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Abstract

The exact evolutionary origin of the zinc finger (ZF) domain is unknown, as it is still not clear from which organisms it was
first derived. However, the unique features of the ZF domains have made it very easy for evolution to tinker with them in
a number of different manners, including their combination, variation of their number by unequal crossing-over or
tandem duplication and tuning of their affinity for specific DNA sequence motifs through point substitutions. Classical
Cys,His, ZF domains as structurally autonomous motifs arranged in multiple copies are known only in eukaryotes.
Nonetheless, a single prokaryotic Cys,His, ZF domain has been identified in the transcriptional regulator Ros from
Agrobacterium tumefaciens and recently characterized. The present work focuses on the evolution of the classical ZF
domains with the goal of trying to determine whether eukaryotic ZFs have evolved from the prokaryotic Ros-like proteins.
Our results, based on computational and experimental data, indicate that a single insertion of three amino acids in the
short loop that separates the -sheet from the a-helix of the Ros protein is sufficient to induce a structural transition
from a Ros like to an eukaryotic-ZF like structure. This observation provides evidence for a structurally plausible and
parsimonious scenario of fold evolution, giving a structural basis to the hypothesis of a horizontal gene transfer (HGT)

from bacteria to eukaryotes.

Key words: zinc finger domain, nuclear magnetic resonance, phylogenetics analysis, evolution.

Introduction

Cys,His,-type zinc finger (ZF) domains are found in a wide
variety of proteins that play important roles in regulating
various cellular functions, including nucleic acid recognition,
RNA packaging, apoptosis, protein assembly, and lipid bind-
ing (Laity et al. 2001). To date ZF domains represent the
largest group of DNA-binding motifs known in eukaryotes
(Klug and Schwabe 1995; Riechmann et al. 2000; Tupler
et al. 2007; Esposito et al. 2006) and they are the founding
member of a large family of zinc-binding modules. A key
property of ZF domains is their autonomous folding pattern,
which requires zinc coordination to stabilize the structure.
The classical Cys,His, ZF domain consists of approximately
25 amino acids arranged in a BPo topology in which a zinc
ion is tetrahedrally coordinated by two cysteines and two
histidines (Wolfe et al. 2000). The number of ZF domains
present in proteins can vary between 1 and 37, but typically
two or more ZF domains are required for high-affinity binding
to a specific DNA target sequence. In certain cases, single ZF
domains are sufficient for high-affinity binding to DNA, when
they are associated with highly basic regions (Pedone et al.
1997; Omichinski et al. 1997; Dathan et al. 2002). The exact

evolutionary origin of the ZF domain remains a mystery, as it
is still not clear from which organisms it was first derived.
However, the unique features of the ZF domains have made it
very easy for evolution to tinker with them in a number of
different manners, including their combination, variation of
their number by unequal crossing-over or tandem duplica-
tion and tuning of their affinity for specific DNA sequence
motifs through point substitutions. Through these evolution-
ary processes, it is conceivable that a large repertoire of tran-
scription factors containing ZF domains could be created.
Classical Cys,His, ZF domains as structurally autonomous
motifs arranged in multiple copies are known only in eukary-
otes. Nonetheless, a single prokaryotic Cys,His, ZF domain
has been recently identified in the transcriptional regulator
Ros from Agrobacterium tumefaciens (Chou et al. 1998,
Malgieri et al. 2007). This single domain flanked by basic re-
gions is able to bind DNA with high affinity and, despite
utilizing a similar zinc coordination sphere, presents several
important differences that distinguish it from the classical
eukaryotic ZF. In particular, structural studies of the Ros ZF
domain (Malgieri et al. 2007) have demonstrated that the
BBa region that folds around the zinc ion is located within
a larger globular domain of 58 amino acids, arranged in a
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BBPaa topology, and stabilized by an extensive 15-residue
hydrophobic core (Malgieri et al. 2007). A large number of Ros
homologs have been found in different bacteria, mainly be-
longing to the a-proteo class. These proteins share high se-
quence identity with the Ros protein, but in several cases they
either change the Cys,His, zinc-coordination sphere or lose
their zinc-binding property while still maintaining their
BBPaa structure and DNA-binding activity (Baglivo et al.
2009; Russo et al. 2010). As far as the organismal macro-
evolutionary history is concerned, two different hypotheses
have been proposed, both relying on horizontal gene transfer
(HGT), although in opposite directions. The first (Bouhouche
et al. 2000) postulates that eubacteria acquired Cys,His, ZF
domains by HGT from eukaryotes. This hypothesis was pro-
posed at a time when Ros homologs had been identified only
in a small number of bacterial species, most living in intimate
ecological relationship with eukaryotes (e.g, symbiosis be-
tween an alpha-proteobacterium and a plant). Since then,
Ros homologs have been identified in a large variety of bac-
terial species, most belonging to the alpha subdivision of the
proteobacteria from which mitochondria originated, leading
to the hypothesis that Cys,His, ZF domains appeared as an
innovation in proteobacteria, and were subsequently in-
herited via mitochondrial endosymbiosis (Moreira and
Rodriguez-Valera 2000).

