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ABSTRACT: The thioredoxin fold is found in proteins that serve a wide variety of functions. Among these
are peroxiredoxins, which catalyze the reduction of hydrogen peroxide and alkyl peroxides. Although the
common structural fold shared by thioredoxins and peroxiredoxins suggests the possibility that they have
evolved from a common progenitor, it has been difficult to examine this hypothesis in depth because
pairwise sequence identities between proteins in these two superfamilies are statistically insignificant.
Using the Shotgun program, we have found that sequences of reductases involved in maturation of
cytochromes in certain bacteria bridge the sequences of thioredoxins and peroxiredoxins. Analysis of
motifs found in a divergent set of thioredoxins, cytochrome maturation proteins, and peroxiredoxins provides
further support for an evolutionary relationship between these proteins. Within the conserved motifs are
specific residues that are characteristic of individual protein classes, and therefore are likely to be involved
in the specific functions of those classes. We have used this information, in combination with existing
structural and functional information, to gain new insight into the struettuection relationships in

these proteins and to construct a model for the emergence of peroxiredoxins from a thioredoxin-like
ancestor.

In recent years, it has become clear that the number of have been noted previously by many investigators. Although
protein sequences vastly exceeds the number of distinctstructural information can suggest very distant evolutionary
structural folds, and that nature often utilizes the same relationships that are difficult to detect using sequence
structural fold for multiple purposed). Understanding the  information alone, structural information is often insufficient
divergence of an ancestral structure to serve many newfor in-depth analysis of evolutionary relationships. Given the
functions requires insight into the architectural design variety of different proteins in each of these superfamilies,
principles embedded in the protein scaffold. Thus, we might an analysis that integrates sequence and functional/mecha-
expect constraints locked into the fundamental strueture nistic information with structural observations is required to
function relationship in an ancestral structure to guide understand the evolution of these proteins and to provide
evolutionary changes leading to new functions. more detailed insight into similarities and differences in their

The thioredoxin (Trx) fold is a common structural fold  structure-function relationships. Yet, this is a daunting
found in a large number of proteins that carry out disparate challenge. Except for protein disulfide isomerases, previous
functions. These include Trxs, protein disulfide isomerases gnalyses have failed to identify statistically significant
(2), DsbAs @), and glutaredoxins3, all of which catalyze  pajrwise sequence identities between Trxs and other proteins
thiol—disulfide exchange reactions, glutathidhtansferases  of the Trx fold class. Thus, the Trx fold proteins provide an
(3), which catalyze formation of glutathione conjugates from intriguing and challenging system in which to investigate
electrophilic substrates, calsequestrid which bind cal-  qyestions of convergent or divergent evolution leading to

cium ions, and glutathione peroxidas@s §nd peroxiredox-  gisparate functions in a common structural scaffold.
ins (6), which catalyze reduction of peroxides. Three-

dimensional structural similarities, and, in some cases,
functional similarities, among these different superfamilies

Using tools designed to identify sequences that link very
distantly related proteins, we have performed sequence and
motif analyses on a broader set of sequences than has
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a) ' ) to support assembly of F1 and M13 phagé$)(and to
oxidized ‘afgef activate phage T7 polymerasglj.

proteln
rcirass Prxs contain a canonical Trx fold, but have an N-terminal
extension, an insertion betweg anda?2 of the Trx fold,
reduced target and, in some cases, a C-terminal extension. Prxs catalyze
reduciase protein the reduction of hydroperoxides and alkyl peroxides formed

by oxidative damage to cellular molecules, especially lipids
(5, 12). Recent studies in which Prx genes have been

ROOH
SH \ o s disrupted have confirmed the physiological role of these
SH i' SH ﬁ' $ enzymes in protecting cells from oxidative stre$8-{15).
coH Hy0 In eukaryotes, Prxs may play an additional role in cell
signaling by modulating hydrogen peroxide levels)(
/ Reduction of peroxides begins with attack of an active site
Cys (or, in rare cases, a Se-Cys) on an oxygen atom of the

peroxide, leading to cleavage of the-O bond (Figure 1b,c).
The sulfenic acid formed in the first step is subsequently

[ protein 7% protein '~ SH attacked by a second Cys (termed the resolving Cys), forming

roductant g reductant s a disulfide and releasing hydroxide. The resolving Cys may
come from the same protein chain or the other monomer in

ROOH RSH a dimer (Figure 1b), or a different molecule such as Trx or

9 H SoH SSR glutaredo_xin (Figure_lc)._ Finally, the f_ree Erx is regenerated
by reduction of the disulfide; the physiological reductant has
not been identified in all cases.

ROH H0
The structural similarities between Trxs and Prxs have
been recognized for some timg7], leading to suggestions
RSH=7 that Prxs might have evolved from Trxs. In addition, before
the first structure of a Prx was available, Sateo and
RSSG RSH Ponting (L8) generated a multiple-sequence alignment of Trxs

and Prxs using ClustalW, secondary structure predictions for
Ficure 1. Mechanisms of (a) Trxs, (b) 2-Cys Prxs, and (¢) 1-Cys prxs, and structural alignments of several Trx fold proteins
Prxs. In 2-Cys Prxs, the second Cys may come from the samey, ¢nhort such a relationship. However, the low pairwise
subunit or the other subunit in a dimeric enzyme. The protein . .. -
reductants that regenerate reduced 2-Cys Prxs are cell-specific, ang€duence identities between members of these superfamilies
include Trx, glutaredoxin, AhpF, tryparedoxin, and AphD. Physi- made it difficult to assess this hypothesis in detail. Moreover,
ological reductants for 1-Cys Prxs are not known. their alignment fails to align functionally important residues

that we now know superimpose in the active sites of the

Trxs and Prxs (see below).

A valuable approach for detection of relationships among
vergent sequences such as the Trxs and Prxs is to look for
proteins whose sequences show a convincing relationship
to both types of proteins. The transitive property of sequence
relationships suggests that, for consonant domains, if A is
related to B, and B is related to C, then A must be related to
C. Systematic analysis of the effectiveness of this approach
has been documented9). We have used the Shotgun
program R0) to identify proteins whose sequences link those
of Trxs and Prxs, and thus provide support for an evolution-
ary relationship between these superfamilies. Analysis of
sequence motifs found in a set of 105 divergent proteins
further supports the proposed evolutionary relationship and,
in the context of the available structural and functional
information, allows us to postulate a model for the evolution-
ary divergence of the ancient Trx fold to provide new
catalytic capabilities in Prxs.

and functional links between the Trx and Prx superfamilies
reveal, on a larger scale than has previously been attempteddl
fundamental design principles inherent in the Trx fold class
and allow us to develop a model for how Prxs evolved from
a functionally simpler Trx-like ancestor that carried out
thiol—disulfide exchange reactions.

