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Abstract

To reduce peroxides, peroxiredoxins (Prx) require a key ‘peroxidatic’ cysteine, that in a substrate-
ready fully folded (FF) conformation becomes oxidized to sulfenic acid, and then after a local
unfolding (LU) of the active site, forms a disulfide bond with a second ‘resolving’ Cys. For
Salmonella typhimurium alkyl hydroperoxide reductase C (SYAhpC) and some other Prxs, the FF
structure is only known for a peroxidatic Cys— Ser variant, which may not accurately represent
the wild type enzyme. Here, we obtain the structure of authentic reduced wild type SAhpC by
dithiothreitol treatment of disulfide form crystals that fortuitously accommodate both the LU and
FF conformations. The unique environment of one molecule in the crystal reveals a
thermodynamic linkage between the folding of the active site loop and C-terminal regions, and
comparisons with the Ser-variant show structural and mobility differences from which we infer
that the Cys—Ser mutation stabilizes the FF active site. A structure for the C165A variant (a
resolving Cys to Ala mutant) in the same crystal form reveals that this mutation destabilizes the
folding of the C-terminal region. These structures prove that subtle modifications to Prx structures
can substantially influence enzymatic properties. We also present a simple thermodynamic
framework for understanding the various mixtures of FF and LU conformations seen in these
structures. Based on this framework, we rationalize how physiologically-relevant regulatory
posttranslational modifications may modulate activity and propose a non-conventional strategy for
designing selective Prx inhibitors.

Introduction

Peroxiredoxins (Prx) are a ubiquitous family of enzymes which reduce peroxides and
peroxynitrites via a reactive cysteine.l Members of the widespread Prx1 subfamily, mostly
found to form doughnut-shaped decamers, are thought to be responsible for reducing over
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90% of cytosolic and mitochondrial peroxides.2:2-3 The study of Prx1 enzymes also has
implications for antibiotic drug designs as knock-out strains of certain microbial pathogens
show them to be important for surviving peroxynitrite exposure?* (such as is generated by the
host immune system®), for scavenging peroxide,® for colonization,” or even growth at
oxygen levels at or above 4%.8:9 Additionally, controlled inactivation of some eukaryotic
Prx1 subfamily members by a peroxide-driven hyperoxidation of the reactive Cys to a Cys-
sulfinate was proposed to play a role in allowing peroxide-mediated signaling.19 The
downstream oxidation of target proteins by locally accumulated hydrogen peroxide is
increasingly recognized as important in many such signaling pathways!! with particularly
well-studied examples being the inhibition of protein tyrosine phosphatases via oxidation of
an active site cysteine.1112.13.14.15 ppysiologically relevant regulation of Prx1 enzymes is
also thought to occur by phosphorylation,11: 13.16.17 ysine acetylation,8 glutathionylation,19
and proteolysis.11:20

Structural studies have shed much light on the mechanism of the Prx1 family of Prx
enzymes (also called typical 2-Cys Prxs). For these enzymes, key residues are a peroxidatic
Cys, termed Cp, contained within an absolutely conserved PXXX(T/S)XXC motif, an
additional conserved Arg, and a resolving Cys, termed Cg, located near the C-terminus?:21
(Fig. 1a). The basic active unit involves a so-called “B-type” homodimer with two active
sites, each involving the Cp from one subunit and Cg from the other (Fig 1a), with the
association of five such dimers at “A-type” interfaces building the toroidal (a,)s decamer
(Fig 1b).22 The active site stabilizes the Cp thiolate (pK, ~6.0),23 as well as specifically
binding and activating the peroxide substrate.1:24 In the catalytic cycle (Fig. 1c), an Sy2
nucleophilic attack of the Cp thiolate on the peroxide substrate forms a Cp-sulfenic acid and
water (or corresponding alcohol); the Cp-sulfenic acid is then attacked by Cg to form an
interchain Cp—Cg disulfide (and another molecule of water) which is in turn reduced most
commonly by a thioredoxin-type protein.1:21.24

In the enzyme form that reacts with peroxide, Cp and Cg are ~14 A apart and Cg is buried,
so that formation of the Cp—CR disulfide requires a substantial local unfolding of both the
active site loop (i.e. residues ~40-50 which contains Cp) of one chain and the C-terminus
(containing CR) of its partner chain in the homodimer. Each active site of these enzymes,
therefore, has at least two discrete conformations relevant to the catalytic cycle (Fig 1): (1) a
fully folded conformation (FF), with a substrate-ready active site pocket, and (2) a locally
unfolded conformation (LU) having the active site loop rearranged and the C-terminal
residues beyond Cr disordered.1:25 This FF«+LU transition is not only important for
catalysis, but it has been shown to be the main factor governing the sensitivity of Prx1
subfamily enzymes to hyperoxidative inactivation.1% Some remaining points of uncertainty
are, however, to what extent the unfolding of the active site loop and C-terminus are
coordinated, how the conformational equilibrium is altered by modifications, and whether
the catalytic states of Cp-SH and Cp-SOH are locked into a certain conformation or
dynamically transitioning between them. NMR and crystallographic evidences imply that
there is a preexisting dynamic equilibrium for the Cp-SH form for a monomeric plant
enzyme in the PrxQ subfamily,25:26 while one human Prx1 subfamily enzyme has recently
been reported to specifically convert to the LU conformation when in the Cp-SOH form.2”

We address these questions here using Salmonella typhimurium alkyl hydroperoxide
reductase C (XSAhpC), one of the first discovered Prxs and a model system for studying Prx1
catalysis, 28 29 oligomerization,22 and regulation.12 Among the six SAhpC crystal structures
reported, four exhibit the LU disulfide conformation (LUs_g) — with one wild type?2 and
four mutants2%:23 — while only one, a Cp—Ser (i.e. C46S) mutant, adopts the FF
conformation.1% We speculated that the SAhpC C46S mutant structure may not accurately
represent the properties of the reduced wild type enzyme, and thus sought to obtain a
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structure of the authentic wild-type FF active site. Here, we report that soaking the LUg_g
form crystals in dithiothreitol (DTT) provides a structure of FF wild-type SAhpC (FFT) in
a crystal environment that can accommodate both the FF and LU conformations. In addition,
we developed a protocol to crystallize the Cr—Ala mutant in the same crystal form. This
allows for a rare level of insight into the conformational, dynamic, and thermodynamic
aspects of the FF<«+LU equilibrium that are essential for Prx function, including how they
are influenced by Cp—Ser and Cgr—Ala mutations.