In this study, we provide computational and experimental
evidence to elucidate the evolution of ZF domains assuming
the hypothesis that the HGT occurred from prokaryotes to
eukaryotes. In particular, we have performed phylogenetic,
functional and structural analyses to test possible mutational
events and structural modifications that could have been
coupled to the HGT transfer. Our results indicate that a
single insertion of three amino acids in the short loop that
separates the end of the second strand of the B-sheet from
the beginning of the a-helix of the Ros protein is sufficient to
induce a structural transition from a Ros like to an eukaryotic
-ZF like structure. This observation provides an experimental
basis for a scenario of structural evolution from prokaryotic to
eukaryotic ZFs occurring in very few steps, all involving struc-
turally viable intermediates.

Results

The Frame-Shift Hypothesis

The Ros sequence was compared with a protein database
containing multiple sequences via a BLAST search (Altschul
et al. 1990). The resulting homologous sequences were
aligned and used for phylogenetic analysis. This analysis has
been conducted under both C20 mixture model (supplemen-
tary fig. S1A, Supplementary Material online) and LG
empirical one-matrix model (supplementary fig. S1B,
Supplementary Material online). Supplementary figure S1,
Supplementary Material online, shows that members of this
gene family are widely distributed among alpha-proteobac-
teria (168 proteins) and also delta-proteobacteria (59 pro-
teins). Interestingly, two of the Ros homologs are proteins
of eukaryotic origin possibly derived from recent HGT epi-
sodes (supplementary fig. S1, Supplementary Material online).

In particular, one from Ricinus communis was correlated to
Caulobacter sp. K31 and the other from Sordaria macrospora
was closely related to Sphingomonadales. The two models
lead to similar outcomes, therefore, we choose the tree re-
constructed under C20 model (supplementary fig. S1A,
Supplementary Material online) because the small size of
the alignment did not allow us to estimate the mixture di-
rectly on the data set.

The alignment of Ros homologs shows that several transi-
tions in the zinc-coordinating patterns have occurred in the
prokaryotic kingdom throughout evolution. In particular,
there is a frequent occurrence of the CDHH coordination
pattern as opposed to the more common CCHH coordina-
tion pattern. This observation suggests that an evolutionary
mechanism introducing a cysteine point mutation three
amino acids before the first zinc-coordinating residue could
have transformed a bacterial ZF motif with the sequence
X3CysX,AspXoHisXz 4His into a CysX,CysX;,HisX;5 4His ZF
motif (Baglivo et al. 2009) (here named amino acids frame-
shift hypothesis). An aspartic acid residue in the second co-
ordinating position may have favored such a transition be-
cause it possesses a lower affinity for zinc in comparison with
cysteine (Baglivo et al. 2009).

As previously described (Baglivo et al. 2009), the CL protein
(protein accession: ZP_03287372.1) contains atypical features
that would appear to support the frame-shift evolutionary
hypothesis of the ZFs. In addition to the residues that
align with the zinc-coordinating residues in Ros87 (Cgy, Dgs
Hos and Hoy), the CL sequence contains an additional cysteine
(Cyg) located exactly three residues before the putative zinc-
coordinating motif (supplementary fig. S2, Supplementary
Material online). To evaluate whether the ZF domain of the
CL protein could fold with a BB topology similar to the
eukaryotic ZF domains, a 33 amino acid peptide (named
CL_CCDHH) encompassing the sequence of the ZF consen-
sus of the CL protein (supplementary fig. S2, Supplementary
Material online) was synthesized and structurally character-
ized. Upon addition of zinc ion (Isernia et al. 2003; Malgieri
et al. 2011), the "H-NMR spectrum of CL_CCDHH displayed
minimal chemical shift dispersion. This suggested that this
peptide lacked stable tertiary structure and was unable to
fold into the PPo topology. Moreover, a 2D-'H 'H NOESY
of the peptide showed a limited number of signals in the NH-
NH region of the spectrum and this is typical for what is
observed for disordered peptides (supplementary fig. S3,
Supplementary Material online). Again, this suggests that
the peptide lacks a stable three-dimensional fold in the pres-
ence of zinc ion. The failure of the CL_CCDHH to fold into a
domain structure even in the presence of zinc is may be due
to the absence of a hydrophobic amino acid (typically F or Y)
in the canonical positions (F/Y positions) of the eukaryotic ZF
consensus sequence (fig. 1). In fact, we have analyzed more
than 130 Cys,His, ZF domain structures deposited in the PDB
(Protein Data Bank) and verified that, in all cases, at least one
of these two positions is occupied by an aromatic residue. In
CL_CCDHH, these positions are occupied by an asparagine
and a glycine, respectively, and it appears that these amino
acids are not able to sufficiently stabilize the hydrophobic