Trxs are small, simple, and ancient proteins that are found
in all living organisms (see res—9 for reviews). They serve
a variety of functions, most of which are based upon their
thiol oxidoreductase activity, which is endowed by a CXXC
sequence that is partially exposed at the surface of the protein
The two cysteines in this motif (Figure 1a) are used to reduce
disulfide bonds in at least 30 target proteins. The resulting
Trx disulfide is then reduced by Trx reductases that transfer .
reducing equivalents derived from either NADPH or ferre-
doxins. Some of the target proteins are enzymes in which a
disulfide bond is formed at the active site during substrate
turnover, while others are enzymes or transcription factors
whose function is regulated by the reduction of a disulfide \eTHODS
bond. Trxs also play important roles in defense against
oxidative stress. They can directly reduce hydrogen peroxide, The analysis of the relationship between Trxs and Prxs
dehydroascorbate, and certain radicals, and can serve asas begun using PSI-BLAST2{) to generate a divergent
reductants for Prxs. In humans, Trx is secreted by both set of proteins related to structurally characterized Trxs and
normal and cancer cells and acts as a growth fagjoSpme Prxs in which no pairwise identity was greater than 45%.
of the activities of Trxs do not depend on the active site Additional proteins that linked the Trxs and Prxs were found
CXXC. In Escherichia coliinactive mutants of Trx are able  using the Shotgun prograr@@). After several iterations of
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Table 1: Summary of Structural Features in Trxs, CMPs, and Four Classes of Prxs

Fam- N- Central C- Active site cis-Pro Position of Quaternary
ily terminal | insertion? | terminal consensus or Arg | resolving Cys in structure
extension extension sequence? Prxs when present
Trx - - - FWADWCGPCKMIA | cis-Pro NA monomer
CMP | o—BP3, af - FWATWCGPCRXBA | cis-Pro NA monomer
or Loop-
pPpo
Prx1 + + - FYLAFEPVCTKEAC Arg 5 residues from monomer
(structure | (structure active site Cys
unknown) | unknown)
Prx2 Bp- af - F3S IDEGVCANISVR Arg Central insertion dimer
Looppp3,, (face-to-edge)
Prx3 | Loop-ppa off - VEGAFEPTCSANHL Arg C-terminus dimer
(face-to-edge)
Prx4 | pp—Loop- af + YEADFEFVCPTEL | Arg C-terminal dimer
BB3 extension (edge-to-edge)

a Central insertion located betweg ando2 of the canonical Trx fold® Consensus sequences were determined using the MEME algorithm for
each protein family.

Shotgun to add new homologues, a set of sequences filtereddivergent set of 105 Trxs, Prxs, and bridging proteins was
with a few exceptions, at a 45% redundance level was assembled in which no pairwise sequence identity was greater
assembled for motif analysis. While it is ideal to perform than 72% (and was generally less than 35%) within each
motif analysis using only divergent sequences, in some casesyroup, or greater than 26% between members of these three
it was necessary to include a few sequences with higher groyps. The bridging proteins for which functions are known
pairwise identities in order to ensure adequate representation; e involved in maturation of cytochromes [e.g., CcmG from
of sequence features characteristic of some groups ofg coli (25) and TIpA fromBradyrhizobium japonicurt26)].
proteins. MEME £2 http://m_eme.sd_sc.edu/meme/websqe/ [It has previously been noted that the structure of TIpA is
intro.html) was used to identify motifs present in the entire similar to those of Trxs and Prx2€).] These cytochrome

divergent set, as well as subsets of the set. . : : .
. . . maturation proteins (CMPs) catalyze thiol oxidoreductase
Structural superpositions were generated using MinRMS . . .
reactions, just as Trxs do, lending further support to the

(23; http:/lwww.cgl.ucsf.edu/Research/minrms/). The super- ; .
suggestion that these proteins are homologous. However,

position of CMP (PDB entry 1KNG) and Trx (PDB entry ? _ ) .
1XOA) aligns 97 a-carbons with an rmsd of 1.87 A. while Trxs generally interact with a large number of protein

Superpositions of CMP (PDB entry 1KNG) with members Substrates, CMPs are dedicated reductases involved in
of Prx classes 24 aligned as follows (number of-carbons ~ SPecific pathways. Thus, CcmG and TIpA are believed to
aligned and rmsd): 115 and 2.00 A for 1PSQ, 116 and 1.97 be specific for targets in the pathways for biogenesis of
A for 1HD2, and 127 and 1.99 A for 1PRX, respectively. cytochromec (27) and cytochromeaas (28), respectively.
Superpositions were visualized using Chimera and the There are additional functional and structural differences
MIinRMS Plot extension Z4; http://www.cgl.ucsf.edu/  between CMPs and Trxs, as well. CMPs are located in the
chimera/). Figures 3, 4b, and—% were generated with  periplasm, while Trxs are generally found in the cytoplasm.
Chimera R4). In the case of Figures 3 and 5, the structures The redox potentials of their active sites are expected to differ
were first superposed, and then individual structures from to allow activity in the differing redox environments of these
the superposition were used to make the individual panels.yyo compartments. Finally, CMPs contain a large N-terminal
RESULTS extension and an insertion aftgé? of the canonical Trx fold
(see Table 1 and further discussion below).
Se%ﬁgﬁ?g;”;? Thfxi[ueiénlgogr ngtﬁgvesi?j%ﬁi?igzsprl_c;?;(in;he Motifs Found in Trxs and CMPs/Ne carried out motif
; : . analysis using the MEME algorithn22) to further inves-
whose sequences link those of Trxs and Prxs, lending supportti . : . !
gate the possible evolutionary relationship among Trxs,

to the hypothesis that the Prxs diverged from a Trx-like i
ancestor. We began our analysis with a query set comprisedCMP,S' a_nd Prxs. Begause of t_he extrgme d|\{ergence of the
proteins in the set, this analysis was divided into two parts.

of Trxs and Prxs, none of which had more than 45% identity M’ i >+ X

to any other member of the set. Shotg@@)(was used to  First, we identified motifs for the subset of sequences
identify potential relatives of both Trxs and Prxs (i.e., consisting of Trxs, CMPs, and homologous proteins of
“bridging" proteins) by congruence ana|ysis of BLAST unknown function. Second, we carried out a Comparable
outputs for the entire query set. The Shotgun analysis wasanalysis for the subset consisting of CMPs, Prxs, and
iterated for several cycles, with addition of new bridging homologous proteins of unknown functidéithe same set
proteins to the query set at each iteration. Ultimately, a of CMPs was used in both analyses.
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motif designation 23 2B

