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New protein folds have emerged throughout evolution, but it remains unclear how a protein fold can evolve while maintaining
its function, particularly when fold changes require several sequential gene rearrangements. Here, we explored hypothetical
evolutionary pathways linking different topological families of the DNA-methyltransferase superfamily. These pathways entail
successive gene rearrangements through a series of intermediates, all of which should be sufficiently active to maintain the
organism’s fitness. By means of directed evolution, and starting from HaeIII methyltransferase (M.HaeIII), we selected all
the required intermediates along these paths (a duplicated fused gene and duplicates partially truncated at their 5¢ or 3¢
coding regions) that maintained function in vivo. These intermediates led to new functional genes that resembled natural
methyltransferases from three known classes or that belonged to a new class first seen in our evolution experiments and
subsequently identified in natural genomes. Our findings show that new protein topologies can evolve gradually
through multistep gene rearrangements and provide new insights regarding these processes.

Some of the clearest examples of protein folds that are presumed to be
evolutionarily related are ‘circular permutants’1–4. These can be
visualized as the ligation of the N- and C-termini of a protein and
the opening of the chain at another site to yield a new topology.
Circular permutants are artificially created by ligating the 5¢ and 3¢
ends of a gene and opening it at another site5; in nature, however, such
genomic rearrangements are unlikely. Naturally occurring circular
permutations have therefore probably evolved through other types
of gene rearrangements. A widely accepted model, known as ‘permu-
tation by duplication’1,6–8 (Fig. 1a), postulates that gene duplication
and in-frame fusion occur first, followed by partial degeneration of
the 5¢ coding region in the first copy of the duplicated gene (creating
a new start codon) and of the 3¢ coding region in the second
copy (introducing a new stop codon), resulting in a new
topology1,6–8. As these events are not likely to be concurrent, it
must be assumed that there is a series of evolutionary intermediates
that retain the activity of the original protein at a level sufficient to
avoid a substantial reduction in the fitness of the organism. Unfortu-
nately, the sequences of circularly permuted genes do not provide
unequivocal evidence about their birth histories9. Thus, the plausi-
bility of the permutation-by-duplication model, or indeed of other
complex multistep rearrangements that may yield new folds2–4,10, has
not been established.

DNA methyltransferases are a prolific example of how different
topologies might relate through circular permutation. They are
composed of a small target-recognition domain (TRD) and a large
catalytic domain with a Rossmann fold structure (Fig. 1b)11. The
linear order of nine conserved sequence motifs in the catalytic

domain12,13 and the location of the TRD define at least seven families,
or classes (Fig. 1c), that could be related by circular permutation. The
occurrence of natural methyltransferases composed of two enzymes
fused in tandem14–16 inspired the permutation-by-duplication model8.
This model has been validly questioned, however, in particular with
regard to the stability and functionality of the truncated intermediates
that are likely to have exposed hydrophobic surfaces9. Here, we
investigate the mechanism by which gradual changes that occur
through the intermediates predicted by this model ultimately lead to
new protein topologies.

RESULTS
We started with M.HaeIII, a 5-methylcytosine (m5C)-class methyl-
transferase, and subjected it to the various steps hypothesized by the
permutation-by-duplication model. A previously described in vivo
selection17 technique was applied to isolate all functional variants
generated by this process. Briefly, gene libraries derived from the gene
encoding M.HaeIII were transformed into Escherichia coli. In the
cultured cells, plasmids containing active M.HaeIII-encoding genes
became methylated at their GGCC sites and thereby gained resistance
to the cognate restriction endonuclease HaeIII. Transformation of the
plasmid DNA that survived HaeIII digestion into E. coli enriched the
gene pool with genes encoding M.HaeIII activity.

To assess the methyltransferase activity of the selected genes,
protection of GGCC sites against HaeIII digestion was measured
after expression of the genes in vivo and in vitro (using cell-free
extracts). To provide a realistic evolutionary scenario, selection and
in vivo activity tests were carried out under very low expression levels.
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Using the same vector, strain and growth conditions used for the
methyltransferase selection experiments, the expression levels mea-
sured with a reporter gene were B230 protein molecules per cell.