1505

1202 JoquiaAON 0€ UO 1saNnB Aq G20€/6/¥0S /2/0€/9191ME/aqW/W0d"dNO"dlWapEo.//:SdNY WOy PaPEojumoq


http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst068/-/DC1

Netti et al. - doi:10.1093/molbev/mst068

MBE

consensus ZF

zinc finger CL

BX-CcXC- Xo-lll- X - BXH-Xs H

N - G-C-LY -C-LED - G- MQFKS-L-KR-H-LKT-HH

Fic. 1. Alignment of the primary sequence of the CL zinc-finger and the ZF consensus sequence: the putative zinc-coordination residues are in red,
whereas the residues observed at the canonical aromatic positions of the consensus are yellow highlighted.

core required for forming the eukaryotic BBa fold. To obtain
a better understanding of the CL tertiary fold, a CL mutant
(Clsg149) corresponding to Ros ZF DNA-binding domain
(Ros87) was generated and characterized by NMR spectros-
copy. The 'H-">°N HSQC spectrum of Clsg 14 displayed chem-
ical shift dispersion in both the proton and nitrogen
dimensions (supplementary fig. S4, Supplementary Material
online), typical of a partially folded protein. Careful analysis of
the spectrum 'H-""N HSQC J-18 (supplementary fig. S4,
Supplementary Material online) indicated that chemical
shifts for the side chains of only two histidines could be ob-
served. In particular, only one histidine was found to be in the
Ns+-H tautomer form (i.e, with the N, unprotonated) with
both N, and Ng; chemical shifts typical of a zinc-bound form.
Finally, heteronuclear 'H-"°N NOE (h-NOE) measurements
revealed that only 30 residues in CL display some degree of
rigidity in comparison with almost 60 residues in Ros87.
Overall, the NMR results clearly indicate that CL is unable
to adopt a tertiary fold similar to the one observed for the
Ros87 protein. The lack of a defined structure for Clsg 149
does not support the amino acid frame-shift hypothesis of
ZF evolution.

The Insertion Hypothesis

To further analyze the evolution of ZF domains, we used the
software package HMMER to align the HMM (Hidden Markov
Model) prokaryotic profile obtained from the prokaryotic Ros
homologs sequences against a eukaryotic ZF data set (fig. 2).
The best-fitting (Viterbi algorithm) alignments of the eukary-
otic sequences on the prokaryotic profile all involve a three
amino acid insertion within the spacer region between the
second and the third residues involved in zinc chelation (al-
though not always at the exact same position), suggesting
that the eukaryotic ZF domain was formed through such a
three amino acids insertion (the insertion hypothesis). To
more precisely position the three amino acids insertion
within the spacer region, the empirical logo (Schneider and
Stephens 1990) of the eukaryotic ZF domain was compared
with the logo of the prokaryotic ZF domain (fig. 3). The phe-
nylalanine residue (F3; in both the prokaryotic and eukaryotic
logos) located four residues after the second zinc-coordinat-
ing residue (typically C) was highly conserved in both the
eukaryotic and prokaryotic logos. Moreover, a leucine residue
located three residues after the conserved phenylalanine in
the prokaryotic logo (Ls;) was conserved in the eukaryotic
logo (Ls;), but it is located six residues after the conserved
phenylalanine. This comparison suggests that a simple three
amino acids insertion between the conserved phenylalanine
and leucine residues could have differentiate the prokaryotic
and eukaryotic ZF domains.

1506

To further define the potential site of a three amino acid
insertion between the conserved phenylalanine and leucine
residues, we compared both the primary and secondary struc-
tures of the prokaryotic and the eukaryotic logos. The pro-
karyotic secondary structure comparison was based on the
BPPoa secondary structure obtained for Ros87, and the eu-
karyotic secondary structure was the BB fold found in nu-
merous structures of eukaryotic ZF domains. This comparison
revealed that both F3; and Ls, were involved in the formation
of secondary structures. The conserved phenylalanine is the
last residue of the third B-strand in the BBBoa prokaryotic ZF
fold and the last residue of the second -strand in the BPo
eukaryotic ZF fold. In the case of the conserved leucine, it
corresponds to the first position of the first o-helix in the
BBPaat prokaryotic ZF fold and to the third position of the o-
helix in the BPo eukaryotic ZF fold. Together, these observa-
tions suggested three possible positions for the three amino
acids insertion, FxxxKSLKRH, FKxxxSLKRH, and FKSxxxLKRH,
where x represents any amino acid.