Trx.TrxEc2
Trx.TrxHAt
Trx.Trx4af
Trx.mitTrxsSc
Trx.TrxTp

CMP.CcmGBj
CMP.cytcbhbiogenesisDr
CMP.cytcmatprotBh

CMP.ResAPm

CMP.tlpABc

CMP.tlpaBj

Trx fold

motif designation

Trx.TrxEc2 -(16)
Trx.TrxHAt LOSVAKEFGVEAMPTFVFIKAGEVVDELVGZE L]
Trx.Trx4Af NODVAFEYGIASIPTVLFFRNGKVVGGFIGEWA
Trx.mitTrxSc RFVKCDVDE SPDIAKECEVTAMPTFVLGKDGOLIGKI TGRS
Trx.TrxTp JIGKLNVDD DODLAVEFNVASIPTLIVFKDGKEVDRSIGREREY]
CMP.CcmGBj Y K DAL DNARRFLGRY GNPFGRVGVDANG MR I —(24)
CMP.cytcbiogenesisDr -(7)- ) 1 -(4)- -(20)
CMP. cytcmatprotBh N Pk PELTVORFVDRYGLSFPIVIDKGLN S S —(22)
CMP.ResAPm IO GDEADTOALVKKREISLLVVKDOLK IENE SR -(17)
CMP. t1pABc -(13) -{elelesd FIKEKGITFPVLLDENID E OIS —(19)
CMP.tlpaBj eI BN TROPEKPKTFLKEANLTRLGYFNDQKASERNE -(28)
Trx fold p2__ central insertion a2 _ B3 ___p4 a3

Ficure 2: Motifs found in a set of 56 Trxs, CMPs, and homologous proteins of unknown function by MEME. Only a subset of the 56
sequences is shown. The secondary structural elements of the canonical Trx fold and the positions of the N-terminal extension and central
insertion are shown below the motifs. Certain residues in the motifs are highlighted in colors corresponding to those used in Figure 3. On
the basis of motif patterns, 34 proteins were assigned as Trxs and 22 as CMBsvdlhes and number of occurrences for each motif are

as follows: magenta motif (2A), 3.8e-039, 19 CMPs; cyan motif (2B), 1.5e-676, 33 Trxs and 22 CMPs; blue motif (2C), 4.6e-27, 22
CMPs; purple motif (2D), 4.1e-297, 30 Trxs; and red motif (2E), 5.2e-060, 21 CMPs and 2 Trxs. Trx.TrxEcE. Tolj, PDB entry

1XOA. Trx.TrxHAt, Trx, Arabidopsis thalianagi1l388082. Trx.Trx4Af, TrxArchaeoglobus fulgidysgil1499727. Trx.mitTrxSc, Trx3,
mitochondrial precursoiSaccharomyces cenisiae, gi1907116. Trx.TrxTp, TrxTreponema pallidumngi3323237. CMP.CcmGBj, CcmG,

B. japonicum gi27375582. CMP.cytcbiogenesisDr, cytochrombiogenesis protein, thieldisulfide interchange proteireinococcus
radiodurans gi15805374. CMP.cytcmatprotBh, CMP.ResAPm, ReBAsteurella multocidagil5602312. CMP.tIpABc, thietdisulfide
interchange protein tlpABacillus cereusgi30021713. CMP.tlpaB;j, TIpAB. japonicum gi15988313, PDB entry 1JFU.

A set of divergent sequences containing 56 Trxs, CMPs, substrates. MEME finds different motifs for the two families
and homologous proteins of unknown function was analyzed in the region of the conserveds-Pro (2D, purple, and 2E,
using MEME. The motifs identified for a subset of these red, in Figure 2). Several residues in this region are involved
sequences are illustrated in Figure 2, and conserved function-in substrate specificity in Trxs; in the structures of fragments
ally important residues in these motifs are shown in the active of NF-«B (29) and Ref-1 80) liganded toE. coli Trx1,2 nine
sites of a Trx and a CMP in Figure 3. (Although the and five residues, respectively, precedingdtsePro contact
N-terminal and C-terminal regions of these proteins have the target peptide. Since much of this region is involved in
been shown to be important for function, they are not binding target peptides, it is not surprising that the sequences
depicted in Figure 2 because no statistically significant motifs have diverged sufficiently that a single motif is no longer
were found in these regions.) MEME identified a very strong recognizable. MEME also identifies two motifs in CMPs that
motif (2B, cyan in Figure 2) containing the active site CXXC are located within the N-terminal extension (2A, magenta
in 55 of 56 proteins in the set. In both Trxs and CMPs, the in Figure 2) and the central insertion found aff& of the
other side of the active site (see Figure 3) contains a canonical Trx fold (2C, blue in Figure 2). Although only
conservedcis-Pro required for binding of polypeptide one sequence motif was found by MEME in both Trxs and

CMPs, the extremely strong statistical significance of this

2 Analysis of the entire set of proteins identified similar motifs, but motif (E = 1.58—676)_, COUp!eq Wl.th the previously reconz?d
both theE values for each motif and the number of occurrences of Structural and functional similarities between these proteins,
each motif were lower in the composite analysis due to the extreme provides convincing evidence that these proteins are indeed

divergence of the proteins in the set. Thus, breaking the analysis into related. It is possible that no additional motifs were found
two parts produced results that were statistically stronger and more
useful for identifying functionally important changes in sequence
between the Trxs and CMPs in one case, and CMPs and Prxs in the 2 Our set did not includ&. coli Trx1, but the homologous regions
second case. of E. coli Trx2 and the other Trxs are readily identifiable.
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a) Trx active site. (The distinctive differences in this region in one
subset of Prxs prevent this entire region from being
S recognized as a single motif.) A third highly conserved motif

(4G, red in Figure 4) contains the consergidPro in CMPs.
Notably, Prxs lack thiscis-Pro, having an Arg in the
homologous position. Nevertheless, there is sufficient con-
servation of sequence in this region that a motif can be
recognized. This finding is particularly significant given that
MEME finds two different motifs for this region in Trxs
and CMPs, which have in common the structurally aligned
cis-Pro and would appear to be more closely related to each
other based upon functional considerations. Lending support
to this alignment and to the assertion that these proteins are
homologous, we note that thiss-Pro in CMPs and the Arg

in Prxs also align in the structural comparisons shown in
Figure 5.

Two motifs found by MEME are located in the N-terminal
extension. The magenta motif (4B) shown in Figure 4 is
found in the N-terminal extensions of CMPs and many Prxs.
In the structurally characterized proteins in the set that have
this motif, it forms affa module on the side of the protein
opposite to the active site (Figure 4b). We speculate that
this module may have arisen in CMPs to facilitate formation
of protein complexes involved in biogenesis of cytochromes,
and been retained in the Prxs even though it has no obvious
function. The black motif (4A in Figure 4) found in a subset
of bacterial Prxs forms an additiondB-loop structure that
buttresses a loop betweer?2 and3 of the canonical Trx
fold that is involved in the dimeric interface (Figure 4b,
structure b).

Two additional motifs found by MEME involve the central
insertion betwee2 anda2 of the canonical Trx fold. The
blue motif (4E) shown in Figure 4 is found only in Prxs,
while the green motif (4F) is found in both CMPs and Prxs.
Both of these motifs contain loops involved in the dimer
interface inE. colithiol peroxidase and human Prx5, although
Ficure 3. Close-up view of the active sites of @) coli Trx (PDB the residues involved are different in these two proteins. In
entry 1XOA) and (b) a CMPB. japonicumCemG (PDB entry  aqdition, parts of both motifs are involved in the interface
1KNG). between adjacent dimers in the decameric structure that
appears to form when some Prxs are oxidiz8d, (32).
¥|owever, not all Prxs form decamers when they are oxidized
(33).

