the
side chain protons with Ha (Fig. 1A) or HN (Fig. 1B). Assignment
of the initial group of spin systems into specific peptide positions
was based on sequential and medium-range correlations observed
in the 2D NOESY spectrum. The HN–HN region of the NOESY
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Fig. 1. Experimental 2D TOCSY (A, B) and NOESY (C) spectra for thymosin alpha-1
in 40% TFE/60% water (v/v) solution. Sequential correlation assigments of the NOE
cross peaks are indicated in panel C.
spectrum provided many strong sequential correlations (Fig. 1C).
Sequential HN–HN correlations from residues 1 to 11 and from res-
idues 13 to 28 are shown. Residues 11–13 have nearly identical HN
values making this region less useful for their assignments. The
present assignments (Table 1) represent a comprehensive proton
resonance list.

3.2. Structural statistics of the 20 best structures

During the restrained MD simulations and energy minimizations
549 restraints were applied. A total of 415 NOE restraints accounting
for: 170 intra-residue, 139 sequential (|i � j| = 1), 106 medium range
(1 < |i � j| < 5), and 0 long range (|i � j| > 5) restraints. One hundred
constraints for chirality and planarity were used and, based on
preliminary MD simulations and NOE patterns, 17 dihedral angle re-
straints for phi and psi angles for residues 11–27 were also applied.
From the ensemble of 20 lowest energy structures we found that the
average distance violation was 0.0086 ± 0.036 Å and the average tor-
sion angle violation was 0.0719 ± 0.4223�. The backbone atom
superposition of the 20 lowest energy structures fitted to residues
1–11 (Fig. 2A) has a rmsd to average structure of 0.35 ± 0.08 Å and
when fitted to residues 12–28 (Fig. 2B) the backbone atom superpo-
sition has a rmsd to average structure of 0.38 ± 0.09 Å. A stereoview
representation of the average structure is shown in Fig. 2C.

3.3. Structure analysis

The peptide has a stable C-terminal alpha-helix segment be-
tween residues 14 and 26 and also a stable distorted helical struc-
ture for the N-terminal residues 1–12. The flexibility between
these two stable regions can be observed in Fig. 2A and B and also
in Fig. 3 where the sequential and medium range NOEs connectiv-
ities are shown. From the 1000 structures collected on the last MD
simulation (where the 20 lowest energy structures were found),
we measure the distances between residues i and i + 3 and the an-
gles phi/psi for residues i + 1 and i + 2 over the residues 1–14, and
we found two double b-turns. An (I,I + 1)-double turn is present
Table 1
Chemical shift assignments of thymosin alpha-1.

Residue HN Ha Hb Others

Ser 1 8.150 4.487 3.987, 3.892
Asp 2 8.471 4.680 2.823, 2.770
Ala 3 8.127 4.335 1.468
Ala 4 8.112 4.358 1.490
Val 5 7.840 4.090 2.173 1.030, 1.000
Asp 6 8.370 4.766 2.916, 2.829
Thr 7 8.248 4.300 4.420 1.316
Ser 8 8.420 4.380 4.07, 4.04
Ser 9 8.300 4.440 4.06, 4.00
Glu 10 8.278 4.260 2.205 2.498, 2.444
Ile 11 8.090 4.013 2.003 1.710, 1.298, 1.018, 0.938
Thr 12 8.101 4.260 4.390 1.348
Thr 13 8.059 4.150 4.370 1.332
Lys 14 7.983 4.115 1.990 1.59, 1.51, 1.74, 3.05
Asp 15 8.197 4.559 2.89, 2.85
Leu 16 8.046 4.187 1.883, 1.714 1.817, 0.984, 0.951
Lys 17 8.240 4.054 2.000 1.49, 1.75, 1.64, 3.03
Glu 18 8.164 4.201 2.259, 2.199 2.615, 2.443
Lys 19 8.096 4.144 2.007, 1.970 1.513, 1.334, 1.717, 1.675, 3.03
Lys 20 8.244 4.102 2.22, 1.99 1.59, 1.49, 1.96, 1.74, 3.02
Glu 21 8.054 4.214 2.245, 2.218 2.582, 2.470
Val 22 7.899 3.910 2.289 1.127, 1.020
Val 23 7.987 3.890 2.222 1.090, 1.004
Glu 24 8.273 4.210 2.25, 2.19 2.59, 2.47
Glu 25 8.139 4.302 2.224, 2.197 2.648, 2.537
Ala 26 8.043 4.370 1.550
Glu 27 8.005 4.428 2.25, 2.10 2.59, 2.51
Asn 28 7.842 4.620 2.87, 2.77 6.76, 7.58