Experimental Procedures

Crystallography

C165A creation and purification of wild type and mutant AhpC proteins—The
C165A mutation of SAhpC was created using the QuikChange site-directed mutagenesis kit
(Stratagene) and validated by sequencing the entire gene. Wild type and mutant SAhpC
were expressed from the pTHCm-ahpC vector?3 in JW0598 (lacking ahpC) E. coli cells3?
grown in Studier's ZYM-5052 auto-induction media.3 The purification procedure for all
AhpC mutant proteins was essentially the same as described previously32 except that 10 mM
B-mercaptoethanol (BME) was included in all buffers used during the purification of C165A
in order to prevent hyperoxidation of the Cp. After purification by phenyl sepharose and ion
exchange chromatography, the C165A protein was concentrated and exchanged into 25 mM
potassium phosphate, pH 7.0, 1 mM EDTA, 2 mM DTT. As seen from the results,
apparently some BME remained present after the buffer exchange. The concentration of
AhpC was determined by absorbance at 280 nm with & = 24,300 M1 cm1,32

Crystallization of wild type StAhpC and C165A mutant—Initial crystallization was
essentially as described by Wood et al.22 For wild type, optimal crystals were grown at 300
K in hanging drops formed by 4 pL of 14.3 mg/ml protein (in 25 mM phosphate-buffered
saline (PBS), 1ImM EDTA, pH 7.0) mixed with 1 pL of artificial mother liquor (AML)
containing 1.4 M MgSO,4 and 0.1 M MES at pH 6.5. Micro-seeding produced larger and
better-diffracting crystals. Briefly, initial crystals were crushed in 100 pL of AML and
vortexed, and a serial dilution of seed stock concentrations was created. Drops were seeded
by dipping a 21-gauge needle into the seed stock and then streaking it across the new drop.
Large, tapering column crystals on the order of ~0.5 mm grew in 1-14 days. As expected,
these crystals contained protein in the disulfide form, and for reduction, crystals were soaked
for two minutes in freshly prepared AML containing 0.1 M DTT (Fig. S1). Some stress lines
did appear on the crystals when this soak was performed.

Many attempts to grow C222; crystals of untreated C165A produced only a single crystal
that grew after more than a month. Peroxide at 100 mM was added to some crystallization
trials to attempt to produce homogeneous oxidized protein, and crystals grew much more
readily. Analysis of the treated protein by mass spectrometry showed that the predominant
redox states of the enzyme were Cp-SO3™ and a form with the molecular weight expected for
a BME adduct that presumably was produced by residual BME from the purification
reacting with transiently formed Cp-SOH (Fig. S2). These crystals yielded a structure that
was 100% LU but when soaked with DTT a portion of the enzyme shifted to the FF
conformation. We inferred that the portion of the protein forming the BME-adduct was
being reduced and shifting its conformation to FF, and the portion containing Cp-SO3” was
not being reduced and was remaining in the LU conformation. Though not conclusive, this
observations implies that the Cp-SO3™ form of SAhpC behaves differently than two other
Prxs for which this form was shown to be FF.33:34 In refining the protocol to produce
maximal C165A-BME adduct with minimal Cp-SO,7/SO3™ formation, we settled on the
addition of 10 pM BME and 20 M peroxide based on trials of several concentrations that
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were analyzed with mass spectrometry (Fig S2). In our final protocol, crystals of C165A
were obtained by seeding with crushed wild type LUg_g crystals in drops first treated with
10 pM BME for 30 minutes, with the subsequent addition of hydrogen peroxide to a final
concentration of 20 M. A DTT soak of these crystals was carried out as for wild type
SAhpC. Here, we refer to the DTT-soaked structures of wild type and C165A as WTptt
and C165ApTT, respectively.

For freezing both wild type and C165A crystals, glycerol was added to the drop as a
cryoprotectant to make a final concentration of ~20%. The crystals dissolved if the glycerol
was added too quickly, so the glycerol was placed beside the crystal drop and a small
channel was created between them with a pipette tip and equilibrated for ~2 min. The
crystals were then scooped and frozen by plunging into liquid nitrogen.

Data collection—Data were collected at the Advanced Light Source (ALS) Lawrence
Berkeley National Laboratory beam-lines 5.0.2. and 8.2.2. The data were indexed and
integrated with Mosflm version 7.0.9.3% All crystals of SAhpC were found to be in the
space group C222; and exhibited similar unit cell dimensions as previous SAhpC
structures, with a~127 A, b~171 A, c~135 A (see Table 1). The resolution cutoff criterion
was based on the new statistic CCy, recently introduced by Karplus and Diederichs,36
which demonstrated that better models are obtained when resolution is extended to the
CCq2 = 0.1-0.2 range despite the fact that Ryneqs- Values become disturbingly large and <1/
o> unconventionally low. We have applied this new criteria in recent studies and discussed
its value,2%37 and note a recent detailed study by Evans & Murshudov38 concluded that
useful signal is contained in data out to the CC4;, ~0.2-4 range and “it seems sensible to set
a generous limit so as not to exclude data containing real (if weak) information.” For our
structures, we implemented a cutoff of CCqy, ~0.2 in the highest resolution shell (Table 1)
and obtained improved maps. The effective resolution of a structure is difficult to define, but
for comparison with past structures, we also note the resolution at which <l/o> ~2 (Table
1). R¢ree flags were randomly assigned to five percent of the WTpt dataset, and the same
flags were imported to use for the C165ApT dataset.