The yellow motif (4H) shown in Figure 4 is peculiar to a
subset of dimeric Prxs that have a C-terminal extension
extending into the active site of the other monomer in the
dimer (). Often, but not always, this C-terminal extension
contains a resolving Cys.

because the sequences are extremely divergent, possibl
because they diverged a very long time ago.

Motifs Found in CMPs and Prx# set of 67 CMPS, Prxs,
and homologues of unknown function was analyzed by
MEME. The motifs found are shown for a subset of the
proteins in Figure 4a and mapped onto the backbone
structures of a CMP and three Prxs in Figure 4b. (The
rationale for division of Prxs into four classes designated
Prx1—Prx4 will be described below in the Discussion.)
Close-up views of the active sites of representative proteins DISCUSSION
are provided in Figure 5. Five motifs are strongly conserved
across both protein families. These include three motifs An Evolutionary Relationship among Trxs, CMPs, and
located in the active site region (4C, cyan, 4D, brown, and Prxs Is Supported by Seral Lines of Eidence. An
4G, red, in Figure 4), one in the N-terminal extension (4B, evolutionary relationship among Trxs, CMPs, and Prxs is
magenta in Figure 4), and one located partially within the supported by several lines of evidence. First, as noted by
central insertion in the Trx fold (4F, green in Figure 4). Three many previous studies, they share a common structural fold.
additional motifs (4A, black, 4E, blue, and 4H, yellow, in  Second, the identification of CMPs as relatives of both Trxs
Figure 4) are conserved only in Prxs or in a subset of Prxs. and Prxs provides a sequence link between the Trxs and Prxs.

The most strongly conserved motif (4C, cyan in Figure Third, CMPs and Prxs contain insertions at comparable
4) contains the active site cysteine(s) (one in Prxs and two positions in the canonical Trx fold (Figure 6). Fourth, despite
in CMPs). A second motif (4D, brown in Figure 4) extends the enormous sequence divergence among the proteins used
beyond this region, and contains additional residues near thein the analysis, Trxs and CMPs share a strongly conserved
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a)

CMP.T1pABc
CMP.T1pABJ

CMP.cytcmatprotBh

CMP.ccbO1
CMP.cytcbioDr
CMP.CcmGBj
Prxl.bfcmprotap
Prxl.PrxTv
Prxl.bfcmprotBh
Prxl.bfcmprotCt
Prxl.PrxSs
Prx2.PrxEc
Prx2.simTPxBs
Prx2.hypMm
Prx2.putTPxBt
Prx2.simPrxSa
Prx2.PrxTpxSp
Prx3.PrxAt
Prx3.Prx5Hs
Prx3.PrxXc
Prx3.PrxsSc

1A

Prx3.prxfamprotNo

Prx4.PrxEc
Prxd4.rbcPrxHs
Prxd .PrxTv
Prxd.ahpcSt
Prx4.5eCysPrxEa
Prx4.Horf6Hs

Trx fold

CMP.T1pABc
CMP.T1pABj

CMP.cytcmatprotBh

CMP.ccbO1
CMP.cytcbhioDr
CMP.CcmG
Prxl.bfcmprotap
Prxl.PrxTv
Prxl.bfcmprotBh
Prxl.bfemprotCt
Prxl.PrxSs
Prx2.PrxEc
Prx2.simTPxBs
Prx2.hypMm
Prx2.putTPxBt
Prx2.simPrxSa
Prx2.PrxTpxSp
Prx3.Prxit
Prx3.Prx5Hs
Prx3.Prxsc
Prx3.PrxXc
Prx3.peroxprotNo
Prx4.PrxEc
Prxd.rbcPrxHs
Prxd.PrxTv
Prxd.ahpesSt
Prx4.SeCysPrxEa
Prx4.HorféHs

Trx fold

Prx4.PrxEc
Prxd4.rbcPrxHs
Prxd.PrxTv
Prx4.ahpcSt
Prx4.SeCysPrxEa
Prx4.HorféHs

Trx fold

B2

DAITFNDENG-14
QAFQYTDEHG-29
EAT.QSGGLCP-12
KARQYVARHP-25
QAFQLVRETK-38
ISLOQLTAEKR-50

N-terminal extension

=
6-

_central insertion_ a2

C-terminal extension

U g EEE s s

-0-¢
-0-STLADTEDLAKMSD-0-

{ LPGYVEQFEAFREKE

EVEGFAEDYEKFKSKES

Copley et al.

MPDMEAFYKEHKEUE

LPGFVEQAEAL

IPGYINYLDELV-5-
VPEYIQKLPELRSE:ES
INRFSDLKGAFLEKE
IIAFSNRAEDFREKIS

FALLLDNLKVTVANVESGG-
FSMVVQDGIVKALNVEPDG-

AMVVENGIVTYARKETNP-

YALYADDGVVKALFVEEPG-

B4

-1-GRSVDEIIRLI
-1-GRSVDEALRLV

-1-GRSTDETLRVL
-1-GRDASDLLRET

-1-GRNVSETLRQI

-1-GRNFDEILRVV

a3
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b) b) Prx2

FIGURe 4: (a) Motifs found in a set of 67 CMPs, Prxs, and homologous proteins of unknown function by MEME. Only a subset of the
sequences is shown. The secondary structural elements of the canonical Trx fold and the positions of the N-terminal extension and central
insertion are shown below the motifs. Residues in the motifs are highlighted in colors corresponding to those used in Figure 5. The cysteines
highlighted in motifs 4D and 4E correspond to resolving cysteines described in Table 2 and are not represented in Figure 5. The residue
designated as X in the cyan motif (4A) in Prx4.SeCysPrxEa is selenocysteine. On the basis of motif patterns, 22 proteins were assigned as
CMPs, 15 as Prx1s, nine as Prx2s, eight as Prx3s, and 13 as Prx4B.vEfiges and number of occurrences for each motif are as follows:

black motif (4A), 8.3e-014, 8 Prx2s; magenta motif (4B), 3.1e-163, 19 CMPs, 12 Prx1s, 8 Prx2s, and 6 Prx4s; cyan motif (4C), 3.3e-359, 20
CMPs, 15 Prx1s, 9Prx2s, 8 Prx3s, and 13 Prx4s; brown motif (4D), 9.5e-025, 20 CMPs, 11 Prx1s, 6 Prx3s, and 13 Prx4s; blue motif (4E),
1.2e-202, 2 CMPs, 15 Prx1s, 9 Prx2s, 8 Prx3s, and 13 Prx4s; green motif (4F), 3.1e-068, 17 CMPs, 12 Prx1s, 7 Prx2s, and 12 Prx4s; red motif
(4G), 1.7e-170, 20 CMPs, 14 Prx1s, 9 Prx2s, 2 Prx3s, and 13 Prx4s; and yellow motif (4H), 1.7e-048, 13 Prx4s. CMP.tlpABBa.TIpA,
cereus gi30021713. CMP.tIpABj, TIpAB. japonicum gi15988313, PDB entry 1JFU. CMP.cytcmatprotBh, cytochremeaturation protein,

