Molecules 2014, 19, 21113-21126; doi:10.3390/molecules191221113

molecules

ISSN 1420-3049
www.mdpi.com/journal/molecules

Article

Crystallographic Studies Evidencing the High Energy Tolerance
to Disrupting the Interface Disulfide Bond of Thioredoxin 1
from White Leg Shrimp Litopenaeus vannamei

Adam A. Campos-Acevedo and Enrique Rudifio-Pifiera *

Departamento de Medicina molecular y Bioprocesos, Instituto de Biotecnologia (IBT),
Universidad Nacional Autonoma de México (UNAM), Avenida Universidad 2001, Colonia Chamilpa,
Cuernavaca 62210, Mexico

* Author to whom correspondence should be addressed; E-Mail: rudino@ibt.unam.mx;
Tel.: +52-55-5622-7673.

External Editors: Noriyuki Nagahara and Maria Wrobel

Received: 10 October 2014, in revised form: 6 December 2014 / Accepted: 9 December 2014 /
Published: 15 December 2014

Abstract: Thioredoxin (Trx) is a small 12-kDa redox protein that catalyzes the reduction of
disulfide bonds in proteins from different biological systems. A recent study of the crystal
structure of white leg shrimp thioredoxin 1 from Litopenaeus vannamei (LvTrx) revealed a
dimeric form of the protein mediated by a covalent link through a disulfide bond between
Cys73 from each monomer. In the present study, X-ray-induced damage in the catalytic and
the interface disulfide bond of LvTrx was studied at atomic resolution at different
transmission energies of 8% and 27%, 12.8 keV at 100 K in the beamline 1-24 at Diamond
Light Source. We found that at an absorbed dose of 32 MGy, the X-ray induces the cleavage
of the disulfide bond of each catalytic site; however, the interface disulfide bond was cleaved
at an X-ray adsorbed dose of 85 MGy; despite being the most solvent-exposed disulfide bond
in LvTrx (~50 A?). This result clearly established that the interface disulfide bond is very
stable and, therefore, less susceptible to being reduced by X-rays. In fact, these studies open
the possibility of the existence in solution of a dimeric LvTrx.
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1. Introduction

In the X-ray diffraction of a protein crystal at an energy of 12.8 keV, about 98% of the incident
photons pass through the crystal without interaction. Only 2% of ionizing energy interacts with the
crystal. Of this 2%, about 1.84% corresponds to the photoelectric effect and inelastic scattering; only 0.16%
corresponds to the elastic scattering responsible for the diffraction pattern phenomena [1]. Both the
photoelectric effect and inelastic scattering cause the ionization of certain atoms in the crystal, causing
chemical changes in the molecules that constitute the crystal and result in destabilization of the crystal lattice.

The photoelectric effect makes it difficult to get good quality experimental data, since the order of
the crystalline arrangement determines the properties of diffraction. Therefore, there is a compromise to
obtain good parameters (higher resolution, I/(cI), completeness, redundancy, integrity, CC1/2, etc.), in
order to minimize the effects caused by radiation damage during data collection. The X-rays induce
site-specific changes in protein molecules, which include the reduction of metal ions and the breaking
of certain covalent bonds [2,3], with subsequent disordering of the atoms forming the crystal lattice.

The consequences of radiation damage are noticed in the covalent bond disruption [2,4,5], the
decarboxylation of glutamic and aspartic residues [6,7], as well as the loss of hydroxyl groups of tyrosine
residues and the methylthiol groups of methionine residues [4]. By extension from electron microscopy
experiments at 77 K, a calculated dose of 20 MGy, the Henderson limit, was proposed as a limit in which
the loss of half a power of diffraction in protein crystallography occurs [8]. Subsequently, the X-ray
crystal’s absorbed dose was estimated, using protein crystals of holoferritin and apoferritin, a dose
of 35 MGy, the Garman limit, in which the biological information coming from diffraction experiment
may be compromised by radiation damage, was proposed [9].

With the development of third-generation synchrotrons and new X-ray free electron lasers (X-FEL),
the X-ray absorbed dose in protein crystals exposed to those sources has increased from 10 to 1000 times
as compared to home source X-rays, leading very frequently to final absorbed doses above 35 MGy.
Most macromolecular crystals, which are kept at room temperature for data collection, lose their order
after only a few seconds of exposure to the X-ray beams in a third-generation synchrotron. The use of
cryogenic techniques has greatly reduced the radiation damage suffered during an experiment, allowing
more exposure time to the X-ray without severely affecting the quality of diffraction. This is because the
cryogenic temperature of 100 K restricts the diffusion of free radicals generated by radiation through the
crystal lattice. Despite this tolerance, the effects of radiation damage continue to manifest themselves [10,11].
In studies conducted in a second-generation synchrotron using TcAChE (Torpedo californica acetyl
cholinesterase), crystals under cryogenic conditions and HEWL (hen egg lysozyme) showed that the
rupture of the disulfide bonds Cys254-Cys265 was produced in TcAChE and the Cys6-Cys127 disulfide
bond in HEWL. Although these proteins have more disulfide bonds, these bonds were much more
sensitive, because they are more accessible to the solvent than the others [2]. Besides this, variations in
atomic displacement parameters (ADPs) for individual amino acids were analyzed. It was observed that
the glutamic and aspartic residues showed an increase in ADP values in addition to the cysteines that
mediated the disulfide bond formation. The increase in the ADPs may be a consequence of increased
mobility or decarboxylation, an effect well known for ionizing radiation [2,12].