Refinement of DTT-soaked structures—An initial model for WT 1t was constructed
based on the SIAhpC C46S crystal structure (PDB entry 1n8j of spacegroup P1)10 with
active site residues 40-50 and 161-186 removed to produce maps that were unbiased for
these regions. Chains K, L, O, P, and R of 1n8j were superimposed on the half-decamer of
PDB entry 1yep, one of the previously solved locally-unfolded C222; SAhpC structures,?2
and this model was refined using BUSTER,39 producing initial R/Ryee Values of 25.0/28.9.
All chains were found to have had their disulfides reduced, and the active sites were
modeled as FF or LUgy (LU with no disulfide formed) or LUc_term (only the C-terminal
region unfolded), based on omit map density (Table 2). Coot4? was used to perform manual
rebuilding, with main initial changes including the addition of solvent molecules and
adjustment of some side-chain rotamers. No non-crystallographic-symmetry (NCS)
restraints were used. End stage refinements were performed with PHENIX.4! Adding riding
hydrogens reduced R¢ee by ~0.5 percent, and using TLS refinement with one group per
protein chain, dropped Ryee by ~3 percent. The occupancy of the chain B active site loop
was estimated to be ~0.5:0.5 FF:LU. We expect that remaining positive difference density
in this region is due to solvent molecules that coordinate with Arg119 when the active site is
LU, as was observed in the LUg_g structure.22 Based on evidence (see Fig. 2 legend),
residual positive difference map peaks at sites that had been modeled as waters were
replaced by potassium and chloride ions and six glycerol molecules. There remains one
fairly large and oddly-shaped difference density feature at each decamer-building interface,
which we were not able to interpret (Fig. S3). The WTptt final R/R¢ree Was 20.4%/24.0%,
and the final refinement statistics are reported in Table 1.
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Refinement for C165ApTT utilized the final WTptt model as a starting model with active
site residues 40-50 and 160-186 removed (initial R/Rfee = 24.4/26.4). As for WTpT, the
chain B active site loop was modeled as 50:50 LUgn/LUc_term- Residues 40-50 of chains A,
C, D, and E were modeled only as fully-occupied FF despite residual low level density that
could be due to some LU population; the C-terminal regions were modeled as partially
occupied FF based on consistent 2Fq-Fc and Fo-F¢ density for the expected FF chain path.
Test refinements varying the occupancy in increments of 0.1 gave 0.6 as the occupancy at
which the B-factors for this region were closest to those observed for the WTpyT structure.
A residual difference peak near the position occupied by wild type Cys165-Sy was left
uninterpreted, and we suspect it is due to a partially-occupied sulfhydryl from DTT (present
at ~0.1 M) that binds at this site when the C-terminus is not folded. Both mass spectrometry
on these crystals (Fig. S2), and reasonably clear electron density for Alal65 in chain A
confirm the crystals are of the C165A mutant. Using the reference restraint option of
Phenix#! the WT T structure was utilized to restrain the geometries of the weakly-
occupied C-terminal regions. Riding hydrogens were added to the model and one TLS group
per chain was implemented to reach final R/R¢e Values of 19.9/23.9 (Table 1). The
coordinates and structure factors for the WTpyt and C165ApTT structures have been
deposited in the Protein Data Bank as PDB codes 4ma9 and 4mab.

Mass spectrometry analysis

Crystal samples were prepared from crystals harvested into a 10 pL drop of degassed DI
water, manually crushed, and kept from further chemical reactions by flash-freezing in
liquid nitrogen prior to analysis. Proteins were detected from 800-2000 m/z using a LTQ-FT
Ultra mass spectrometer (Thermo, San Jose, CA, US) in LTQ mode, with a Finnigan lon
Max API source set up for electrospray ionization in positive ion mode. All collections used
the following conditions: spray voltage 5 kV, capillary temperature 200° C, capillary voltage
40 V, and tube lens 240 V. Proteins from samples described above were adsorbed onto a C4
Ziptip, washed with water and eluted in-line to the mass spectrometer with solvent as
previously described.*2:43 The solvent of 50% acetonitrile, 50% water and 0.1% formic acid
was delivered at 20 pL/min. Maximum entropy deconvolution and integration of the mass
spectrum was performed to generate zero charge parent masses from the mass spectra using
the program MOP (Multiple Overlaying Pictures, Spectrum Square Associates, Inc) and
Matlab.42 Spectra of crystals were noisy, but clearly showed that WTptt was predominantly
monomeric (indicating reduction of the intermolecular disulfide, Fig. S1) and C165ApTT
was mostly in the thiol/thiolate state, though there were minor peaks near the expected
positions of Cp-SOH, Cp-SO57, and Cp-SO3™ (Fig. S2). The time course assay for C165A
was performed on reduced protein at 43.5 1M in 100-fold diluted PBS buffer,*4 pH 7.0, with
the addition of peroxide to make the final concentration 1 mM. Samples were taken at 0, 1,
2, 3,5, 10 and 20 minutes and analyzed as specified above.

Results and Discussion

Overall structure

Recognizing that the existing SAhpC wild type LUs_g structure?? had few crystal contacts
involving residues that change positions in the FF<>LU transition (Fig 1b), we conceived of
generating the FF conformation by soaking the LUg_g crystals in DTT. Fresh crystals of the
disulfide form of wild type SAhpC?22 survived the DTT soak with diffraction power and unit
cell virtually unchanged, allowing the structure to be determined at 1.82 A resolution using
recently proposed38 more generous resolution cutoff criteria (Table 1). We identified bound
potassium and chloride ions (Fig. 2), which may relate to how ionic strength can increase
decamerization, FF stability, and catalytic activity,2° as has been reported for another
AhpC.# In this crystal form a half-decamer of five chains (labeled A-E) are in the
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asymmetric unit, with the AB, CD, and EEgyr,, (symmetry mate of E) pairs being the
functional homodimer units (Fig. 1b).2229 For the wild-type DT T-treated structure
(WTptT), disulfide reduction did occur, as the active site loop (residues 40-50) for chains A,
C, D, E, and the C-termini of their partner chains (B, D, C, and Egyn, respectively) adopt the
FF conformation, and the Cp and Cg thiolates/thiols are visible in their expected positions
~14 A apart (Fig. 3a,b). Mass spectrometry of dissolved WTpt crystals confirmed the
presence of the reduced monomeric form (Fig. S1). Interestingly, the active site loop of
chain B exhibits a ~50:50 mix of the FF/LU chain paths (Fig. 3c), and its partner in the
dimer, chain A, has its C-terminus LU (only modeled through residue 163) even though no
Cp— Cg disulfide is present (Fig 1a). This C-terminal LU conformation can be explained in
that a crystal packing interaction blocks the position it would fill in the FF conformation
(Fig 1b).