Bacillus halodurans gi15614140. CMP.ccbOi, cytochrontebiogenesis protein@ceanobacillus iheyensigi23098307. CMP.cytchioDr,
cytochromec biogenesis protei. radiodurans gil5805374. CMP.CcmGBj, Ccm@, japonicumgi27375582. Prx1.bfcmprotAp, bacterioferritin
comigratory proteinAeropyrum pernixgil4600438. Prx1.PrxTv, Prfhermoplasmaolcanium gil3541117. Prx1.bfcmprotBh, bacterioferritin
comigratory proteinBa. haloduransgil5613511. Prx1.bfcmprotCt, bacterioferritin comigratory prot€hlorobium tepidumgi21674812.
Prx1.PrxSs, PrxSulfolobus solfataricygyi1l5899339. Prx2.PrxEc, thiol peroxidage,coli 0157:H7 EDL933, gi15801846, PDB entry 1QXH.
Prx2.simTPxBs, similar to thiol peroxidase frdBacillus subtilis gi1l6080001. Prx2.hypMm, hypothetical protein Magn02938agnetospirillum
magnetotacticunmgi23014942. Prx2.putTPxBt, putative thiol peroxidaBacteroides thetaiotaomicroviPl-5482, gi29346739. Prx2.simPrxSa,

similar to thioredoxin peroxidas&taphylococcus aurepngi21283385. Prx2.TpxSp, thiol peroxida§#reptococcus pneumoniag33358146,

PDB entry 1PSQ. Prx3.PrxAt Prx TPx&, thaliang gi4704732. Prx3.Prx5Hs, Prx Bomo sapiensgil5826629, PDB entry 1HD2. Prx3.PrxXc,

Prx, Xanthomonas campestyigi21112072. Prx3.PrxSc, Ahpl§, cereisiae gi6323138. Prx3.prxfamprotNo, peroxiredoxin 2 family protein,
Nostocsp. PCC 7120, gi17229033. Prx4.PrxEc, thioredoxin peroxidaseephalitozoon cunicyligil9173077. Prx4.rbcPrxHs, thioredoxin
peroxidase B, red blood cellsl. sapiensgi9955016, PDB entry 1QMV. Prx4.PrxTv, Prkhermoplasmaolcanium gi13541053. Prx4.ahpSt,

Ahpc, Salmonella typhimuriupgi20151112, PDB entry 1KYG. Prx4.SecysPrxEa, selenocysteine-containing peroxiredoxinERpedterium
acidaminophilumgi6850955. Prx4Horf6.Hs, human Orid, sapiensgi3318841, PDB 1PRX. (b) Motifs shown in Figure 4a mapped onto the
backbone structures of (a) a CMP, japonicumTIpA (PDF entry 1JFU), (b) a class 2 P&, pneumoniathiol peroxidase (PDG entry 1PSQ),

(c) a class 3 Prx, human Prx5 (PDB entry 1HD2), and (d) a class 4 Prx, human red blood cell thioredoxin peroxidase (PDB entry 1QMV).
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a) CMP

7

Ficure 5: Close-up view of active sites of (a) a CMB, japonicumCcmG (PDB entry 1KNG), (b) a class 2 P1®, pneumonia¢hiol
peroxidase (PDB entry 1PSQ), (c) a class 3 Prx, human Prx5 (PDB entry 1HD2), and (d) a class 4 Prx, human Horf6 peroxidase (PDB
entry 1PRX).

motif whose catalytically important residues cluster in the the relationship between Trxs and Prxs depended critically
respective active sites, along with a structurally superim- upon the identification of CMPs whose sequences link those
posablecis-Pro in the active site (Figure 3), and CMPs and of Trxs and Prxs, which have diverged beyond the point
Prxs share five strongly conserved motifs in the active sites where sequence methods can relate them directly.

and in the insertions in the canonical Trx fold (Figurg 4).  Motif Analysis Supports a Reclassification of Pr@ur

Emotif analysis and structural comparisons suggest a new
system for classification of Prxs. Prxs have previously been
classified according to quaternary structure, sequence char-
"cteristics around the active site, and/or the presence or
absence of a resolving Cys. The most widely used classifica-
tion system includes 1-Cys Prxs, typical 2-Cys Prxs, and
atypical 2-Cys Prxsg, 34). (The resolving Cys in the typical
2-Cys Prxs is found in the C-terminal region of the other
monomer in the dimeric protein, while in the atypical 2-Cys
Prxs, the resolving Cys is located within the same monomer.)

“ Since the divergence in the active sites of Prx2s prevents recognition Thjs scheme has recently been refined to include four classes

of motif 4D in Figure 4a, we repeated the analysis using a set of Trxs

and Prxs in which the Prx2s had been removed, and siill found no Of atypical 2-Cys Prxs, based upon the location of the
common motifs. resolving Cys 85).

provides strong support for an evolutionary relationship
among Trxs, CMPs, and Prxs, and, most importantly, a
record of sequence changes in the CMPs and Prxs that ca
be correlated with the appearance of new functional proper-
ties through successive modifications of the ancestral archi-
tecture. We note that when a motif analysis was carried out
using a set of Trxs and Prxs alone, no motifs were found to
be common to the Trx and Prx familiéFhus, understanding
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a) Trx b) CMP

FiGure 6: Structures of (a) a Trx (1XOA); (b) a CMMB( japonicumTIpA, PDB entry 1JFU); (c) a class 2 Pr$,. pneumonia¢hiol
peroxidase (PDB entry 1PSQ); (d) a class 3 Prx, human Prx5 (PDB entry 1HD2); and (e) a class 4 Prx, human red blood cell thioredoxin
peroxidase (PDB entry 1QMV), showing the canonical Trx fold (gray) and the positions of the N-terminal extension (magenta), the central
insertion (blue), and the C-terminal extension found only in Prx4s (yellow). (Only monomers are shown for the three dimeric Prxs.)

a) Prx2 b) Prx3 c) Prx4

FIGURE 7: Quaternary structures of three Prxs: (a) a class 2 rpneumonia¢hiol peroxidase (PDB entry 1PSQ), (b) a class 3 Prx,
human Prx5 (PDB entry 10C3), and (c) a class 4 Prx, human red blood cell thioredoxin peroxidase (PDB entry 1QMV).