Although structural changes can occur in the crystal during the data collection, these changes are
dependent on the crystal’s nature. The total radiation damage in cryopreserved protein crystals
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corresponds to the cumulative dose received during data collection. Recent reports have given a better
understanding of the problem [13], and studies of radiation damage have reported that the damage is
highly specific as the previously mentioned examples: TcAChE and HEWL [2,5]. In these cases, an
integral study was done, revealing the existence of an increase in the ADPs, the increase in unit cell
parameters, a slight rotation and translation of protein molecules, the disruption of disulfide bonds and
the decarboxylation of aspartic and glutamic residues. All of these changes are initiated by the formation
of free radicals during exposure to X-rays [2,5]. As a consequence of the formation of free radicals, the
progressive disorder of the crystal and local chemical changes in the protein molecules is manifested.
Further specific damage (loss of electron density) for the hydroxyl groups of tyrosine and the methylthiol
group in methionine residues were also reported [1,4].

Litopenaeus vannamei thioredoxin (LvTrx) is a redox protein with a molecular weight of 12 kDa,
which catalyzes the reduction of the disulfide bond in different biological systems. The determination of
the crystal structures of LvTrx under different redox conditions discloses a dimeric form mediated by a
disulfide bond and other residues that are involved in the dimeric interface [14]. The contacts in the
interface core area are formed by hydrophobic residues (Trp31, Val59, Ala66, Ile71 and Met74),
blocking the access of water molecules. Other residues that compose the interface rim area of LvTrx are
mostly hydrophilic residues formed by Thr30, Cys32, Gly33, Pro34, Lys36, Asp60, Glu63, GIn67,
GIn70, Ala72 and Cys73 (Figure 1).

Figure 1. Crystallographic structure of LvTrx, showing the dimer arrangement in the
asymmetric unit for all deposited structures of LvTrx in the PDB (3zzx, 4aj6, 4aj7, 4aj8).
Electron-density maps 2Fo-Fc are shown in gray and contoured at 1.0 6. The LvTrx structure
shows the location that has the interface disulfide bond (Cys73-Cys73"), which is the most
exposed, compared with the catalytic disulfide bond of each monomer embedded in the
dimeric interface. In the box with the dotted frame is shown the residues that are involved in
the LvTrx interface. The ratio of the interface is composed by the core in blue color (interface
residues with at least one fully-buried atom) and the rim in red color (the other interface
residues). The interface division by core/rim and the interface residues of LvTrx were
obtained by the program, ProFace [15]. The interface area was of 609.75 A% on average,
determined by the PISA server (Protein Interfaces, Surfaces and Assemblies) at the European
Bioinformatics Institute [16], and the figures were generated with CCP4mg.

CysT3-Cys73°
Cys35-Cys32 = ) \ Al :
ey §

Chain A
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In this study, we investigated the deterioration of disulfide bonds in two crystals of LvTrx protein at
different fluxes. The LvTrx contains four cysteines; two of them are engaged to form a catalytic disulfide
bond (Cys32 and Cys35); Cys62 is not involved in any interactions, but in human thioredoxin (hTrx), it
has been reported that Cys62 is readily S-nitrosylated, giving a SNO modification [17]; and Cys73,
which in previous studies, showed a dimeric behavior in the crystal system of hTrx and LvTrx, mediated
by the interface disulfide bond through the Cys73 residue of each monomer [14,17]. This conformation
remained doubtful in in vivo experiments [18,19]. The importance of this study is focused on the
interface disulfide bond of the LvTrx, because this interaction remains stable, despite the presence of
dithiothreitol (DTT) to a concentration of 5 mM, a sufficient concentration to maintain the catalytic
disulfide bond in a reduced state during all of the crystallization process.

In an attempt to determine if the interface disulfide bond is viable to be reduced or if it is a
consequence of a crystalline arrangement, we used X-rays as a tool to conduct experiments of radiation
damage to monitor the reduction of the interface disulfide bond in two crystals of LvTrx. Each crystal

I respectively,

was collected at 8% and 27% transmission energy, 1.33 x 10! and 4.14 x 10'! photons s~
with a series of 10 datasets collected per crystal in order to analyze the progressive reduction of the
disulfide bonds and other changes.