The evolutionary intermediates are functional
The first step along the permutation-by-duplication pathway is gene
duplication and in-frame fusion leading to a dimer arranged in
tandem (fused dimer, Fig. 1a). We mimicked this step by connecting
two copies of wild-type M.HaeIII through a five-residue linker. The
plasmid encoding this construct was fully protected against digestion
by HaeIII (Fig. 2a), indicating that the fused dimer was active in vivo.
We also measured the activity of the fused dimer in vitro and found
that it methylated 50% of the target sites (t50%) in B0.3 min,
compared to wild-type M.HaeIII, which had a t50% of B0.2 min.
Thus, dimerization does not involve substantial reductions in func-
tion, as suggested by the relatively high occurrence of fused methyl-
transferase dimers in natural genomes (refs. 14–16 and
Supplementary Fig. 1 online). As a control, we confirmed that
removing a fragment, delimited by Ndel sites, from the coding regions
of all selected intermediates abolished their methyltransferase activity
(Supplementary Fig. 3).

The next step in the pathway involves partial degeneration of either
the 5¢ coding region of the first copy or the 3¢ coding region of the

second copy of the fused dimer. We mimicked this step using the incre-
mental truncation for the creation of hybrid enzymes (ITCHY) metho-
dology18,19. Briefly, a library of N-terminally truncated intermediates
was generated by introducing start codons at random locations along
the first copy of the genes encoding M.HaeIII (Supplementary Fig. 2
online). Analogously, a library of C-terminally truncated intermediates
was generated by introducing stop codons at random locations along
the second copy. Analysis of these libraries revealed a random distribu-
tion of the locations of the new start and stop codons. Both libraries
were then selected in vivo for M.HaeIII activity.

The C-terminally truncated library became almost fully resistant to
HaeIII digestion after three rounds of selection (Fig. 2b), whereas the
N-terminally truncated library showed only partial protection (data
not shown). Sequencing of isolated clones indicated that about half
were revertants in which one of the two fused genes had been fully, or
almost fully (up to ten redundant residues kept), eliminated by the
truncation. In contrast, the frequency of revertants in the naive library
was substantially lower (r10 of 330 possible incremental truncations,
or 0.03) than that of the bona fide truncated intermediates (320 of 330,
or 0.97). Given that the ratio of revertants to intermediates was B1:1
after selection, we deduced that the revertants were B30 times more
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Figure 2 Reproducing the first two steps of the permutation-by-duplication

model by directed evolution. (a) Fused dimer is active in vivo. Agarose gel

electrophoresis of plasmids encoding M.HaeIII, an inactive mutant (A317T

M.HaeIII) and the fused dimer were incubated with (left lane) or without

(right lane) HaeIII endonuclease. Plasmids encoding active methyl-

transferases were resistant to HaeIII digestion. The upper band (1)

corresponds to circular DNA; lower band (2) corresponds to supercoiled

DNA. In contrast, plasmid encoding inactive A317T mutant was fully

digested to give a range of short fragments (3). (b) Selection of C-terminally

truncated evolutionary intermediates. Plasmids encoding M.HaeIII (lanes

1 and 2) and C-terminally (C-t) truncated libraries at various rounds of
selection were digested with HaeIII (–) or left untreated (+). (c) Active

N- and C-terminally truncated evolutionary intermediates isolated from the

in vivo selections. Colored blocks refer to subdomains of M.HaeIII described

in Figure 1b. Clones were named as follows: ‘A’ number indicates residue

at which the first copy of the two tandem-arranged M.HaeIII genes starts;

‘B’ number indicates residue at which the second copy ends. Also shown

for each clone are in vivo methyltransferase activity (left lane, untreated

plasmid; right lane, plasmid incubated with HaeIII) and in vitro

methyltransferase activity (expressed as time required to methylate

50% of M.HaeIII target sites).

Figure 1 The permutation-by-duplication model is presumed to account for

the evolution of various classes of DNA methyltransferases. (a) Permutation-

by-duplication model. Gene duplication and in-frame fusion lead to a fused

dimer. Partial degeneration of the 5¢ and 3¢ coding regions of the first and

second copies of the duplicated genes, respectively, gradually removes

redundant regions and eventually leads to circular permutants. (b) Three-

dimensional structure of the m5C class M.HaeIII. The large catalytic domain

(Rossmann fold) comprises a SAM-binding subdomain (residues 1–59,

motifs I–III, red) connected by a loop to the catalytic subdomain (residues

63–178, motifs IV–VIII, blue) and followed by a TRD (green). Motif X closes

the Rossmann fold with a C-terminal helix (magenta). (c) DNA methyl-

transferases are classified according to the linear order of their conserved

sequence motifs (I–X) and the location of the TRD, thus defining at least

seven classes: a, d and e are related by circular permutations, as are b, g, z
and m5C (refs. 9,12,25). Class Z was predicted by our laboratory evolution
experiments and identified in natural genomes.
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likely to be fixated than were the truncated intermediates. The
remaining clones corresponded to eight different C-terminally trun-
cated variants and three different N-terminally truncated variants out
of a potential repertoire of B320 different truncated intermediates
present in each of the naive libraries.