We recognize four distinct classes of Prxs (Table 1 and the interface. The active site regions of class 4 Prxs are
Figures 4-7). Class 1 includes Prxs that contain a highly similar to those of class 1 Prxs, but the class 4 Prxs are
conserved TPVCTKE motif at the active site. Many of these dimers in which the monomers interact via an “edge-to-edge”
proteins were originally classified as bacterioferritin comi- interaction between thg-sheets at the core of the molecule
gratory proteins, the name stemming from observations of that results in an extended 12- or 14-strang&dheet
electrophoretic mobility before their function was identified spanning both monomers (Figure 7c). Some class 4 Prxs
(36). Studies of these proteins in solution suggest that they appear to form decamers when the protein is oxidizad (
are monomers3p). Class 2 includes a group of closely 32). Class 4 Prxs are also distinguished by a large C-terminal
related bacterial proteins (with pairwise sequence identities extension that extends into the active site of the opposite
of >50%) that have a Ser or GIn in place of the active site monomer. Within three of the four classes of Prxs we have
Glu of Prx1s and that form dimers by what we will term a defined, only some proteins contain a resolving Cys (Table
“face-to-edge” interaction (Figure 7a). Class 3 includes Prxs 2). This finding suggests that acquisition of a resolving Cys
that lack the conserved Glu but contain a conserved Hisis a refinement that has occurred in some lineages but not
downstream of the active site Cys in a characteristic others. Furthermore, in each of the four classes, the resolving
TPTCSxxH motif. These proteins form dimers by a face- Cys is in a different location in the tertiary structure,
to-edge interaction between the two monomers [Figure 7b suggesting that nature has invented four different solutions
(37, 38)] that is distinct from that typical of the class 2 Prxs, to the problem of regenerating the active site Cys. This is
in terms of both structure and the nature of the residues atnot surprising given the different quaternary structures of
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Table 2: Resolving Cysteine Residues (Yellow) Are Found in Different Places in the Four Classes, and in Only Some Representatives of
Classes 1, 3, ani®4

Prx1s- resolving Cys near active site Cys (in green)

TEEMCTFRDSM
TEEMCTFRDSM

Prxl.PrxSs (32) VVLAFYPAAFTS
Prxl.PrxTv (32) VVLAFFPGAFTS

Prxl.bfcmprotPa (34) VVLLFFPGAFTSVETKELCTFRDKM
Prxl.bfcmprotBh (30) IVLYFYPKDMTPGETTEACDFRDRV
Prxl.bfcmprotMt (36) VIVYFYPAASTPGETKOACDFRDNL

Prxl.bfcmprotCt (31) VLLIFYPGDDTP
Prxl.PrxhomSc (94) VVFFVYPRASTP
Prxl.bfcmprotAp (31) VVLYFYPRAMTP
Prxl.bfecmprotCe (56) VVLYFFPAAYTA

TAQLCDYRNNV
TRQACGFRDNY
TREGVRFNELL
TAEAREFAEAT

Prxl.antioxidprotMm (34) VLLSFHPLAWTOQ QOMKSLEENY
Prxl.antigenEh (16) VVLLFYPLDWTFVEPTEMIGYSEVA
Prxl.putantioxidprotDr (32) VVLVFYPLDFSPVESMQLPEYSGSQ
Prxl.hyrAHalo (67) VVLFFYPFDFSP TELCAIQNAR
Prxl.bfcmprotTm (26) TILFFFPEAGTSGETREAVEFSREN
Prxl.ahpEMt (32) VLLVFFPLAFTGI ELDQLRDHL
Prxl.PrxLl (45) VLISVFPDINTRVESLOTKHFNLEA

Prx2s— resolving Cys in central insertion

Prx2.PrxEc (80) VLCISADLPFAQSRFCGAEGLNNVITLSTEFRN
Prx2.PrxAa (80) VTVVSMDLPFAQKRFCESFNIQNVTVASDFRY
Prx2.simPrxSa (78) VLTISADLPFAQKRWCASAGLDNVITLSDHRD
Prx2.TpxSp (77) VLTVSXDLPFAQKRWCGAEGLDNAIXLSDYFD
Prx2.hypMm (79) VLCVSADLPFAHKRFCGAEGLERVQSLSDMRD
Prx2.tagDVc (78) LLCVSADLPFAMSRFCTEHAVANVTNASFFRE

Prx3s - resolving Cys in loop between last beta strand and alpha helix of the Trx fold

Prx3.PrxXc (147) KVSAADYVLQHL
Prx3.peroxisomalprotPc (156) ELSRADHVLKQL
Prx3.PrxfamilyNostoc (152) EVSDAQTMLKHI
Prx3.PrxSc (165) TVSSVESVLAHL
Prx3.PrxAt (151) TVSSAEDILKAL
Prx3.Prx5Hs (150) TCSLAPNIISQL
Prx3.hypPrxSm (150) TASGAAAMLELL

Prx3.peroxisomalprotLk (155) AGSGVDAVLAAL

Prxd4s - resolving Cys in C-terminal extension of other monomer

Prxd4 .PrxLm (166) GGLCPINWQPGEKTI
Prxd4.rbcPrxHs (168) GEVCPAGWKPGSDTI
Prx4.ahpcSt (162) GEVCPAKWKEGEATT
Prx4 .PrxTv (158) GGLCPVNWHEGEPTL
Prxd4.PrxStc (161) DELCPCNWSKGDETL
Prx4.0rfos (169) GYACPVNWNFGDQVF
Prx4.probPrxSe (168) GDVCPAQWEKGKEGM
Prxd4 .PrxPf (171) PVATPVNWKEGDKCC
Prx4.SecysPrxEa (167) AEVAPSGWKPGKKTL
Prx4.Horf6Hs (174) RVATPVDWKDGDSVM
Prx4.PrxEc (163) GDICPAEWRSENKDN
Prx4.probPrxMt (161) GVAAPANWPDNQLIG
Prx4 .PrxCc (159) NKLCPYSWNNDSKSI

aThe role of the putative resolving Cys residues has not been experimentally verified in all cases.

the four classes. out comparable thiol oxidoreductase reactions, but differ

We suggest that this classification scheme, which in- substantially in substrate specificity. These classes are
tegrates information from motifs found throughout the protein distinguished by the presence of two major insertions in
structures, as well as structural information, is an improve- CMPs (Table 1 and Figure 6), as well as variations in
ment upon previously proposed schemes. We note that theSequence in the region of the active site cysteinescsd
phy|ogenetic ana|yses of many Prx sequences carried outPro, the likely result of which is a relatively more defined

by Verdoucq et al. 39) and Hoffman et al. {2) suggest
similar groupings of Prx5. 5We note that the robustness of the published phylogenetic trees

. . . . . cannot be assessed because neither study reports bootstrap values, and
Differences in Sequence Correlate with Differences in poffman et al. do not specify the method or sequences used to generate