These experiments shows the presence and reduction of the interface disulfide bond, from 3.4 MGy
until reaching a dose of 85 MGy, showing the disulfide bond disruption and movement of the Cys73,
Cys32 and Cys35 residues of each monomer. The interface disulfide bond is shown as one of the most
stable disulfide bonds to our knowledge, even with a significant solvent exposure. This behavior opens
the possibility to analyze those residues that are interacting at the interface area, due to these interactions
being possibly crucial to maintain the interface bond stably and tolerably at high doses of energy, even

when a reducing agents is added.
2. Results and Discussion

During data collection, two crystal of LvTrx were diffracted at different transmissions, referred to
below as LvTrx-1x (8% of transmission, 1.33 x 10 !! photons s™!) and LvTrx-3x (27% of transmission,
4.14 x 10'"! photons-s™!). Ten datasets were collected for each crystal, with the purpose of analyzing the
sequential increase in the absorbed dose of energy. Specifically, changes were observed in the electron
density corresponding to the region of the interface disulfide bond (Cys73-Cys73") and the catalytic
disulfide bond (Cys32-Cys35) of each monomer. The deterioration of the electron density was dependent
on the increment of the absorbed dose. The calculation of absorbed dose was done with the program,
RADDOSE [20-22].

In the case of the crystal LvTrx-1x, the interface disulfide bond (Cys73-Cys73") remained stable, reaching
a dose of 34 MGy. However, at a dose of 3.4 MGy, this disulfide bond showed double conformations in
the Sy atoms of the residues Cys73-Cys73' without compromising the disulfide bond formation.

In the case of the catalytic disulfide bond (Cys32-Cys35) of each monomer, the dose at which the
disulfide bond was fully reduced was at approximately 34 MGy (Figure 2a—h). We compared this
behavior with other experiments focused on the radiation damage of disulfide bonds in different proteins.
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Figure 2. Crystal structures of LvTrx-1x showing the disulfide bond deterioration
(ACys32-ACys35, ACys73-BCys73' and BCys32-BCys35) caused by radiation damage in
a sequential data collection of 10 datasets with 8% of transmission, 1.33 x 10!'! photons s™!.
Electron-density maps 2Fo-Fc are shown in gray and contoured at 1.0 ¢. (a) First dataset
collected at 3.4 MGy; (b) second dataset collected at 6.8 MGy; (c¢) third dataset collected at
10.3 MGy; (d) sixth dataset collected at 20.6 MGy; (e) seventh dataset collected at 24 MGy;
(f) eighth dataset collected at 27.4 MGy; (g) ninth dataset collected at 30.9 MGy; (h) tenth
dataset collected at 34.3 MGy, showing that up to this dose, the catalytic disulfide bond of
chains A and B is fully reduced (highlighted in red ovals), while the interface disulfide bond
remains stable. For practical purposes, the fourth and fifth datasets are not shown at a dose
of 13.7 MGy and 17.1 MGy, respectively, since these datasets did not provide more
information. The figures were generated with CCP4mg, and the video can be viewed in the

Supplementary Material.
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In the literature, it is reported that most of the covalent bonds were completely reduced by an absorbed
dose of ~13 MGy or less. In protein crystals of lysozyme, all disulfide bonds were fully reduced at ~1
MGy (Cys6-Cys127; Cys30-Cys115; Cys64-Cys80; Cys76-Cys94) [23]; in protein crystals of TcAChE,
only one of three disulfide bonds was fully reduced at an absorbed dose of ~6 MGy (Cys265-Cys254) [2];
in protein crystals of trypsin, only one of six disulfide bond was reduced at ~7 MGy
(Cys191-Cys220) [24]; and in protein crystals of elastase, all disulfide bonds were fully reduced at
~13 MGy (Cys58-Cys42; Cys182-Cys-168; Cys220-Cys191; Cys136-Cys201) [7] (Table S1).

It is important to mention that the catalytic site of all the Trxs is very reactive and dynamic, with
different targets [25]. Therefore, the determined absorbed dose at which the disruption of the catalytic
disulfide bond occurs in LvTrx seems high.

For the crystal LvTrx-1x, the absorbed dose calculated is on the Garman limit reported by
Owen et al., 2006, at 35 MGy [9], showing an example of biological information not ever affected above
the Garman limit.

One possible explanation whereby the catalytic disulfide bond is stable at a high absorbed dose of
energy is due to the dimer arrangement of the LvTrx in the crystal lattice (Figure 1). The catalytic
disulfide bond of each monomer is embedded in the dimer interface area, thereby causing a tolerance to
radiation damage, the solvent-accessible surface area (ASA) of each of the cysteines of ACys32: 0 A2,
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ACys35: 0.2 A? and BCys32: 0 A%, BCys35: 4.2 A? being calculated by AREAIMOL [26,27]. In
Table S2, the disulfide bonds’ ASA of the LvTrx are comparable with other monomeric Trxs.

In the case of the crystal of LvTrx-3x, the structure analysis showed that the catalytic disulfide bond
was disrupted at a dose of 32 MGy. Similar data were calculated for the crystal LvTrx-1x, when the
catalytic disulfide bond was broken. Despite the fact that cysteine mediated the interface disulfide bond,
this residue exhibits a double conformation in the seven datasets. The disulfide bond was stable up to a
dose of 85 MGy, in which the reduction was complete (Figure 3a—h).