Mapping the location of the new start and stop codons onto the
three-dimensional structure of M.HaeIII20 showed that they were
roughly clustered around regions connecting domains or subdomains
(Fig. 2c). The C-terminally truncated intermediates were clustered in
three groups: cluster I included variants with a redundant C-terminal
S-adenosylmethionine (SAM)-binding subdomain (about half of the
Rossmann fold), cluster II included variants with an almost comple-
tely redundant Rossmann fold and cluster III included variants with a
redundant Rossmann fold and approximately half of the TRD. The
activities of the N-terminally truncated selected clones were signifi-
cantly lower, and their diversity was much narrower; they contained
either a complete (cluster IV) or partially (cluster V) redundant N-
terminal TRD.

Overall, most of the intermediates isolated corresponded to the
putative intermediates that might have led to the natural

methyltransferase classes related to m5C by circular permutation
(Fig. 1c). For example, intermediates from clusters I and II would
yield b- and z-class enzymes, respectively, upon N-terminal trunca-
tion, and intermediates from cluster IV would yield z-class enzymes
upon C-terminal truncation. We isolated no intermediates that would
lead to g-class enzymes but rather intermediates with divided TRD
(clusters III and V). As thus far, no DNA methyltransferases have been
identified with divided TRD, we named this potential new class Z.

The truncated intermediates lead to circular permutants
We next investigated whether the selected N- and C-terminally
truncated intermediates could indeed lead to circular permutants.
We randomly truncated the selected N-terminally truncated inter-
mediates at their C termini and randomly truncated the selected
C-terminally truncated intermediates at their N termini, generating six
different libraries of potential circular permutants. In particular, we
created N-terminally truncated libraries based on the four cluster I
variants and C-terminally truncated libraries based on the two cluster
IV variants. The cluster I–derived variants selected after four rounds
(Supplementary Fig. 4 online) were b-class circular permutants
starting at residues 44, 51 or 58 of the first copy of the fused M.HaeIII
genes and ending at residue 61 of the second copy (Fig. 3). Active
variants derived from cluster IV intermediates initially yielded clones
that had lost only few C-terminal residues. We therefore created new
C-terminally truncated libraries while introducing a deleterious muta-
tion (A317T) at the C termini of these intermediates. These libraries
yielded two active variants (Fig. 3): A180-B203 resembled the z-class
enzymes, whereas A180-B266 contained a longer duplicated region
(about half of the TRD) and could still be regarded as an intermediate.
As a control, we confirmed that removing a fragment, delimited by
NdeI sites, from the coding regions of all selected circular permutants
abolished their methyltransferase activity (Supplementary Fig. 5).

Point mutations can favor one topology over others
Although all of the truncated intermediates and circular permutants
described above were sufficiently active to allow the survival of their

encoding plasmids, many of them were sub-
stantially inferior to wild-type M.HaeIII
(Fig. 3) and often reverted to the wild-type
topology. In nature, point mutations that
compensate for the changes in topology
are likely to occur concomitantly with, or
after completion of, the gene rearrangements
that lead to the permutations. We explored
this scenario by randomly mutating the
N-terminally truncated intermediate A180-
B330, one of the least active intermediates
isolated (Fig. 2), and the circular permutant
A44-B61 and selecting for M.HaeIII activity.
In both cases, clones isolated after four
rounds fully protected their encoding plas-
mids in vivo and showed markedly enhanced
in vitro activities compared with their respec-
tive starting points (Fig. 4). The selected
clones derived from intermediate A180-
B330 carried diverse mutations, mostly in
their redundant N-terminal TRD and motif
X helix (fragment A; Fig. 4a). Only one clone
carried an additional mutation, F181L, in
the loop before the C-terminal TRD. The
exact role of these mutations remains to be
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determined, although some of them may encode a revertant by having
a deleterious effect on the N-terminal TRD.