Characterization of the Ros87 Insertion Mutants

To assess the hypothesis that a three amino acids insertion
occurred in the spacer region of the prokaryotic ZF domain,
we designed three Ros87 mutants corresponding to the three
possible insertions  FxxxKSLKRH,  FKxxxSLKRH, and
FKSxxxLKRH. To choose the three amino acids to be placed
at each of the insertion (x) positions, 220 eukaryotic ZF do-
mains with the pattern XCXgLKRH were aligned together.
Owing to the large uncertainty about the topology and the
root of the eukaryotic ZF phylogeny, we did not attempt to
reconstruct the ancestral eukaryotic ZF sequence. Instead, we
relied on a simple count-based method. Accordingly, the
most frequent amino acid combinations in the resulting
alignment for the three positions were KSR, SRG, and RGF
for the first, the second and the third positions, respectively.
Finally, a statistical analysis on the amino acid frequencies in
the insertion positions between F3; and Ls4 of Ros87 sug-
gested that the evolutionary insertion would have occurred
three amino acids before Ls, of the first a-helix (fig. 4).

The three Ros87 mutant proteins corresponding to the
insertions selected above were purified, '°N-labeled and ana-
lyzed by NMR spectroscopy. The 'H-"°N HSQC spectra of all
three mutants contained the expected number of signals as
well as chemical shift dispersion patterns consistent with a
stably folded domain (fig. 5 and supplementary fig. S5,
Supplementary Material online). Preliminary analysis of the
three spectra, based on acquisition of 'H'>N HSQC spectra as
a function on time, indicated that Ros87_RGF was the most
stable mutant. To gain further structural insights, the Hy, H,,
C,, and Cg chemical shifts assignments of the Ros87_RGF
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ZFPS0_MOUSE/578_6058P550157

ZNF91_HUMAM/462_489@P550157

ZN835_HUMAN/384_411@PS50157
ZNF45_HUMAM/640_667@PS50157

ZN189_ HUMAN/148_175@PS50157

GLI2_ HUMAM/475_502@P550157
ZN184 BOVIN/223_250@P550157

ZN850_HUMAN/S561_SB8@PS50157

ZN600_HUMAN/218_245@PS50157

ZN793_HUMAN/560_587
SALL2_MOUSE/937_965
OFA_DROME/321_350
ZNF73_HUMAN/117_144
E4F1_HUMAN/192_219
ZNE68_HUMAN/84_111
Z322A MACFA/293_320
OVL2L_HUMAN/121_149
ZN768_HUMAN/373_400
PRIM6_MOUSE/SS58_S85
Y678_DROME/377_404
OVOL1_HUMAN/146_173
2354A_HUMAN/242_269
2G67_XENLA/33_60
ZN574_XENTR/765_792
ZFY_PIG/47_T5
ZN211_HUMAN/453_480
2FP30_MOUSE/508_533
ZFAT_HUMAN/299_326
ZNF19_HUMAN/385_412
ZN629_HUMAN/206_233
ZNF90_HUMAN/341_368
ZN187_HUMAN/366_393
ZN425_MACFA/515_S542
¥678_DROME/249_276
ZN521_HUMAN/477_S05
PEG3_MOUSE/1209_1236
ZN415_HUMAN/488_ 515
GFI1B_HUMAN/192 219
ZFP1_MOUSE/350_377
ZN256_HUMAN/407_434
Z354C_HUMAN/440_467
ZN540_PONAB/187_214
EGR1_CHICK/52_79
ZN331_PONAB/411_438
ZN721_HUMAN/629_656
ZN235_HUMAN/T11_738
ZN595_HUMAN/424_451
2ZN418_HUMAN/566_590
AEBP2_HUMAN/261_291
ZIC4_HUMAN/264_293