Figure 3. Crystal structures of LvTrx-3x showing the deterioration of the catalytic disulfide
bond (ACys32-ACys35and BCys32-BCys35) and the interface disulfide bond (Cys73-Cys73")
caused by radiation damage. The energy with which each dataset was obtained of the crystal
LvTrx-3x was three-times higher (27% transmission, 4.14 x 10'! photons s~ ') than the crystal
LvTrx-1x. (a) First dataset collected at 10.7 MGy; (b) second dataset collected at 21.3 MGy;
(c¢) third dataset collected at 32 MGy, a dose at which the catalytic disulfide bond is
completely reduced, similar to what was obtained in the crystal LvTrx-1x; (d) fourth dataset
collected at 42.7 MGy; (e) fifth dataset collected at 53.4 MGy; (f) Sixth dataset collected at
64.1 MQGy; (g) seventh dataset collected at 74.8 MQGy; (h) eighth dataset collected at 85.4
MGy, showing that at this dose, the interface disulfide bond is completely broken
(highlighted in red oval). Datasets 9 and 10 are not shown, because the expected result was
obtained in Dataset 8. Electron-density maps 2Fo-Fc are shown in gray and contoured
at 1.0 o. The figures were generated with CCP4mg, and the video can be viewed in the

Supplementary Material.
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The tolerance that the interface disulfide bond has to radiation damage is unusual, because this
disulfide bond is exposed to the solvent with an ASA of ~50 A (Table S2). This result suggests that the
maintenance of this covalent interaction could depend on the residues involved in the dimer interface of

the LvTrx. This residue interaction at the interface area is mostly hydrophobic and could be limiting the
flexibility of this disulfide bond, justifying the high tolerance to radiation damage. The summary of
sequential deterioration of the catalytic and the interface disulfide bond is shown in Figure S1, and the
video can be viewed in the Supplementary Materials.
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3. Experimental Section
3.1. Experimental Procedures

The recombinant LvTrx was purified in a similar manner as in previously published studies [14]. Two
crystals of white leg shrimp Litopenaeus vannamei thioredoxin (LvTrx-3x and LvTrx-1x) were independently
grown using the same crystallization conditions. Both crystals were grown from 0.1 M sodium acetate
trihydrate, pH 4.6, 2.0 M ammonium sulfate with a protein concentration of 6 mg mL™! and cryo-cooling
with 30% (v/v) glycerol in liquid nitrogen, as previously described by Campos-Acevedo ef al., 2013 [14].
The approximate dimensions for the crystal LvTrx-1x were 0.2 x 0.04 x 0.04 mm and 0.3 x 0.06 x 0.06
mm for the crystal LvTrx-3x. In this study, 10 datasets of each crystal were collected at 100 K in the
beamline 1-24 (A = 0.97 A, 12.8 keV) at the Diamond Light Source (DLS) in Oxford, UK.

3.2. Data Collection and X-ray Diffraction Experiments

The goal of the experiment was to monitor the overall and local changes that occur in the crystal at
increasing dosages. During the experiment, ten datasets (Datasets 1-10) were collected consecutively
from a single region of each crystal at 100 K. The crystal orientation, the rotation range (0.2°), the
exposure time per image (0.2 s), the number of images collected per dataset (300 images), the wavelength
(0.97 A) and the crystal to detector distance (300 mm) were the same for all datasets, except for the
percentage of transmittance (fluxes of 1.33 x 10'' and 4.14 x 10'! photons's™') for LvTrx-1x and
LvTrx-3x crystals, respectively. The crystal was oriented with the longest dimension along the spindle.
The slit size was 0.03 x 0.03 mm horizontal x vertical. The dose absorbed by the crystal for each dataset
was calculated using the program, RADDOSE [20-22].

3.3. Data Processing, Molecular Replacement and Refinement

For all of the recombinant LvTrx, datasets were determined by the molecular replacement method
(MR). The initial phases were obtained using the full-length thioredoxin from the Litopenaeus vannamei
structure previously deposited [14], using PDB Code 3zzx as a search model. The diffraction images
were integrated using XDS [28], and the scaling was performed with SCALA from the CCP4 suite
(Collaborative Computational Project, Number 4) [27]. The crystal belonged to space group p3212, with
unit cell parameters a =57.7 £ 04 A, b=577+04 A, c =118 £ 0.8 A; a = 90°, B = 90°, y = 120°.
Additionally, Pointless [29] clearly supported the space group selection for each structure determination.
A cross-rotational search followed by a translational search was performed using the program, Phaser [30],
to obtain an initial model and the phases. The model was improved based on manual inspection of the
2Fo-Fc map after a rigid-body refinement and geometric constraint were performed in REFMAC [31].
All further refinements were performed using the program, PHENIX [32]. The final model was
completed using PHENIX and Coot [33]. Data-collection statistics are summarized in Tables 1 and 2.
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Table 1. Summary of crystallographic data of LvTrx-1x. Values in parentheses are for the highest resolution shell.