Selection of libraries derived from circular permutant A44-B61
yielded clones in which four residues were repeatedly replaced:
Ile140 by the more polar threonine or asparagine; Ser217 by proline;
Ser296 by asparagine; and Lys328, which was close to the linker
between the original N- and C-termini, by the more hydrophobic
methionine or isoleucine. Notably, the same mutations in wild-type
M.HaeIII were neutral or slightly detrimental (Fig. 4b). Thus, certain
point mutations, such as I140N, could initially accumulate as ‘neutral’
drift with no apparent effects on the wild-type gene21 and facilitate the
divergence of a new topology at a later stage. Other mutations, such as
S217P, may selectively direct the process by favoring the new topology
while disfavoring the wild-type topology.

Protein modularity defines the allowed topologies
The N and C termini of the selected variants, which coincide with
those of natural permutants and split methyltransferase variants
(consisting of two separate polypeptide chains) found in nature or
created in the laboratory19, are clustered, defining four modules with
both the Rossman fold and the TRD roughly divided in halves (Figs. 2
and 3). This suggests that structural and/or functional constraints
restrict the location of the N and C termini of the truncated
evolutionary intermediates. If these restrictions do not apply to the
end products of the circular permutation process, there may be other
classes or topologies of DNA methyltransferases not seen in nature or
in our laboratory evolution experiments that proceeded through
truncated intermediates. In other words, the fate of this process
could be determined by the functionality of the intermediates and
not of the end products. In fact, in artificial circular permutations
created by directly linking the 5¢ and 3¢ ends of a gene and opening it
at another location, N and C termini were largely scattered along the

entire length of the polypeptide chain5,22,23. To explore this possibility,
we selected a library of all possible circular permutants of M.HaeIII
without having gone through intermediates. A doubly incrementally
truncated library, containing random start and stop codons in the first
and second copies of the fused genes encoding M.HaeIII, respectively,
was therefore selected (Supplementary Fig. 6 online).

The isolated clones from the doubly truncated library (Fig. 5)
resembled the permutants derived from the C-terminally or N-termin-
ally truncated intermediates (b or z classes, respectively) or the circular
permutants of the putative Z class (that is, intermediates belonging to
cluster III and V (Fig. 2c) are indeed the putative intermediates that
would lead to class Z circular permutants). Thus, selection either
through intermediates or directly for permutants yielded similar
results. This suggests that, in the case of DNA methyltransferases, the
same structural constraints apply to both the intermediates and the end
products. It remains unknown precisely why permutants belonging to
other topologies known among natural DNA methyltransferases were
not obtained. In the case of the g class, introducing new N and C
termini in the region between conserved motifs IX and X in M.HaeIII
may be unfavorable, as they would be located very close to the active
site (the side chain of a putative C terminus, Asn306, was only 4.5 Å
from the most important active site residue, Cys71). It is likely that the
g class or other methyltransferase topologies not obtained here (such as
DRM2; ref. 9) could be obtained through permutation by duplication
of genes from classes other than m5C.

The plausibility of the permutation by duplication model has been
validly questioned regarding the foldability and functionality of
truncated intermediates that are expected to have exposed hydropho-
bic surfaces9. However, these intermediates would fold properly if the
modules that make up the methyltransferase fold were to behave, to
some extent, as independent folding units with minimal exposed
hydrophobic surfaces. This seemed to be the case in our experiments,
as the N and C termini of our laboratory-evolved variants were
clustered. To further support this hypothesis, we calculated the
nonpolar accessible surface area (ANP) of a series of hypothetical
proteins generated by removing one residue at a time from the N or
C termini of the three-dimensional structure of M.HaeIII. We com-
pared these calculated surface areas to the expected values based on
the molecular weight (MW) of each hypothetical protein following the
power law ANP (Å2) a MW0.73, which generally holds true for all
globular proteins24. The C-terminal truncations indeed defined two
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modules of growing size (Fig. 6) that roughly corresponded to the
N-terminal SAM-binding subdomain (residues B1–65) and the
Rossmann fold (residues B1–170), as well as the full-length protein
(residues 1–330), with exposed hydrophobicities typical of well-folded
proteins. We could not identify in this way the truncation that divided
the TRD into two regions, although this probably reflected the fact
that the TRD has a large DNA-interaction surface and therefore does
not follow the power law even when intact. The N-terminal truncation
did not predict modules with acceptable levels of exposed hydro-
phobicity, coinciding with the N-terminally truncated intermediates
being scarce and having low activity. These results suggest that the
modules that make up the methyltransferase fold might behave, to
some extent, as independent folding units with minimal exposed
hydrophobic surfaces.