Fic. 2. Multiple alignment of 50 eukaryotic ZF domains and the prokaryotic ZF HMM profile. At the end of the block of Stockholm alignment, a line
shows the reference coordinate annotation, with an x marking each column that the profile considered to be consensus; dots (.) in this line indicate

insertions.
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Fic. 3. Generated WebLogo (Suchard and Redelings 2006) for the eukaryotic ZF data set (A) and prokaryotic ZF data set (B). Positions 31 and 37 in (A)
and 31 and 34 in (B) show highly conserved consensus residues. The logos are such that the height of each letter is proportional to the frequency of the
corresponding amino acid and the overall height of each stack is proportional to the degree of sequence conservation at that position.
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Fic. 4. Primary sequence of Ros87 showing the amino acid insertion positions for the three Ros87 mutants. In the table, the amino acid frequencies in

the mutant positions between F3; and Lz, of Ros87 are showed.
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Fic. 5. 'H-®N HSQC spectrum of Ros87_RGF recorded at 298K.
Assignment of each unambiguously identified backbone resonance is
reported.

mutant were obtained using a series of NMR experiments.
The Chemical Shift Index (CSI) (Wishart et al. 1992) derived
from the assignments allowed us to make a reliable prediction
of the secondary structure elements present in the
Ros87_RGF mutant (fig. 6). Interestingly, the protein contains
a eukaryotic type ZF domain consisting of two [-strands
(B1=Hy1=V,3 P2=Gy—F5;) and an a-helix (R3,—H,s) with
a two-residue loop between the second [B-strand and the
a-helix. In addition, there is a second 8-residue o-helix
(02 = P4—Ds5) that begins five residues after the end of the
first a-helix as found in Ros87. However, the first B-strand
present in the prokaryotic ZF domain is missing. Although
the Ros87_RGF mutant maintains a significant portion of the
original Ros87 PBPaaa structure, it appears to have lost the
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extensive 15-residue hydrophobic core. Furthermore, a similar
secondary structure may be present in the other two inser-
tion mutants, as their 'H-">N HSQC spectra display similar
chemical shift patterns to the Ros87_RGF mutant protein
(supplementary fig. S5, Supplementary Material online).

Next, we characterized the backbone dynamics of
Ros87_RGF mutant and compared it with that of Ros87 pro-
tein. Based on heteronuclear 'H-""N NOE measurements
(fig. 6), it appears that the backbone of the Ros87_RGF
mutant protein is rigid over 43 residues between H,; and
Mg, (corresponding to Mg; in Ros87) with an average value
of 0.86 £ 0.04. In contrast, the first 20 residues at the N-ter-
minus and the last 23 residues at the C-terminus display
negative h-NOE values characteristic to highly mobile regions
of the protein. These data indicate that the Ros87_RGF
mutant protein has more flexible regions in comparison
with the wild-type Ros, which is rigid over 58 residues
(Malgieri et al. 2007). In addition, 'H/’H exchange experi-
ments demonstrate that most of the amide protons in the
Ros87_RGF mutant protein exchange within the first 20 min
at pH=6.8. In fact, only five residues (Cy4 Eye Gy Lsq, and
side chain of W) displayed intermediate exchange rates with
a time constant around 24 h. Under the same conditions, the
Ros87 protein contains 38 residues that display intermediate
exchange rates with time constants around 24 h. These dif-
ferences in 'H/”H solvent exchange indicate diverse degrees of
solvent exposure, and thus of backbone flexibility, further
underlining the structural differences between the
Ros87_RGF protein and the Ros87 protein.

These results clearly indicate that a three amino acids in-
sertion in the spacer between the second and the third zinc-
coordinating residues in Ros87 stabilizes a tertiary fold that
possesses many characteristics of a canonical eukaryotic o
motif with an additional helix at the C-terminus (fig. 7).
Interestingly, the mutants no longer possess the ability to
bind the cognate Ros DNA-binding sequence, which is con-
sistent with the fact that most single eukaryotic ZF domains
are not able to bind to DNA with high affinity and specificity
unless accompanied by flanking basic regions in precise loca-
tions (supplementary fig. S7, Supplementary Material online).

Discussion

Protein domains posses stable three-dimension structures
that are often more conserved than their sequences.
However, progressive changes can occur during evolution,
resulting in variations in both the sequence and the structure
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Fic. 6. (Top) Bar plot of Ca and Hat chemical-shift deviations from their random-coil values (8 observed — § random coil) as a function of residue
number for Ros87_RGF protein. Secondary structure fragments are indicated. (Bottom) Bar plot of heteronuclear NOE values of Ros87_RGF protein.
h-NOE values for some residues were not presented because of resonance overlap.
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Fic. 7. Topology diagram for the structure of Ros87_RGF protein show-
ing secondary structure motifs (at-helices and f3-strands are depicted as
red barrels and blue arrows, respectively). It is based on the NMR struc-
ture of Ros87 and the CSI of Ros87_RGF.