Thus, in this crystal, three new conformations containing reduced Cp and Cr residues are
observed (Table 2). One, as targeted, is the FF conformation adopted by the wild type
enzyme that is seen four times in the asymmetric unit and which we refer to as “FFy1” (Fig.
3a and 3b). The others are both ~50% occupied and pair an LU C-terminus with either an
LU active site loop without a disulfide (“LUsy™), or with an FF active site loop (“LUcterm”)
(Fig. 3c). For clarity, since each complete active site combines residues from two chains, we
will use here a nomenclature that first defines the chain contributing Cp and then the chain
contributing Cg, and using a prime (*) to denote residues from the chain contributing Cg.
Thus, the four ~100% FF active sites are the AB’, CD’, DC’, EE'syp, active sites, and the
50:50 mix of the LUsy and LU¢_term conformations occurs in the BA’ active site. An
advantage of this crystal form is it provides a controlled environment in which SIAhpC
structures are each seen in two basic contexts — one with unconstrained C-termini and
active site loop regions (active sites AB’, CD’, DC’, and EE’syr,) and one with a C-terminus
constrained to be unfolded and unconstrained active site loop (active site BA’). A summary
of the conformations seen in SAhpC structures compared in this paper are given in Table 2.

Linkage of the active site loop and C-terminal conformations

Asymmetry of interactions linking the C-terminal and active site loop regions
—As noted above, for the BA’ active site, the A-chain C-terminal region is blocked from
adopting the FF conformation by a crystal contact. Our observance of the LUc_term
conformation in this active site proves that the active site loop can be FF even when the C-
terminal region is LU. In addition, because the BA' active site loop was ~50% LU (as
opposed to dominantly FF as for the other active sites) implies a thermodynamic linkage in
which the absence of a folded C-terminal region destabilizes the FF active site loop.

Comparing the FRyt and LUgy structures in the region of the active site (Fig. 4a) shows
that unfolding of the C-terminus could destabilize the active site loop in three ways. First is
the loss of hydrophobic packing interactions between Leul76’, Leul82’, and 11e186’ side
chains and the first turn of helix a2. Second is a less direct effect mediated by residues
137-142 which in the FF conformation make a short f-sheet with C-terminal residues
163’-166’ (Fig. 4a). When 163’-166" move away in the LU transition, the 137-142 segment
shifts ~1.5 A, pulling with it Glu49 which is H-bonded with 142-NH (Fig. 5). This shifting
of the Glu49 and Glu138 carboxylates contribute to a disordering of Arg119 and the
weakening of its interactions with the FF Cp side chain (Fig. 5). Third, a contribution not
relevant for the crystalline decamer but expected to occur in solution, is that the loss of the
packing from the side chains of Leu180’ and Val183’ with a hydrophobic niche (residues
15-20) at the decamer-building interface (Fig. 4a) would destabilize the decamer and
therefore, as has been noted before,22 destabilize the active site loop.
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In these ways, unfolding of the C-terminus destabilizes the FF active site loop, but does not
force its unfolding. In contrast, the unfolding of the active site loop will not just destabilize
the C-terminal segment, but will actually force it to unfold (Fig. 4b). This asymmetric
linkage occurs because the LU positions of the active site loop backbone physically collide
with the FF positions of Leul76’, Leul82/, and 11e186’.

Active site loop and C-terminal region B-factor patterns provide additional
evidence of linkage—For the AB’, CD’, DC’, and EEsyr, active sites in this crystal form,
both LUg_g (as grown) and FF (after reduction by DTT) conformations can be adopted,
proving that the mobility of these active sites are not hindered by the crystal packing.
Therefore, additional evidence of a physical linkage between the active site loop and C-
terminal conformations can be gleaned from their B-factors, which show that a correlation
exists between their dynamic properties, with more ordered active site loops (lower B-
factors) paired with more ordered C-termini (Fig. 6 inset). The detailed B-factor patterns of
the chains, controlled for the crystal environment, further illustrates this linkage.
Interestingly, all five regions associated with the FF<+LU transition are the high B-factor
peaks, and of these regions three — the active site loop, the C-terminus, and residues 85-87
which H-bond to the 11e186” a-carboxylate — become even more disordered in the transition
from FFyT to LUsg_g (black vs. green curves in Fig. 6). That all five segments are rather
mobile in both FFy1 and LUg_g leads us to conclude that they are easily adaptable rather
than being highly stabilized in either conformation, and this helps keep the energy barrier to
the conformation change low.

Changes associated with the Cp—Ser mutation

Positional differences in the FF active site—In addition to SAhpC, many structures
of FF Prx enzymes have only been solved as Cp—Ser mutants#6:47:48,49,.50,51.52,53 a55yming
that a serine in the reactive Cp position faithfully mimics the active site. Given that an active
site Cys— Ser mutation can alter the thermodynamics of a folded protein sufficiently to
cause substantial rearrangement of the active site,>*>°> we looked for differences caused by
the C46S mutation by comparing the 4 FFy, active sites with the 20 independent FF active
sites seen in crystals of the C46S mutant (FFcags)'0 (Fig. 7a). Although the FFyy T and
FFcags structures are very similar (rmsd ~0.35 A for 186 C-atoms), the sets of FFyT and
FFcaes structures cluster distinctly (Fig. 7a), revealing systematic active site differences. For
clarity in this comparison, we refer to the C46S mutant structure as being “shifted” relative
to the wild type.

Despite conservation of the Cp backbone position, Ser46-Oy is shifted consistently by ~1 A
compared to Cys46-Sy, and is further from Ala40-NH, Thr43-Oy, and Arg119-NH2, and
closer to Arg119-NH1 (Fig. 7a). Also, the side chains of Arg119 and Pro39 shift slightly and
Thr43 sits deeper in the active site pocket. Independent evidence for which of these shifts
are due to the Cys—Ser mutation can be gleaned from the prototypical Prx substrate-bound
structures of Aeropyrum pernix thiol peroxidase (ApTpx, a Prx6 family member despite the
“Tpx” name;! PDB code 3a2v)°® (Fig. 3a) and the diol inhibitor-bound Homo sapiens PrxV
(HsPrxV; PDB code 3mng),24 which fortuitously have high resolution structures available
for both the wild type and Cp— Ser forms.! In both cases, similar shifts are seen for the Ser,
Arg, and Thr side chains, and these structures additionally show that bound ligands sit
deeper in the active site of the Cp—Ser mutants (Fig. 7b and c).