21120

Parameters

LvTrx-1x (1)

LvTrx-1x (2)

LvTrx-1x (3)

LvTrx-1x (6)

LvTrx-1x (7)

LvTrx-1x (8)

LvTrx-1x (9)

LvTrx-1x (10)

Data Collection Statistics

X-ray source
Wavelength (A)
Space group
Absorbed dose (MGy)
Unit-cell dimensions
a, b, c(A)

o, B, v angles (°)

DLS Beamline 124
0.9686
P3,12

3.4

57.18,57.18, 117.62
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12
6.8

57.21,57.21,117.75
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12

10.3

57.24,57.24,117.85
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12

20.6

57.44,57.44,117.90
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12

24.0

57.41,57.41,117.85
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12

27.4

57.36,57.36, 117.85
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12
30.9

57.46, 57.46, 117.90
90.0, 90.0, 120.0

DLS Beamline 124
0.9686
P3,12

343

57.21,57.21,117.95
90.0, 90.0, 120.0

Resolution range (A) 28.59-1.65 28.60-1.71 28.61-1.65 45.83-1.72 45.80-1.74 45.75-1.76 45.85-1.80 27.80-1.84
No. of reflections 86,984 76,685 84,052 63,098 61,524 61,048 61,404 61,761
No. of unique reflections 26,586 23,647 25,952 23,101 22,342 21,661 20,239 18,958
Completeness (%) 99.9 (99.8) 98.0 (91.6) 98.2(92.8) 96.7 (95.5) 97.0 (96.1) 97.3 (95.7) 96.6 (96.4) 97.3 (90.7)
Ry (%) 3 3.8(43.9) 3.4 (34.3) 3.7 (50.5) 6.9 (39.1) 6.9 (39.6) 7.6 (40) 5.2 (40.4) 4.8 (424)
1I/s(D) 15.9(2.4) 18.0 (2.9) 15.0(2.0) 7.5(2.0) 7.7 (2.0) 7.3 (2.0) 7.2 (1.36) 13.0(2.8)
Multiplicity 333.3) 3.23.0) 323.0) 2.72.5) 2.8 (2.6) 2.8(2.6) 2522) 333.2)
Asymmetric unit Dimer Dimer Dimer Dimer Dimer Dimer Dimer Dimer
Refinement Statistics
Ryvori/Rppee (%) 18.87/22.33 18.39/23.41 19.22/23.15 18.77/22.98 18.76/23.72 18.66/23.93 18.66/23.37 18.45/21.72
B-value (A”)
Protein 252 26.8 30.4 25.53 26.31 25.05 25.64 28.52
Ion/Ligand 3221 35.63 38.31 32.69 34.35 35.97 35.47 51.61
Water 37.69 38.98 41.64 37.68 37.46 36.74 36.75 39.21
All atoms 31.63 33.80 36.78 31.96 32.70 32.58 32.62 39.78
Wilson plot B-value (AZ) 24.97 25.8 26.46 25.93 26.67 27.21 27.90 30.01
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Table 1. Cont.

21121

Parameters LvTrx-1x (1) LvTrx-1x (2) LvTrx-1x (3) LvTrx-1x (6) LvTrx-1x (7) LvTrx-1x (8) LvTrx-1x (9) LvTrx-1x (10)
RMSD from Ideal Stereochemistry
Bond lengths (A) 0.005 0.005 0.005 0.005 0.005 0.004 0.005 0.005
Bond angles (°) 0.924 0.899 0.921 0.940 0.932 0.816 0.867 0.885
Coordinate error
(maximum-likelihood 0.19 0.23 0.20 0.26 0.25 0.26 0.24 0.21
base) (A)
Ramachandran plot (%)
Most-favored regions 97.75 97.78 97.32 97.32 97.77 97.32 97.31 97.75
Additional allowed regions 2.25 222 2.68 2.68 2.23 2.68 2.69 2.25
Disallowed regions 0 0 0 0 0 0 0 0

S Rym = it Zi [Li(hkl) — (I(hkl)|Zpu X 1; (hkl), where Ii(hkl) and (I(hkl)) represent the diffraction-intensity values of the individual measurements and the corresponding mean

values. The summation is over all unique measurements.

Table 2. Summary of crystallographic data of LvTrx-3x. Values in parentheses are for the highest resolution shell.