within a superfamily (Scheeff and Bourne 2005). Insertions,
deletions, and single amino acid substitutions are the most
common events in protein evolution and these events lead to
the genesis of new protein folds (Grishin 2001). Our current
work focused on the evolution of the classical ZF domains
with the goal of trying to determine whether or not eukary-
otic ZFs have evolved from the prokaryotic Ros-like proteins.
To probe this possibility, we examined mutational events that
could lead to an increase in the number of residues separating
the second and third zinc-coordinating residues in the Ros
protein from 9 to 12. More specifically, we have analyzed two
possible evolutionary events that could result in the conver-
sion, either a shift by three amino acids in the N-terminal
direction to a new pair of zinc chelating residues (the frame-
shift hypothesis), or the insertion of three amino acids in the
linker between the second and the third zinc-coordinating
amino acids (the insertion hypothesis). In the CL protein
(Chou et al. 1998), there is a cysteine residue (C,g) located
exactly 3 positions before the first zinc-coordinating cysteine
of CDHH Ros homologs. Zinc binding through this residue
would result in a CCHH coordination pattern with 12 residues
between the second and third chelating amino acids, as
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Fic. 8. Logo representation of the ancestor sequence of all alpha proteobacteria: the height of the letters is related to the percentage of amino acid

variability present at that position.

proposed by the frameshift hypothesis. NMR characterization
of the CL_CCDHH peptide showed that it does not possess
the capacity to adopt a stable three-dimensional structure in
the presence of zinc ions, which suggests that it is unable to
stably coordinate the zinc ion in a tetrahedral geometry (sup-
plementary fig. S3, Supplementary Material online). The in-
ability of the CL protein to form a stably folded domain
structure in the presence of zinc ions is most likely due to
improper spacing of hydrophobic/aromatic amino acids re-
quired to form the core of the classical ZF domain structure
(fig. 1). Moreover, "H-""N HSQC spectra of the Clsg 149 pro-
tein indicate that the CDHH prokaryotic ZF domain present
in CL is also not able to fold correctly (supplementary fig. S4,
Supplementary Material online). This could be due to the
presence of an extra cysteine, C,5, competing with Cg; and
Dg, for the zinc coordination. Overall, our structural analysis
of the CL protein clearly shows that at least two or more
successive point mutations would be necessary to obtain a
stably folded eukaryotic-like ZF motif within the CL sequence.
Such a double mutational event, without a structurally viable
intermediate, is a less parsimonious scenario of the evolution
of the ZF domain from prokaryotes to eukaryotes.
Phylogenetic and sequence analyses indicate that the
second hypothesis based on the three amino acids insertion,
occurring as a single mutational event, is evolutionary and
structurally more likely to have occurred. In fact, the compar-
ison between the eukaryotic and prokaryotic logos (fig. 3)
obtained using two data sets of eukaryotic and prokaryotic
ZF domains demonstrates that the three amino acids inser-
tion, responsible for the main difference between the two
domains, might have occurred between the conserved resi-
dues F3; and L, of a Ros-like CCHH protein. We have tested
this insertion hypothesis and performed NMR spectroscopy
studies on three Ros87 mutants (Ros87_KSR, Ros87_SRG, and
Ros87_RGF) containing an insertion of three amino acids
between these conserved residues. Interestingly, the NMR
studies clearly indicate that the three insertions induce signif-
icant conformational changes. Importantly, however, these
single insertion events were sufficient for the protein to
adopt a unique tertiary fold that resembles to a large
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extent the eukaryotic ZF motif. Our experiments have several
important evolutionary implications. First, they provide evi-
dence for a structurally plausible and parsimonious scenario
of fold evolution, giving a structural basis to the hypothesis of
a HGT from bacteria to eukaryotes as postulated by Moreira
and Rodriguez-Valera (2000). In certain respects, the fact that
it is so easy to evolve from a prokaryotic Ros-like protein to a
eukaryotic like ZF would even suggest the possibility that
eukaryotic ZFs could have evolved multiple times from Ros
homologs. Phylogenetic analysis of eukaryotic and bacterial
ZFs (supplementary fig. S6, Supplementary Material online)
suggests monophyly of eukaryotic ZFs, thus being more com-
patible with the idea of a unique origin of these ZFs. However,
owing to the very small number of aligned positions, this
phylogenetic tree is poorly supported, and does not allow
us to rule out the alternative hypothesis in a definitive
manner. Assuming a unique origin for eukaryotic ZFs, accord-
ing to the structural scenario proposed here, one remaining
question is whether this origin can be traced back to the
mitochondrial endosymbiosis. Mitochondria are of alpha-pro-
teobacterial origin, and most of the alpha-proteobacterial Ros
homologs play important roles in developmental cycles (Gray
et al. 1999). Interestingly, Bayesian ancestral sequence recon-
struction (fig. 8) indicates that alpha-proteobacterial ZF pro-
teins had ancestrally the canonical CCHH coordination
pattern that we hypothesize was present in the original pro-
tein in which the three amino acid insertions may have
occurred.