Function between Trxs and CMP8rxs and CMPs carry  the tree.
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substrate binding site in the CMPs. The following discussion opposite from the active site, so is not likely to be involved
focuses upon residues that are conserved in both Trxs andn catalysis. It has been proposed that the several proteins
CMPs or whose divergence can be rationalized in terms of involved in maturation of cytochrom& may form a
diversification of function in the two groups of proteins. “maturase” complex 41); it is possible that the region
The most important motif found in the set of Trxs and containing the magenta motif is conserved because it is
CMPs includes the active site Cys residues. This motif hasinvolved in interactions with other proteins in such a
long been recognized in association with the fundamental complex. Curiously, the N-terminal insertion adopts different
thiol oxidoreductase reaction carried out by Trxs and CMPs. secondary structures in the two structurally characterized
A notable feature peculiar to the CMPs is a conserved Glu CMPs (not shown). The magenta motif (2A) is found in TIpA
three residues after the CXXC (Figures 2 and 3). This Glu and not in CcmG, so the structure found in CcmG may be
(Glu98 in the CMP in Figure 3), which is partially buried in  a less common variation in a rather plastic region of the
the CMP structure, has been proposed to be involved in structure.
recognition of the specific proteins bound by CcmZ5)( Differences in Sequence Correlate with Differences in
An additional distinctive feature is the conserved Asp (Asp26 Function between CMPs and PrnExamination of the motifs
in the Trx in Figure 3) preceding by several residues the found by MEME to be globally conserved in the set of CMPs
CXXC in Trxs that is substituted with Asn (Asn86 in Figure and Prxs reveals class-specific residues characteristic of either
3) in CMPs. In Trxs, this Asp removes the proton from the CMPs or Prxs that may be involved in the particular functions
C-terminal Cys of the active site CXXC as it attacks the carried out by each of these classes of proteins. The following
mixed disulfide between the N-terminal Cys and the target discussion focuses on those differences in sequence that are
protein @0). The Asn in CMPs that replaces this Asp is likely to contribute to the functional differences between
located within hydrogen bonding distance of the conserved CMPs and Prxs.
Glu found only in CMPs (Glu98 in Figure 3). One explana-  The most strongly conserved motif (4C, cyan in Figure
tion for this difference is the need to prevent repulsion 4) contains the active site cysteine residue (in Prxs) or
between two closely spaced negatively charged residues thatesidues (in CMPs). A particularly notable feature is the
would occur in the CMPs if the Asp had not been replaced change of the N-terminal Cys of the CXXC in CMPs to a
with Asn. Notably, the D26N mutant d&. coli Trx is only Thr in the Prxs. This change has the effect of switching the
modestly impaired; the rate of cleavage of the mixed disulfide position at which the protein attacks its substrate from the
is decreased by only-510-fold (40). Thus, the change from  N-terminal Cys in CMPs to the single Cys that aligns with
Asp to Asn is compatible with retention of the ability to carry the C-terminal Cys of CMPs. Structural evidence suggests
out thiol-disulfide exchange reactions. a hydrogen bonding interaction between the active site Cys
The active sites of both Trxs and CMPs contain a and the hydroxyl group of this Thr (Figure 5) that may
completely conservedis-Pro residue; these residues super- enhance the nucleophilicity of the Cys and/or help position
impose nearly exactly, as shown in Figure 3. Ttis the Cys for nucleophilic attack on the peroxide substrate (
conformation of the Pro exposes the main chain oxygen of 42). Indeed, mutation of this Thr to Ser or Val significantly
the preceding residue. Structures of Trxs with covalently decreases catalytic activitgZ, 43). As expected, the CXXC/
attached polypeptide substrates show that this oxygenTXXC sequences align in the structures as well (Figure 5).
provides an important interaction site for the extended An additional striking change is the replacement of a Trp
polypeptide chain of the substrat29( 30). In addition, the preceding the CXXC in CMPs with a Pro in Prxs (Figures
side chain of the Pro residue is in contact with the disulfide 4a and 5). Note that in Figure 5 these residues occupy
bridge formed between the active site and the targetidentical positions in the active site. In Prxs, this Pro is
polypeptide, and may help position the disulfide for subse- believed to shield the active site Cys and help prevent
quent attack by the C-terminal Cys resid@®,(30). While overoxidation of the sulfenic acid intermediate formed during
this interaction is also likely to be important in CMPs, there the catalytic cycle to the sulfinic or sulfonic acid forms,
is enough sequence divergence in this region overall thatwhich cannot be regenerated by the usual pathway shown
MEME recognizes distinct motifs for the two families. As in Figure 1 §). Although protecting the sulfur atom of the
discussed above, this sequence divergence may be relatedulfenic acid intermediate is important, ultimately the sulfur
to both the enhanced substrate specificity displayed by theatom must be exposed to allow attack by a thiol to form the
CMPs and the likely ancient divergence of the Trxs and disulfide in the next step of the reaction. This process requires
CMPs. unwinding of the end of the helix containing the active site
The insertions found in CMPs also appear to provide Cys to expose the sulfur atom that is buried by the hydroxyl
surface features that allow recognition of particular binding group in the sulfenic acid intermediatg) (It is notable that
partners required for their specialized functions. The blue most CMPs in the set have a Pro immediately before the
motif (2C) shown in Figure 2 encompasses the entire central C-terminal Cys of the CXXC. Pro is never found in this
insertion located betweef? anda2 of the canonical fold. position in Prxs, and this change may be important in
In the structurally characterized CMPs (CcmG and TIpA), allowing the flexibility around the Cys residue that is required
this insertion provides a surface-exposetielix and short  to allow attack of the resolving Cys on the sulfenic acid
pB-sheet 25, 26); the a-helix flanks the active site and is intermediate.
required for cytochrome formation in the case of CcmG The Glu residue following the CXXC in CMPs is also
and thus is believed to be required for binding of the specific conserved in class 1 and class 4 Prxs (Figures 4a and 5;
protein target of CcmG25). The magenta motif (2A) is  Glu98 in CMP, GIu50 in Prx4). This conservation is
found near the end of the N-terminal extension in most especially interesting because this residue likely plays
CMPs. This region is situated on the side of the protein different roles in the two protein superfamilies. As discussed
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above, it is likely to be involved in substrate recognition in the surface and allows binding of an extengiedheet in

the CMPs. However, in Prxs, this Glu interacts with a the target protein. Our model postulates that CMPs may have
conserved Arg (Argl32 in Prx4 in Figure 5) that replaces evolved from a remote Trx ancestor by acquiring new
the conservedis-Pro found in Trxs and CMPs [see the red structural elements that allowed more specific recognition
motif (4G) in Figure 4a and Pro157 in the CMP structure in of target proteins. These changes included acquisition of an
Figure 5]. Thecis-Pro in Trxs and CMPs helps to form the N-terminal extension and an insertion betwg#hand o2
binding platform for polypeptide substrates. Since the of the Trx fold that form surface features that contribute to
substrates for Prxs are peroxides rather than polypeptidesyecognition of specific target proteins, as well as point
thecis-Pro is no longer needed. The Arg that appears in the mutations leading to changes in substrate specificity (e.g.,
homologous position of Prxs is postulated to interact with the conserved Glu following the CXXC).