In rationalizing these common shifts, we assume, for a few reasons, that the Cp residue in
the wild type structures is present as the catalytically relevant thiolate: first, the SAhpC
crystals are grown at pH 6.5, above the experimentally measured Cp pK, of 5.9 +/- 0.1;23
second, the peroxide-bound ApTpx crystals (PDB code: 3a2v) were at pH 6.5 and
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catalytically active;24 third, all the HsPrxV structures, ranging from pH=5.6 to pH=8.0,
adopt similar active site geometry;24 and fourth, the interactions between Sy and its active
site surroundings are compatible with the thiolate interpretation (Fig. 7). It is to be expected
that a hydroxyl would not be able to perfectly mimic a thiolate, as the thiolate is both larger
(van der Waals radius ~0.7 A greater), cannot donate a hydrogen bond, and with its more
diffuse electron clouds is “softer,” making for rather different H-bonding properties.>7:58 We
attribute the Ser and Arg shifts to making the Arg119-NH1--Oy H-bond shorter and better
aligned in the mutant, and the Thr shift as filling in the space opened by the Sy to Oy change
while improving the linearity of its H-bond with the backbone carbonyl.%® The ~0.5 A
deeper penetration of ligands into the active sites of Cp— Ser mutants (Fig. 7b and ¢) would
be both due to the smaller van der Waals radius of oxygen and the formation of a Ser-OyH
... ligand H-bond. Given such structural differences it should not be surprising that the C46S
mutation may also have thermodynamic consequences.

B-factors and crystallizability indicate mutation-induced alterations to
mobility—Beyond the changes in atom positions, we also observed striking differences
between the B-factors of FFy1 and a FFc4gs active site that is not constrained by crystal
contacts (Fig. 6). Relative to their respective cores, FFcags has B-factors about half as high
as the FFyt in all three regions of the structure that change positions in the FF<LU
transition (yellow highlights). This greater order of C46S provides evidence that in some
way the Cp-Ser mutation has a stabilizing effect on the FF active site, and we propose that
this apparent stabilizing effect is at least in part due to the Ser-Arg hydrogen bond (Fig. 7a)
being stronger than those formed by the sulfur atom.>® The ApTpx and HsPrxV Cp—Ser
structures do not share this difference in B-factor patterns, but this may be due to a
stabilizing effect of the bound inhibitors and/or crystal packing interactions.

Additional evidence for a difference in the dynamic properties of C46S and wild type
SAhpC is that we were not able to crystallize the reduced wild type enzyme in the C46S
mutant P4 spacegroup,9 despite the near identity of their average structures. The
explanation we propose is that even though the FF conformation is dominant for the reduced
wild type enzyme, LU or partially LU conformations are present at a high enough level to
prevent growth of the P4 crystals which have some packing interactions that are not
compatible with the LU conformation. This is consistent with deuterium exchange analysis
of reduced wild type SAhpC that revealed the active site loop as the least protected
region.50 These differences in SAhpC induced by the Cp—Ser mutation reinforce two
things: first, one must be cautious inferring the properties of the wild type enzyme from
studies of such variants, and second, that the wild type active site has not evolved to be as
highly stable as possible, as it would be counter-productive to catalysis (see also below).

Structural characterization of the StAhpC Cr—Ala mutant

Recently a study of HsPrxIV crystals that could accommodate both the FF and LU
conformations showed that a resolving Cys—Ala mutant (HsPrxIV-C245A) adopted the FF
conformation when reduced, but was LU after a 5 min 1 mM peroxide treatment said to
generate the Cp-SOH form.2’ Because of the apparent resistance of the Cp-SOH to further
oxidation, the authors concluded that once the newly-formed Cp-SOH transitions to LU, “it
does not reform the FF conformation until the peroxidatic cysteine is reduced.”2’ However,
we note that a Western blot of similar treatments in that study showed an un-quantified
portion of the sample was hyperoxidized to Cp-SO,/3, and the identification of the Cp-SOH
state was only based on interpreting an electron density map that for some chains showed
alternate conformations for the Cp side chain. To address this important point further, we
sought to use our SAhpC crystal form to crystallographically define thermodynamic
impacts on the FF<+LU equilibrium of both a Cr—Ala mutation and Cp-SOH formation.
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B-mercaptoethanol (BME) as a crystallization aid—We generated the equivalent
SAhpC Cgr—Ala mutant (C165A), which as expected was active in the presence of a
suitable reductant. As purified, the C165A variant did not readily crystallize, but crystal
growth was strongly promoted by treatment with 100 mM hydrogen peroxide, and the
resulting structure showed the protein in the LU conformation in what, based on the electron
density, we originally modeled as the Cp-SOH form (data not shown). However, mass
spectrometric analyses of the crystals (Fig. S2) showed them to be a roughly 60:40 mix of a
BME adduct (presumably a mixed disulfide with Cp) and C,-SO3 despite the lack of clear
density for these modifications. Using this insight we created a C165A BME-adduct crystal
by exposure to only uM levels of peroxide in the presence of added BME. We suggest based
on this experience that, especially for Cg-mutants or 1-Cys Prxs, trapping an otherwise
dynamic Prx enzyme (e.g. 2%) in an LU, mixed-disulfide state (for instance, with BME) may
enhance conformational homogeneity and serve as a generally useful crystallization aid.

The structure of reduced C165A—The BME-adduct crystal was soaked with DTT to
yield a 1.9 A resolution structure of reduced SAhpC C165A (Table 1; Fig. S2a). In this
C165ApTT structure, the BA’ active site (in which the C-terminal region cannot fold) is like
WTptT adopting a 50:50 mix of the LUgy and LUc_ierm conformations. However, for the
other four active sites, the active site loops are visibly in the FF conformation with an
unmodified Cp side chain (Fig. S2b), but the C-termini have very weak electron density and
were modeled at ~60% FF (Table 2). As little, if any, Cp oxidation is present, the ~40%
unfolding of the C-termini must reflect a destabilization caused by the C165A mutation
itself. A mutation of a Cys—Ala in a buried, non-polar environment would be expected to
be destabilizing.51

Time course of C165A oxidation implies a dynamic Cp-SOH form—To seek
conditions for generating pure C165A Cp-SOH for crystallographic study, we used mass
spectrometry to characterize its peroxide-driven Cp oxidation. The time course reveals that
S-BME and SOH forms appear early, and that as the BME is used up, the SOH peak
smoothly decreases while the SO, peak increases (Fig. 8). This conversion implies that the
SAhpC Cp-SOH form is not locked into the LU conformation, but dynamically adopts the
FF conformation from which it reacts with a second peroxide to form Cp-SO5™. Given this
behavior, we were not able to create a pure C165A Cp-SOH species for structural analysis.