Fig. 2. Stereoviews of the final 20 lowest energy structures of thymosin alpha-1 in 40% TFE/60% water (v/v) solution. Backbone superposition aligned for (A) N-terminal
region fitted to residues 1–11 and (B) C-terminal region fitted to residues 12–28. Ribbon/lines stereoview representation of the average structure of the 20 lowest energy
structures is shown in (C). Pictures produced using VMD program [18].
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from residues Asp2-Asp6 and an (I,I + 2) double turn is present
from residues Thr7-Thr12. The four type-I b-turns within these
two double turns are [16] characterized as follows: (A) Asp2-
Ala3-Ala4-Val5, dist (i, i + 3) = 5.0 ± 0.2 Å, phi/psi(i + 1) = �64.1 ±
8.3�/�32.5 ± 9.5�, phi/psi(i + 2) = �72.3 ± 10.8�/�14.1 ± 13.1�; (B)
Ala3-Ala4-Val5-Asp6, dist (i, i + 3) = 4.9 ± 0.3 Å, phi/psi(i + 1) =
�72.3 ± 10.8�/�14.1 ± 13.1�, phi/psi(i + 2) = �105.7 ± 15.5�/14.9 ±
8.8�; (C) Thr7-Ser8-Ser9-Glu10, dist (i, i + 3) = 6.3 ± 0.4 Å, phi/
psi(i + 1) = �65.6 ± 10.6�/�17.9 ± 9.1�, phi/psi(i + 2) = �59.6 ± 8.9�/
�16.8 ± 10.0� and (D) Ser9-Glu10-Ile11-Thr12, dist (i, i + 3) =
5.7 ± 0.4 Å, phi/psi(i + 1) = �86.9 ± 12.9 Å��36.8 ± 12.6�, phi/psi
(i + 2) = �86.5 ± 6.7�/�17.5 ± 5.3�.

4. Discussion

Although the present NMR assignments for thymosin alpha-1
reported (Table 1; BioMagResBank Accession ID: 17458) generally
agreed to within about 0.1 ppm with those previously reported
[17], a significant number of shifts show larger differences. The
present assignments include the Ile11, Leu16, Glu25, Glu27 and
Asn28 amide protons which were missing in the previous work,
as well as the complete side chain assignments for Glu25, Glu27
and Asn28 which were previously not assigned. Of particular note,
our assignments for the Ile11 and Leu16 alpha protons, 4.013 and
4.187 ppm, differ greatly from the earlier report which listed them
as 3.01 and 3.11 ppm, respectively. The previous Ile11 Ha value ap-
pears to have been an incorrect assignment of Lys19 He to Ile11
Ha, due to resonance overlap not resolvable on a 400 MHz magnet.
The present assignments are complete.

The 800 MHz NMR structure determination of the 28-residue
peptide thymosin alpha-1 in 40% TFE/60% water (v/v) solution
shows that the peptide adopts a structured conformation having
two stable regions: an alpha-helix region from residues 14 to 26
and two double b-turns in the N-terminal twelve residues which
form a distorted helical structure. The (I,I + 1) double turn is
formed by type-I b-turn Asp2-Ala3-Ala4-Val5 and Ala3-Ala4-
Val5-Asp6. The (I,I + 2) double turn is formed by type-I b-turns
Thr7-Ser8-Ser9-Glu10 and Ser9-Glu10-Ile11-Thr12. A 25 ns unre-
strained MD simulation followed by a 10 ns NMR restrained MD
simulation at 300 K on 40% TFE/60% TIP3P water model solvent
were used to obtain the 3D structure of the 28-residue peptide of
thymosin alpha-1 (PDB ID: 2l9i).



Fig. 3. Summary of sequential and medium range NOEs connectivities of thymosin alpha-1 in 40% TFE/60% water (v/v) solution. The thicknesses of the lines represent the
intensity of NOE cross peaks classified as strong, medium and weak.
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