the active site Cys and influence its nucleophilicity. Indeed,  The evolution of Prxs apparently required several changes
mutation of this Arg abolishes or diminishe®3( Prx activity.  in specific residues that allowed a shift in the chemistry from
Thus, the conserved Glu in class 1 and class 4 Prxs appearghe relatively easy thietdisulfide exchange reaction to the
to interact with and orient the Arg, and thereby help to tune more difficult reduction of peroxides. Movement of the site
the nucleophilicity of the active site Cys, rather than serving of nucleophilic attack to deeper within the protein by
as a recognition element for binding of a specific substrate, mytation of the N-terminal Cys of the CXXC to Thr and
as it does in CMPs. Notably, class 2 Prxs have a conservedytilization of the C-terminal Cys as the nucleophile could

Ser/GIn and class 3 Prxs a conserved His rather than a Glupotentially allow better control over substrate orientation and
in the active site. These differences result in subtle variations more extensive provision of catalytic residues to assist in
in the active site architecture (Figure 5). In Prxs with an the more difficult cleavage of the-60 bond. The Thr that
active site His or GIn, the conserved Arg appears to be in replaces the N-terminal Cys and the Arg that replaces the
direct contact with the active site Cys, whereas it-is A cis-Pro of CMPs both interact with the active site Cys and
farther away in the Prxs that have a conserved Glu. The are critical for Prx activity. The replacement of the Trp
position of the Arg may affect theky of the nucleophilic  preceding the active site Cys with Pro is also important for
Cys; this may be important in terms of the functions of these protecting the reactive sulfenic acid intermediate from
proteins, but there are no experimental data as yet to addresgyeroxidation before it is able to react with a resolving Cys
this issue. in the same molecule or a different molecule.

In general, the structural superpositions given in Figures e ejatively large number of differences in primary,
.3 aqd > are cogsllsteq_th\{wth thle sequence ahghnments gl\;]ensecondary, tertiary, and quaternary structure that distinguish
in Figures 2_e}n 4a. This analysis suggests that nature Nag,e iferent classes of Prxs described in our model reflect
reused specific S|tes_ in the act|ve_ site archﬂecjyre commony, pathway for diversification of this class of proteins more
to aII_of the_se proteins by changing the specific nature of omplex than the one we found among the currently available
certain residues o accom_modate new m_echanl_sms an epresentatives of the Trxs or CMPs. We postulate in Figure
functions. Such conservation of position in active site g yhat the monomeric class 1 Prxs may have been the first
residues has been obs_erved in other superfamms{G). to arise from the CMPs. This hypothesis is based upon the

A Model for the Ezolution of Prxs from TrxsBy providing  gpservation that the class 1 Prxs are most similar to the CMPs
explicit correlations between conserved elements of SeqUENC]y, torms of quaternary structure, active site residues, patterns
and structure and conserved aspects of the chemical mechg: Jhserved sequence motifs, and lack of a C-terminal

anism in each of the Trx, CMP, and Prx classes, we can g,sansion. Furthermore, the Prxs that are most similar to
propose a model for the evolutionary divergence of Prxs from ~nipg according to our Shotgun analysis are class 1 Prxs.

a Trx-like ancestor (see Figure 8). Such a model is useful in Class 2-4 enzymes could then have arisen by acquisition
thinking about how nature has engineered new capabilitiesof sequence changes associated with different modes of
into an existing st'ructural fold. The model proposes that Trxs dimerization, followed by adaptations optimizing catalysis
are the most ancient among the Trxs, CMPs, and Prxs. TrxSyitnin those new structural contexts. As noted earlier, a
are among the most ubiquitous proteins in nature; they areqqq\ing Cys apparently arose independently and in different

represented in every lineage in the Clusters of Orth‘)logo”slocations in some lineages within each class (Table 2).
Groups (COGs) Database (http://www.ncbi.nlm.nih.gov/

COG/) @7, 48). Most proteins that are represented in every coNCLUSIONS
lineage in the COGs database are involved in transcription
and translation. These ubiquitous proteins are considered Catalysis of different chemical reactions by evolutionarily
likely to have been present in the last universal common related proteins has been observed in several fold classes
ancestor47, 49). In contrast, cytochromes and cytochrome (45, 51-55). In many cases, such enzymes preserve a similar
biogenesis proteins are more sparsely represented in thepartial reaction or chemical capability; this notion is sup-
COGs database, suggesting that they arose later in specifigported by recent large-scale studies across the enzyme
lineages. Thus, we hypothesize that substrate-specific-thiol universe §6, 57). For example, enzymes in the enolase
disulfide oxidoreductases involved in cytochrome maturation superfamily preserve the ability to remove a proton from a
arose by specialization of previously existing Trx-like carbona to a carboxylate, although the subsequent chemical
proteins of broader specificity. We also propose that Prxs steps and thus the overall chemical transformations differ
arose from CMPs after the emergence of oxygenic photo- substantially 44). Enzymes in the crotonase superfamily
synthesis~2.3 billion years ago50). preserve the ability to stabilize oxyanion intermediates
The active site of Trxs is well suited for reduction of formed in different reactions of coenzyme A thioesté&g) (
disulfide bonds in target proteins because it is exposed atand enzymes in the amidohydrolase superfamily utilize a
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mononuclear or binuclear metal center to activate a hydrolytic
water molecule for nucleophilic attack%). As illustrated

by these examples, partial reactions (or other chemica
capabilities) conserved within mechanistically diverse su-
perfamilies can be explicitly mapped to similarities in the
active sites, thereby defining a structtfeinction paradigm
that unifies the diverse members of a superfamby)(
However, some divergently related enzymes do not share a 13
common mechanistic strategy, even though some active site
residues may be conserved. The term “suprafamily” has been
used to describe such groups of enzyme4 £9). Given

these definitions, Trxs and Prxs are most properly considered 14.

as members of a suprafamily that we will term the Trx fold
suprafamily. The reduction of disulfide bonds and the
reduction of peroxides are similar in some respects. In both
cases, the reaction is initiated by attack of an active site Cys
on the substrate, and completed by attack of a second Cys
on the resulting adduct, followed by reduction of the resulting
disulfide. However, the position of nucleophilic attack and
the position of the second Cys differ in Trxs and Prxs, as do
the residues involved in binding substrates and protecting
the sensitive sulfenic acid intermediate in the case of Prxs.
Indeed, only one residue in the active site (the Cys corre-
sponding to the C-terminal Cys of the Trx CXXC) is
conserved between these two protein superfamilies, and it
serves a different role in each.

The analysis presented here provides important insights
into the variations on the fundamental themes conserved in
the structures and active sites of Trx fold proteins, and leads
to a model for the emergence of the new CMP and Prx
structures and catalytic capabilities of CMPs and Prxs from
an ancestral Trx-like protein. Work is ongoing to expand
the model to include other Trx fold superfamilies.
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