In conclusion, we have shown that a structural evolution
from prokaryotic to eukaryotic ZFs may occur in very few
steps: an insertion of three amino acids followed by a loss of
the surrounding globular domain, and then tandem duplica-
tions and diversification of the domains.

Materials and Methods

Reagents

Apo-CCDHH  peptide was purchased from InBIOS.
CL_CCDHH-Zn(II) complex was obtained through the folding
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procedure previously described (Isernia et al. 2003; Malgieri
et al. 2011).

Phylogenetic Analysis

A blast search (Altschul et al. 1990) was performed to com-
pare the Ros sequence (as query) with protein databases
containing multiple such sequences (all nonredundant
GenBank  CDS translations + PDB + SwissProt + PIR
+ PRF databases). Default parameters were used for the anal-
ysis, except for the E-value cutoff (value of the expected
threshold) that was set as <10, The resulting sequences
(419 sequences) were edited using Seaview (Gouy et al. 2010);
the sites corresponding to the ZF domains were selected,
and the alignment was manually adjusted. The alignment
was filtered from poorly aligned positions using Gblocks
(Castresana 2000; Talavera and Castresana 2007). The
output file (containing 229 sequences), with conserved re-
gions lacking the deleted positions in the sequences (blocks),
was used for the following phylogenetic analysis. Phylogenetic
trees were estimated using PhyloBayes 3.2 (Lartillot et al.
2009), under the C20 mixture model (Quang et al. 2008),
and the LG empirical matrix model (Le et al. 2012). Two
independent runs were performed under each model.
Convergence was checked with the bpcomp program, the
first 100 points were discarded as the burn-in, and the pos-
terior consensus tree was computed over the remaining
19,842 trees (selecting one every two trees over all chains).
Phylogenetic analyses of eukaryotic and prokaryotic se-
quences were performed using Bali-Phy 2.0.2 (Suchard and
Redelings 2006) because this program has implementations
to handle difficult-to-align sequences. A set of 20 prokaryotic
Ros homologs sequences, randomly chosen from our data set
by a home-made Perl script, has been added to a small rep-
resentative set of 20 Cys,His, eukaryotic sequences, chosen
with the same procedure. This set has been used as input to
calculate the phylogenetic tree, using the LG model.

Sequence Logo of ZFs

Sequence logos were obtained using WebLogo software (ver-
sion 2.8.2, http://weblogo.berkeley.edu/) (Crooks et al. 2004).
All sequences of prokaryotic Ros homologs (227 sequences)
and a small representative set of 100 Cys,His, eukaryotic ZF
from PROSITE were used to generate the prokaryotic and
eukaryotic logos, respectively.

Ros87 Mutants Design

The software package HMMER (Finn et al. 2011) was used to
design the mutants. First, the available sequences of classical
eukaryotic ZF proteins from the protein database PROSITE
(12,405 sequences) were gathered, and a small representative
set of 50 Cys,His, eukaryotic ZF was selected at random using
a home-made Perl script. Then, a profile HMM of the pro-
karyotic ZF domains was constructed using the alignment of
the Ros homologs (74 sequences) as input to HMM build. The
prokaryotic HMM profile was then aligned with the eukary-
otic set. To determine where the amino acids would be in-
serted in the Ros87 mutants, the eukaryotic ZF proteins from

PROSITE with the pattern XCoLKRH (220 proteins) were se-
lected using a Perl script. Another Perl script was used to
count the occurrences of all amino acid triplets in the puta-
tive insertion positions.