Parameters

LvTrx-3x (1)

LyTrx-3x (2)

LvTrx-3x (3)

LvTrx-3x (4)

LvTrx-3x (5)

LvTrx-3x (6)

LvTrx-3x (7)

LvTrx-3x (8)

Data Collection Statistics

X-ray source
Wavelength (A)
Space group
Absorbed dose (MGy)
Unit-cell dimensions
a, b, ¢ (A)

a, B, y angles (°)
Resolution range (A)
No. of reflections
No. of unique reflections

Completeness (%)

DLS Beamline 124
0.9686
P3,12

10.7

57.49,57.49,117.92
90.0, 90.0, 120.0
28.75-1.46
108,975
38,937
99.6 (99.4)

DLS Beamline 124
0.9686
P3,12

213

57.55,57.55, 118.02
90.0, 90.0, 120.0
27.95-1.60
97,790
29,741
99.6 (99.4)

DLS Beamline 124
0.9686
P3,12

32.0

57.61,57.61,118.05
90.0, 90.0, 120.0
28.80-1.70
81,543
24,912
99.6 (99.6)

DLS Beamline 124
0.9686
P3,12
42.7

57.65,57.65, 118.06
90.0, 90.0, 120.0
25.90-1.80
69,057
21,055
99.8 (99.6)

DLS Beamline 124
0.9686
P3,12
53.4

57.68,57.68, 118.05
90.0, 90.0, 120.0
28.01-1.88
60,539
18,546
99.8 (99.6)

DLS Beamline 124
0.9686
P3,12
64.1

57.70,57.70, 118.05
90.0, 90.0, 120.0
28.02-1.96
53,701
16,387
99.9 (99.6)

DLS Beamline 124
0.9686
P3,12
74.8

57.69,57.69, 118.02
90.0, 90.0, 120.0
28.02-2.05
46,718
14,356
99.6 (99.7)

DLS Beamline 124
0.9686
P3,12
85.4

57.70,57.70, 118.02
90.0, 90.0, 120.0
28.85-2.15
40,484
12,470
99.6 (99.6)
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Table 2. Cont.

21122

Parameters LvTrx-3x (1) LvTrx-3x (2) LvTrx-3x (3) LvTrx-3x (4) LvTrx-3x (5) LvTrx-3x (6) LvTrx-3x (7) LvTrx-3x (8)
Data collection Statistics
R (%) § 2.5(38.4) 2.7(39.9) 2.9 (44.0) 3.3 (40.5) 3.9 (42.1) 4.5 (45) 4.8 (42.6) 5.0 (36.7)
I/o(1) 21.8(3.2) 21.5@3.1) 21.1 (2.8) 19.2(3.1) 16.7 (2.9) 14.9 (2.9) 14.4 (3.0) 14.1 (3.5)
Multiplicity 333.2) 33@3.3) 333.2) 33@3.3) 333.2) 333.2) 33@3.3) 3232
Asymmetric unit Dimer Dimer Dimer Dimer Dimer Dimer Dimer Dimer
Refinement Statistics
R /R (%) 19.95/22.02 18.67/23.36 18.71/20.67 18.58/22.65 18.23/22.63 17.78/21.72 18.66/23.37 18.03/24.63
B-value (Az)
Protein 24.83 23.88 28.13 29.22 31.2 34.54 34.29 36.59
Ton/Ligand 47.50 42.28 52.88 51.69 55.57 61.46 52.27 64.22
Water 38.0 36.65 40.39 41.02 41.61 43.77 42.05 44.55
All atoms 36.77 34.27 40.46 40.64 42.79 46.65 42.87 48.45
Wilson plot B-value (A% 20.55 23.61 26.69 29.43 31.99 34.28 36.30 37.78
RMSD from Ideal Stereochemistry
Bond lengths (&) 0.004 0.006 0.004 0.004 0.005 0.004 0.004 0.006
Bond angles (°) 0.861 1.027 0.824 0.826 0.932 0.842 0.756 0.938
Coordinate error
(maximum-likelihood base) (A) 0.18 0.18 0.17 0.21 0.23 0.19 0.24 0.25
Ramachandran plot (%)
Most-favored regions 97.77 97.32 97.75 97.30 98.20 97.75 98.19 97.75
Additional allowed regions 2.23 2.68 2.25 2.70 1.80 2.25 1.81 2.25
Disallowed regions 0 0 0 0 0 0 0 0

S Rym = Tt Zi [li(hkl) — (I(hkd)| T Z: I; (hkl), where Li(hkl) and (I(hkl)) represent the diffraction-intensity values of the individual measurements and the corresponding mean

values. The summation is over all unique measurements.
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4. Conclusions

The analysis of our experiments with two crystals of LvIrx show a specific radiation damage in the
catalytic and the interface disulfide bond as a result of the sequential increase in the absorbed dose during
the collection of each dataset. This analysis shows that the catalytic disulfide bond deterioration is less
tolerant to radiation damage than the disulfide bond located in the dimeric interface with a calculated
absorbed dose of 32 MGy and 85 MGy, respectively. In the case of the catalytic and the interface
disulfide bonds of LvTrx, the disruption of the LvTrx catalytic disulfide bond is at least two-fold more
tolerant in comparison to previous experiments of radiation damage focusing on the disulfide bond
reduction (32 MGy vs. ~ 13 MGy), even while having a compromising solvent accessible area.