The facile hyperoxidation of the SAhpC C165A variant is an expected result, and makes all
the more surprising the report that HsPrxIV-C245A27 resists hyperoxidation sufficiently to
be crystallized as a stable Cp-SOH form. Although the two proteins may behave this
differently, another possibility is that despite the electron density map evidence, the
peroxide-treated HsPrxIV-C245A structure was not Cp-SOH, but a mixture of Cp-SOH, Cp-
SOy, Cp-SO3™ and/or mixed disulfide forms. Our experience noted above with the structure
of C165A treated with 100 mM peroxide (where we had satisfactorily modeled Cp-SOH into
the electron density maps of protein that was mixture Cp-SO3™ and a BME adduct) shows
that electron density alone in an exposed region of a structure may be insufficient to
differentiate between Cp-SOH and higher oxidation states. While we agree that Cp-SOH
formation may indeed promote unfolding of the active site, we suggest that mass
spectrometric characterization of the peroxide-treated HsPrxIVV-C245A is needed before
firm conclusions are drawn.

A conceptual model for understanding the impact of Prx modifications on activity

The changes in conformation and equilibrium populations that we have observed highlight
to what extent even slight modifications in or near the Prx active site can alter the enzyme's
properties. Although the variety of effects appears complex, a simple thermodynamic model

Biochemistry. Author manuscript; available in PMC 2014 December 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Perkins et al.

Page 10

for how the various modifications stabilize or destabilize the FF active site can account for
the range of structural changes seen and help in understanding their implications for function
(Fig. 9). The six curves illustrate how with changes in interaction energies of just a few kcal/
mol, the FF<>LU equilibrium can shift from 1000:1 to 1:100. The crystal structures
analyzed here show a hierarchy of FF<+LU equilibria (Table 2) that allow us to assign
various SAhpC forms to the different curves (Fig. 9). Beginning with the most ordered FF
active site, the YAhpC C46S mutant seems in the range of the orange to red curves (99.9 -
99% FF). The four FFyT active sites that are visibly FF (but less so than C46S) might be
represented by the orange to yellow curves (99-90% FF), while the equivalent active sites in
the C165ApTT structure — with the C-terminal region destabilized relative to wild type —
would be between the yellow and green curves (90-50% FF). The BA’ active site of the
WTptT structure with its ~50:50 mix of LUgn/LUc-term COnformations is described by the
green curve. Lastly, the BME adduct that strongly destabilizes the FF active site loop would
be represented by the violet curve or above (=99% LU). Two key insights from these
analyses are that (1) for wild type SAhpC the FF:LU free energy difference is not large, so
even minor changes can substantially impact the enzyme's properties, and (2) given this
sensitive positioning, the FF-stabilizing Cp— Ser mutation and the FF-destabilizing
Cr—Ala mutation may each sufficiently perturb the FF<LU equilibrium that the measured
properties of those mutants will not reliably report on the properties of the wild-type
enzyme.

Though each Prx enzyme will have distinct properties, these concrete examples of the
linkage between sequence, structure, and thermodynamics can be applied to understand the
impact of how sequence variations and physiological Prx posttranslational modifications
such as Thr/Ser phosphorylation and lysine acetylation, many of which occur in or affect the
FF C-terminal region,10.11.13.16.17. 18,19 may regulate both the enzyme's activity, and/or its
sensitivity to hyperoxidation by altering the FF<>LU equilibrium. Indeed, mutations
disrupting in the C-terminal region of certain Prxs allowed them to retain activity and
become much less sensitive to inactivating hyperoxidation.62:63 Similarly, in vivo proteolytic
C-terminal truncationZC or the acetylation of HsPrx1 at Lys19718, have both been reported to
lower the enzyme's susceptibility to hyperoxidation, as would be expected if they destabilize
the C-terminal packing.

Targeting the prokaryotic Prx C-terminal region for drug design

Although it is most common to target the active sites of proteins for drug therapy, inhibitors
that trap enzymes in conformations in which catalysis cannot occur offer an alternative
strategy. A recent example is a small molecule inhibitor that holds a tumor-associated
mutant of isocitrate dehydrogenase 1 in an open and un-reactive conformation.4 As Prxs
contain a universally conserved active site, yet exhibit highly divergent C-terminal regions,
especially between human and prokaryotic homologs,! this latter strategy could be very
useful for developing inhibitors selective for pathogen Prxs.19:44 In particular, our
observations here lead us to suggest three novel strategies for developing antibiotics that
could diminish prokaryotic redox defenses through blocking Prx activity. First, molecules
that disrupt the C-terminal packing (indicated by the upward arrow in Fig. 9) would decrease
the amount of FF enzyme present and thus inhibit the enzyme's peroxidase activity. Second,
and somewhat counter-intuitive, even more effective could be molecules capable of highly
stabilizing the FF C-terminus of prokaryotic Prxs (indicated by the downward arrow in Fig.
9). These would strongly shift the equilibrium toward FF to promote (potentially to 100%)
the hyperoxidation of Cp so that inactive Cp-SO,/3 states would accumulate. Third, in a
special case that combines these effects, an inhibitor that both destabilized the FF active site
and also blocked resolution of the Cp-SOH state (similarly to the behavior of the SAhpC-
C165A mutant) would both decrease peroxidase activity and promote formation of the

Biochemistry. Author manuscript; available in PMC 2014 December 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Perkins et al.

Page 11

hyperoxidized forms. Because few prokaryotes possess a sulfiredoxin-type enzyme capable

of

reversing hyperoxidation of the peroxidatic cysteine,1! the latter two approaches could be

extremely effective, as the hyperoxidation to Cp-SO,/3” would cause permanent
inactivation.%°
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Figure 1.