Cloning and Purification of the Proteins

The coding sequence for the ClLsg 149 protein ZP_03287372.1
was generated by polymerase chain reaction (PCR) from DNA
extract by main vein of leaves of a citrus plant infected by
Candidatus Liberibacter asiaticus, kindly provided by Dr Diva
Teixeira (Fundecitrus, Araraquara, CEP, Brazil). The primers
utilized were as follows: CandN58Ndelfor, 5'-GGAATTCCA
TATGaacgtgcaacctgaaaggctcaaacc-3’, and  CandV149Stop
Sallrev,  5-aacatgGTCGACTCATACCTTAGAAGTCAATAC
ACG-3". PCR product was digested with the restriction en-
zymes Ndel and Sall and cloned into pET-22b( + ) bacterial
expression vector. DNA fragments encoding the three differ-
ent Ros87 insertion mutants (Ros87_F31_K32inskKSR and
Ros87_K32_S33insSRG, Ros87_S33_L34insRGF) were gener-
ated by PCR using as template the plasmid carrying the
coding sequence for Ros87 (Rosse.142). All the mutants were
generated by PCR-mediated mutagenesis according to the
method of Delidow et al. (1993) using a double-step reaction.
The following oligonucleotides were used as primers:
Rosdel56Ncol,  5'-ACATGCCATGGCGGTCAATGTTGAAAA
GCA-3/, Ros_F31insKSRfor, 5'-gtttggaatgtggtggctcgttcaagtc
gcgcaagtcgctcaaacgecacctg-3’, Ros_F31insKSRrev, 5'-CAGGT
GGCGTTTGAGCGACTTGCGCGACTTGAACGAGCCACCAC

ATTCCAAAC-3/, and RosR142, 5'-CGGAATTCTCAACGGTTC
GCCTTGCGG-3/, for Ros87_KSR; Rosdel56Ncol, RosRos_
K32insSRGfor, 5'-gaatgtggtggctcgttcaagtcgegeggetcgetcaaacg
ccacctgacg-3', Ros_K32insSRGrev, 5'-CGTCAGGTGGCGTTT
GAGCGAGCCGCGCGACTTGAACGAGCCACCACATTCC-3,

and RosR142 for Ros87_SRG; Rosdel56Ncol, Ros_S33ins
RGFfor, 5'-gtggtggctcgttcaagtcgegeggcttcctcaaacgecacctgac-
gacgc-3/, Ros_S33insRGFrev, 5'-GCGTCGTCAGGTGGCGTTT
GAGGAAGCCGCGCGACTTGAACGAGCCACCAC-3,  and
RosR142 for Ros87_RGF. The obtained DNA fragments
were then digested with the restriction enzymes Ncol and
BamHI, cloned into the pET-11d vector. "°N- and "N-'>C-
labeled proteins were overexpressed and purified as previ-
ously published (Esposito et al. 2006) with the only exception
that the protein expression for Ros87_SRG and Ros87_RGF
was induced for 1.5 h at 22 °C.

NMR Spectroscopy

The 1D NMR spectrum of the CL_CCDHH peptide was ac-
quired with 16K data points and was zero filled before the
Fourier transform. 2D TOCSY (Braunschweiler and Ernst
1983) and 2D NOESY experiments (Jeener et al. 1979;
Wuthrich 1986) were acquired with a mixing time of 70 ms
and 100 and 150 ms, respectively. NMR samples of unlabeled
or labeled Clsg 149 and Ros87 mutants typically contained
1mM of the protein, 20 mM phosphate buffer, 4 mM TCEP
(only in Cleg.149 samples), 0.2 M NaCl dissolved in H,0/’H,0
90:10 at pH 6.8. A 100% “H,O was used for the 'H/°H ex-
change experiments. 'H'°N HSQC J-18 spectra were acquired
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as previously described (Esposito et al. 2006). To obtain se-
quence-specific backbone and Cg resonances assignment, a
standard set of triple-resonance NMR experiments was col-
lected on a "N-"3C labeled sample of Ros87_RGF ins.

The heteronuclear NOE effect was measured with stan-
dard refocused HSQC pulse sequence in the presence or ab-
sence of proton decoupling during the 5-s relaxation delay on
a "°N-Ros87_RGF sample. Hetero-NOE values were derived
from the intensity ratios of the cross-peak with and without
proton decoupling. The spectra analysis was performed using
VNMR1 6.1B (Varian) and XEASY (Bartels et al. 1995)
programs.

Gel Mobility Shift Analysis

Five pmol of the purified proteins were incubated for 10 min
on ice with 2 pmol of the duplex oligonucleotide VirC 5'-GAT
TTTATATTTCAATTTTATTGTAATATAATTTCAATTG-3, in
the presence of 25mM HEPES (pH 7.9), 50mM KdC,
6.25 mM MgCl,, 1% NP-40, and 5% glycerol. After incubation,
the mixture was loaded on a 5% polyacrylamide gel (29:1
acrylamide:bisacrylamide ratio) and run in 0.5% TBE (200V
for 75 min). The gels were than stained with SYBR Green and
visualized with the Typhoon Trio ™ scanner (GE Healthcare).

Supplementary Material

Supplementary figures S1-S7 are available at Molecular
Biology and Evolution online (http://www.mbe.oxford
journals.org/).
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