The tolerance to high doses of radiation by the catalytic disulfide bond in LvTrx may be due to its
poor accessibility to the solvent as a result of LvTrx dimer arrangement in the crystalline state. In the
case of the interface disulfide bond, it was most exposed to the solvent, which theoretically would make
it the most susceptible to radiation damage; however, the disulfide bond remains intact at high energy
dosages. The interaction that maintains the dimer interface not only depends on a covalent bond, but also
on the other residues that compound the interface of each monomer [14]. This protein-protein interaction
plays a crucial role in the stability of the interface disulfide bond, thereby limiting the flexibility of the
structure and compromising the reduction of the disulfide bond.

The disruption of the interface disulfide bond opens up the possibility that the dimeric form in LvTrx
is also possible in solution. Although several authors previously reported this dimeric arrangement in
a Trx crystal system [14,17,34,35], there still remains no evidence of this behavior in solution. It would
be interesting to see if the LvTrx protein can be used as a model to study this behavior to know if the
dimerization present in the crystal lattices is the same in solution and if the oligomeric state has any
physiological role.

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/19/12/21113/s1.
Acknowledgments

Campos-Acevedo, A.A was supported by a PhD fellowship from CONACyT. We acknowledge
financial support from CONACyT Project No. 204639 and PAPIIT project IN209114. We thank Diamond
Light Source Synchrotron, Beamline 1-24, and its staff, specifically Robin Owen, for data-collection
allocation and assistance during data-collection, respectively. We also would like to thank Elspeth
Garman for several useful discussions regarding this project. The authors thank Sonia G. Parra for critical
reading of the manuscript and Sonia P. Rojas for technical assistance.

Author Contributions

A.A.C.A.: analysis and interpretation, data collection, figures and writing of the article. E.R.P.:
Conception and design, analysis and interpretation and writing of the article.



Molecules 2014, 19 21124

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Murray, J.W.; Rudifio-Pifiera, E.; Owen, R.L.; Grininger, M.; Ravelli, R.B.G.; Garman, E.F.
Parameters affecting the X-ray dose absorbed by macromolecular crystals. J. Synchrotron Radiat.
2005, 712, 268-275.

2.  Weik, M.; Ravelli, R.B.; Kryger, G.; McSweeney, S.; Raves, M.L.; Harel, M.; Gros, P.; Silman, L.;
Kroon, J.; Sussman, J.L. Specific chemical and structural damage to proteins produced by
synchrotron radiation. Proc. Natl. Acad. Sci. USA 2000, 97, 623—628.

3. Adam, V. Royant, A.; Niviere, V.; Molina-Heredia, F.P.; Bourgeois, D. Structure of superoxide
reductase bound to ferrocyanide and active site expansion upon X-ray-induced photo-reduction.
Structure 2004, 12, 1729-1740.

4. Burmeister, W.P. Structural changes in a cryo-cooled protein crystal owing to radiation damage.
Acta Crystallogr. Sect. D Biol. Crystallogr. 2000, 56, 328-341.

5. Ravelli, R.B.; McSweeney, S.M. The “fingerprint” that X-rays can leave on structures.
Structure 2000, 8, 315-328.

6. Fioravanti, E.; Vellieux, F.M.D.; Amara, P.; Madern, D.; Weik, M. Specific radiation damage to
acidic residues and its relation to their chemical and structural environment. J. Synchrotron Radiat.
2007, 14, 84-91.

7. Petrova, T.; Ginell, S.; Mitschler, A.; Kim, Y.; Lunin, V.Y.; Joachimiak, G.; Cousido-Siah, A.;
Hazemann, 1.; Podjarny, A.; Lazarski, K.; ef al. X-ray-induced deterioration of disulfide bridges at
atomic resolution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 1075-1091.

8. Henderson, R. Cryo-Protection of Protein Crystals against Radiation Damage in Electron and
X-ray Diffraction. Proc. R. Soc. B Biol. Sci. 1990, 241, 6-8.

9. Owen, R.L.; Rudifio-Pifiera, E.; Garman, E.F. Experimental determination of the radiation dose
limit for cryocooled protein crystals. Proc. Natl. Acad. Sci. USA 2006, 103, 4912-4917.

10. Garman, E.F.; Owen, R.L. Cryocooling and radiation damage in macromolecular crystallography.
Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 32—47.

11. Chinte, U.; Shah, B.; Chen, Y.-S.; Pinkerton, A.A.; Schall, C.A.; Hanson, B.L. Cryogenic (<20 K)
helium cooling mitigates radiation damage to protein crystals. Acta Crystallogr. Sect. D
Biol. Crystallogr. 2007, 63, 486—492.

12. Petrova, T.; Lunin, V.Y.; Ginell, S.; Hazemann, 1.; Lazarski, K.; Mitschler, A.; Podjarny, A.;
Joachimiak, A. X-ray-radiation-induced cooperative atomic movements in protein. J. Mol. Biol.
2009, 387, 1092—-1105.

13. Teng, T.Y.; Moftat, K. Radiation damage of protein crystals at cryogenic temperatures between 40 K
and 150 K. J. Synchrotron Radiat. 2002, 9, 198-201.