Structure and catalysis of SAhpC. (a) A “B-type” dimer unit of SAhpC with the key
catalytic residues depicted as sticks, and select Prx fold core elements of seven [3-strands and
five helices22 labeled. Chains A (light grey/light orange) and B (dark grey/dark orange) from
the WTp structure illustrate the FF AB’ active site and the LUgy BA' active site (seen at
~50% occupancy). The active site loop (residues 40-50) and C-terminal (residues 161-186)
regions are highlighted (orange tones), as is the disordered BA’ C-terminal region (dashed
curve). (b) The half-decamer observed in the SAhpC WTptT asymmetric unit is colored
according to mobility from low (blue) to high (red) as indicated. Decamer-building
interfaces between B-type dimers (dotted grey two-headed arrows) and the crystallographic
two-fold axis that generates the decamer are indicated. Also shown is the symmetry mate
hindering folding of the chain A C-terminus (magenta). (c) The Prx catalytic cycle (black)
and the hyperoxidation regulatory shunt active in some eukaryotes (grey) are shown. FF and
LU conformations involved in catalysis are indicated.
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Figure2.

Evidence for bound ions at subunit interfaces in the WTppT structure. (a) Representative of
all decamer-building interfaces, a potassium (purple sphere) is coordinated by Thr72-O of
chains B and C and four water sites (red spheres). The 2Fq-F¢ density is contoured at 1.5
Prms (grey mesh) and 5.0 p;ms (hot pink mesh) and coordinating interactions (black thin
bonds; distances in A) are shown. Evidences for the assignment are the strong electron
density, the roughly octahedral coordination with distances near 2.8 A as is uniquely
expected for a potassium,®7 and the presence of 25 mM potassium-phosphate in the protein
buffer. If modeled as a water, strong difference density appears. This site is incorrectly
modeled as a water in previous SIAhpC structures. (b) Representative of all dimer-
interfaces, chloride ions (green spheres) modeled near the positively-charged a-amino group
of chains A and B. The 2Fq-F¢ density is contoured at 2.0 pyms (grey mesh) and 6.0 pyms
(hot pink mesh). When modeled as a water, strong difference density is observed. These ions
are also present in the C165ApTT structure, but do not appear to be present in C46S SAhpC
crystals.
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Figure 3.

The WTptt Cp and Cg environments in FF chains. (a) The FF active site loop of wild type
SAhpC chain A (white) in 2Fo-F¢ electron density (grey mesh contoured at 1.5 pyms)
matches the conformation of peroxide-bound ApTpx (pink protein and green peroxide; PDB
code 3a2v). Selected polar interactions are indicated by dashed lines. In SAhpC, a bound
water (red sphere) overlays with the position of the ApTpx hydrogen peroxide substrate. (b)
The FF Cr environment in chain B (white) is shown with 2Fo-F¢ electron density
(contoured at 1.0 pyms). The FF Crg is buried in a pocket formed by 11140, Tyrl156’, Val157’,
Trp169’, and Thrl75" where it is sheltered from reacting with cellular oxidants and
electrophiles. (c) The active site loop of chain B shown adopting both the FF path (solid
white) and the LUgy path (solid yellow) with similar levels of 2Fq-F¢ electron density
(countered at 1.0 pyms). The LUgy conformation is similar to that of LUg_g (transparent
forest green; PDB code 1yep), but the Cp thiol adopts a different position.
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Figure4.

Packing interactions and coordination of unfolding of the FF C-terminal and active site loop
regions. (a) The FF active site is shown (active site loop in grey; C-terminal region in dark
orange; and the neighboring surface across the decamer-building interface in cyan) along
with select interacting residues (labeled and shown as sticks) and stabilizing hydrogen bonds
(dashed lines). Positions of residues 137 and 141 are also noted with (). To provide
context, the LUgy conformation (transparent yellow) is shown and yellow arrows indicate
movements of the Cp residue and Phe44. The C-terminal region has minimal regular
secondary structure (residues Val164’-Cys165’ forms a short 3-strand and Leul180’-Gly184’
is a short 31¢-helix), and it interacts with helix a5’ of the same chain (two H-bonds shown),
across the decamer-building interface, and with the FF active site loop. The C-terminal
residue 11e186” side chain packs with Pro47, and C-terminal a-carboxylate H-bonds with the
side chains of Ser85 and Thr87. (b) Cartoon scheme emphasizing that C-terminal region
unfolding destabilizes but does not disrupt the active site loop, whereas active site loop
unfolding does disrupt the folding of the C-terminal region. As in panel (a), FF
conformations of the two regions are shown in grey and orange, yellow arrows indicate
transitions to LU, and LU positions are depicted in transparent yellow. Shown also are
approximate hinge points at Ala40, Leu50, and Glu163’ (blue cogs), and the collision of the
LU active site loop with the FF C-terminal region (red lightning). The purple arrow
emphasizes that the active site loop is not blocked from folding. The decamer-building
interactions are not shown in this scheme.
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Role of the 137-142 segment in the FF<«+LU transition. Twenty-four FF dimers (C46S, pink;
wild type, white) and 6 LU dimers (LUg_g, forest green; LUgy, yellow) are shown, with
yellow arrows highlighting FF— LU shifts. For clarity, only the FF position of Cp (C46 or
S46, denoted with an asterisk) is shown. Select H-bonds shown link residues 139-141 in a 8-
sheet with the FF C-terminal region and via the Glu138 and Glu49 side chains, to the
catalytic Arg119.
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Figure6.

Mobility patterns in wild type SAhpC and Cp— Ser structures. A hybrid plot of average
main chain B-factors by residue is shown, with each color trace representing the B-factors
for residues 1-160 of one chain and residues 161-186 of its dimer partner chain. Shown are
the wild type FF AB’ dimer (black), the LUs_g AB’ dimer (PDB code 1lyep; forest green),
and a dimer from FF C46S with a solvent exposed active site (PDB code 1n8j KL’ dimer;
pink). To normalize comparisons, the B-factors were adjusted by subtracting a trace-specific
“core” B-value (defined as the 10t percentile B-factor of atoms in the chain contributing
residues 1-160). Indicated below the plot are the positions of secondary structures (labeled).
The peaks labeled 1 to 5 are the segments involved in the FF<«+LU transition, with regions
that move highlighted in gold. In C46S, the less-ordered N-terminus may be due to the lack
of a chloride ion in this crystal form, and the low B-factors near residue 30 are due to a
crystal packing interaction. Differences in the 100-130 region may be attributed to the
unidentified ligand at the decamer-building interface (see Experimental Procedures, Fig.
S3). Inset: Plotted are the average main chain B-factor for residues 40-50 (active site loop)
and for residues 161’-186’ (C-term), along with the 10t percentile B-value of the active site
loop containing chain (Core) for each of the four FFT active sites: AB’ (grey), CD’ (lime
green), DC’ (blue), and EE’sym, (purple). The variation in absolute mobility among the four
FFwr active sites relates to the crystal packing interactions, with for example, the EE/gym,
active site being the most disordered, because it has no crystal contacts (see also Fig. 1b).
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Figure7.

Active site changes due to Cp—Ser mutations. (a) Stereo diagram of 20 chains of C46S
(pink) overlaid onto the 4 chains of wild type SAhpC (solid white), with representative
distances given in A based on C46S Chain K (pink) and wild type Chain A (grey).
Estimation of coordinate uncertainty by SFCHECK®8 for both of these models are in the
range of 0.2-0.3 A. (b) Active site overlay of wild type HsPrxV (light blue, PDB code 1hd2)
and its Cp—Ser mutant (pink, PDB code 1urm) with color-coded distances to the bound
benzoate indicated, which were chosen for comparison based on having resolution better
than 2.0 A, clear density for the ligands, and adoption of the same space group with similar
unit cells. For 12 chains of wild type HsPrxV with benzoate, acetate, or DTT ligands (PDB
codes 1hd2, 3mng, 1h4o, 1oc3, 2viI2, and 2vI3) the average Cys Sy---ligand distance is 3.46
A (c) Active site overlay of 10 chains from wild type ApTpx (light pink, peroxide-bound;
PDB code 3a2v) and 10 chains from its Cp—Ser mutant (purple, acetate bound; PDB code
3a2x) with the color-coded average distances indicated.
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Figure8.

Modifications of C165A SAhpC by 1 mM hydrogen peroxide. (a-d) Mass spectra of
purified C165A SAhpC starting material and after treatment with 1 mM peroxide for 1, 3,
and 20 min, respectively (see Experimental Procedures). The theoretical weight of C165A is
20584.32 Da (CgpgH1427N24109g3S3), and for modifications: 20600.32 Da (+1 Oxygen)
20616.32 Da (+2 Oxygens), 20660.44 Da (BME adduct, + C,H40S). Experimental peaks
have values of 20584 Da (grey), 20599 Da (cyan), 20615 Da (blue), and 20659 Da (green).
Inferred identities of the observed species assume that additions are associated with the Cp
residue. The y-axes are normalized so that the summed areas of the four colored peaks is a
constant. (e) Integrated normalized populations of four prominent species as a function of
time. We suspect that the time=0 populations attributed to SOH (cyan) and SO,- (blue) are
overestimates, because the peak centers are not at the expected mass and they may be
satellite peaks caused by some non-covalent ligand binding to the fully reduced protein.
Fortunately, these areas are small and their inclusion does not substantially impact the
conclusions.
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Figure9.

A thermodynamic framework for understanding the impact of Prx modifications on its
function via alteration of the active site loop FF<LU equilibrium. Plotted is an illustrative
series of six possible free energy changes associated with the LU to FF transition with each
1.36 kcal/mol increment in their relative stabilities corresponding to a 10-fold change in the
FF/LU equilibrium ratio at 298 K. The transition state barrier is not to scale, but for
simplicity, we have drawn it as relatively low, consistent with the rapid dynamics seen for
some Prxs.28 Based on the relative strength of density observed for the FF and LU
conformations in various crystal forms and active sites, we have roughly assigned the
structures discussed here to the different curves. Along this series, SAhpC forms discussed
in the text are shown at the point where we approximate their FF<LU equilibria. As
illustrated by the arrows, modifications that destabilize the FF active site will lower the
initial rate of reaction with peroxides while protecting against hyperoxidation, whereas
modifications that stabilize the FF will slow disulfide formation and increase the enzyme's
susceptibility to hyperoxidation. These effects could, in theory, also be induced by inhibitors
that stabilized either the LU or FF conformation.
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Table 1
Data collection and refinement statistics
Data Collection PDB code:4M A9 PDB code: 4AMAB
Structure WTprr C165ApTT
Space group C222, C222,

Unit cell a, b, ¢ (A)
Resolution (A)

Completeness (%)
Unique reflections
Multiplicity

Rimeas (%)

<l/o>

CCip
Refinement
Resolution range (A)
R-factor (%)
R-free (%)
Molecules in AU
Protein residues
Water molecules
Total atoms
RMSD lengths (A)
RMSD angles (°)
Ramachandran plotf
¢, y-Preferred (%)
¢, y-Allowed (%)
¢, y-Outliers (%)
B factors

<Main chain> (A2)

<Side chains & waters> (A2)

126.81,171.13,135.34

36.8-1.82 (1.92-1.82)2
96.7 (91.1)
126642 (17246)
13.0 (12.7)

23.10 (408)

10.6 (0.6)d
1.00 (0.16)

36.7-1.82
20.4
24.0
5
907
518
14776
0.012
1.3

97.6
2.4
0.0
1 TLS group/monomer
48
59

127.23, 172.42, 136.21
29.2-1.90 (2.00-1.90)

100.0 (100.0)
117456 (17015)
6.8 (6.4)

23.8€ (1048)

6.2 (0.2)8
0.995 (0.20)

29.2-1.90
19.8
23.9
5
909
232
14454
0.016
1.6

97.2
2.7
0.19
1 TLS group/monomer
56
64

aValues in parentheses are for the highest resolution shell and preceding values are for all data.

meeas in the inner shell (40-5.76 A) is 3.3%.

CRmeaS in the inner shell (30-6.01 A) is 3.8%.

d<I/o> of the inner shell is 58.1 and falls to ~2 at 2.15 A.

e<I/o> of the inner shell is 30.8 and falls to ~2 at 2.30 A.

fPreferred, allowed, and outlier angles as assigned by Molprobity.66

gV164 chain A has weak density but is near an allowed region.
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