Molecules 2014, 19 21125

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Campos-Acevedo, A.A.; Garcia-Orozco, K.D.; Sotelo-Mundo, R.R.; Rudifio-Pifiera, E.
Expression, purification, crystallization and X-ray crystallographic studies of different redox
states of the active site of thioredoxin 1 from the whiteleg shrimp Litopenaeus vannamei.
Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2013, 69, 488—493.

Saha, R.P.; Bahadur, R.P.; Pal, A.; Mandal, S.; Chakrabarti, P. ProFace: a server for the analysis of
the physicochemical features of protein-protein interfaces. BMC Struct. Biol. 2006, 6,
doi:10.1186/1472-6807-6-11.

Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state.
J. Mol. Biol. 2007, 372, 774-797.

Weichsel, A.; Kem, M.; Montfort, W.R. Crystal structure of human thioredoxin revealing an
unraveled helix and exposed S-nitrosation site. Protein Sci. 2010, 19, 1801-1806.

Gronenborn, A.M.; Clore, G.M.; Louis, J.M.; Wingfield, P.T. Is human thioredoxin monomeric or
dimeric? Protein Sci. 1999, 8, 426-4209.

Garcia-Orozco, K.D.; Sanchez-Paz, A.; Aispuro-Hernandez, E.; Gomez-Jimenez, S.; Lopez-Zavala, A.;
Araujo-Bernal, S.; Muhlia-Almazan, A. Gene expression and protein levels of thioredoxin in the gills
from the whiteleg shrimp (Litopenaeus vannamei) infected with two different viruses: The WSSV
or IHHNV. Fish Shellfish Immunol. 2012, 32, 1141-1147.

Murray, J.W.; Garman, E.F.; Ravelli, R.B.G. X-ray absorption by macromolecular crystals:
The effects of wavelength and crystal composition on absorbed dose. J. Appl. Crystallogr. 2004, 37,
513-522.

Paithankar, K.S.; Owen, R.L.; Garman, E.F. Absorbed dose calculations for macromolecular crystals:
Improvements to RADDOSE. J. Synchrotron Radiat. 2009, 16, 152—-162.

Paithankar, K.S.; Garman, E.F. Know your dose: RADDOSE. Acta Crystallogr. D Biol. Crystallogr.
2010, 66, 381-388.

Sutton, K.A.; Black, P.J.; Mercer, K.R.; Garman, E.F.; Owen, R.L.; Snell, E.H.; Bernhard, W.A.
Insights into the mechanism of X-ray-induced disulfide-bond cleavage in lysozyme crystals based
on EPR, optical absorption and X-ray diffraction studies. Acta Crystallogr. D Biol. Crystallogr.
2013, 69, 2381-2394.

Leiros, H.-K.S.; McSweeney, S.M.; Smalads, A.O. Atomic resolution structures of trypsin provide
insight into structural radiation damage. Acta Crystallogr. Sect. D Biol. Crystallogr. 2001, 57,
488-497.

Holmgren, A. Thioredoxin: Structure and functions. Trends Biochem. Sci. 1981, 6, 26—29.

Lee, B.; Richards, F.M. The interpretation of protein structures: Estimation of static accessibility.
J. Mol. Biol. 1971, 55, 379-400.

Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P.; Evans, P.R.; Keegan, R.M.;
Krissinel, E.B.; Leslie, A.G.W.; McCoy, A.; et al. Overview of the CCP4 suite and current
developments. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 235-242.

Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125-132.

Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol. Crystallogr. 2006, 62,
72-82.

McCoy, A.J.; Grosse-Kunstleve, R.W.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J.
Phaser crystallographic software. J. Appl. Crystallogr. 2007, 40, 658—674.



Molecules 2014, 19 21126

31.

32.

33.

34.

35.

Murshudov, G.N.; Vagin, A.A.; Dodson, E.J. Refinement of macromolecular structures by the
maximum-likelihood method. Acta Crystallogr. D Biol. Crystallogr. 1997, 53, 240-255.

Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, . W.; Echols, N.; Headd, J.J.;
Hung, L.-W.; Kapral, G.J.; Grosse-Kunstleve, R.W.; ef al. PHENIX: A comprehensive Python-based
system for macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66,
213-221.

Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot.
Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 486—501.

Katti, S.K.; LeMaster, D.M.; Eklund, H. Crystal structure of thioredoxin from Escherichia coli
at 1.68 A resolution. J. Mol. Biol. 1990, 212, 167-184.

Andersen, J.F.; Sanders, D.A.; Gasdaska, J.R.; Weichsel, A.; Powis, G.; Montfort, W.R.
Human thioredoxin homodimers: Regulation by pH, role of aspartate 60, and crystal structure of
the aspartate 60 — asparagine mutant. Biochemistry 1997, 36, 13979—-13988.

Sample Availability: Sample of Thioredoxin 1 from Litopenaeus vannamei is available from the authors.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