Identification of natural g-class DNA methyltransferases
There exists a clear overlap between most of the intermediates and
circular permutants evolved in the laboratory and the classes identified
in nature, with the exception that no topology has been thus far
identified among natural DNA methyltransferases in which the TRD is
halved25. Our experiments indicate that this topology is functional, as
observed in intermediates from clusters III and V and in permutants of
the Z class, some of which were among the most active selected circular
permutants. This encouraged us to look for the Z class in natural
genomes using the laboratory-evolved Z-class genes as bait for homo-
logy searches. In this way, we identified Bacillus stearothermophilus

M2.BsaI, E. coli M.Eco31IC and Hafnia alvei M.Esp3I as members of
the Z class (Fig. 7). These methyltransferases are homologous to the
m5C methyltransferase M.BspLU11 (which, in turn, is homologous to
the m5C M.HaeIII), but their TRDs are divided between the N and the
C termini, as observed in the laboratory-evolved Z-class permutants. In
particular, the first B50 residues of the M.BspLU11 TRD, identified by
their homology to the M.HaeIII TRD (whose structure is known), are
at the C termini of the Z-class M2.BsaI, M.Eco31IC and M.Esp3I. In
contrast, the remaining B100–130 residues of the TRD, depending on
the particular enzyme, are located at the N termini.

DISCUSSION
Our results show that new protein topologies can evolve gradually
through multistep gene rearrangements such as the permutation-by-
duplication mechanism. We observed that intrinsic protein modu-
larity defines the boundaries of allowed topological space, and point
mutations direct the process toward a particular topology. The nature
of the intermediates of this process is revealed here; these can be
functional and thereby serve as evolutionary nodes, in this case
connecting different classes of DNA methyltransferases. Our results
also indicate that, although viable, the steps that follow duplication
and fusion might be accompanied with a substantial decrease in
activity. Indeed, under the selection pressure applied in our experi-
ments, revertants were B30 times more likely to be fixated than
were truncated intermediates. During periods of relaxed selection
pressure, however, these less-active intermediate forms might be
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* . :: *:* *  : ** :* :  : *** *.**** *** :* : * * ::: : *: * :      * .: *. * * * * * . ..  : : * .*  :: : .: **

---------------------  MFI SRNRVRQWNE FAP TVQA GS R QCQ LHPQ LMVPA KVSKNLNK VF EGKEHLY RR LTVRECARV GQ PF DD FIF YH ESLND YG K IM NG VPVA N AL YE AI KT 
SELDK IIM EH VPI YNGG MD PV D PVF QS RI KK FKE GGT R GYCTT RLRPDKP TYS I HTN FNK-PNV NCG I YH KE RK IL TVRE LA RL GQ PF D YN KIK TSS RK GK TH VI NG LIPPVA QS AIA NK 

*:. : * ::::: ..* . . ** :    .* . :  : *.. * : : :   * : .**** *: *****  :: :: .: .. : . :: ***** *: ** :.

IKS LA EICK NG  033 
LV SG LI C  563 ----
 :  . ::

--------------------------------  ELDK IIM EH VPI YNGG MD PV D PVF QS RI KK FKET ----- GG R GYCTT RLRPDKP TYS I HTN FNKPNV NCG I YH KE RK IL TVRE LA RLQ 
-----------------------------------  IILM KH PPV NGG WKD PI E PVW S RK LEQI KR YS AEGK SG R GYYTS R PLL D PM TYS I YTN FNRP HCGNG I YH EQDRTL QS RE AA RLQ 

-------  MTKSET PIMF ------- HN K AA KLSELD VIMM SN PPV NGG WKN LPI D PV S RK IEQIRD YS A GQ K SG R GYYTS R PLL D APM TY I YTN FNRP HCGNG I YH EQDR LV QS RE AA RLQ 
LV YN ARHM RK SVK PMPF SL DE S FF GHN EPTLSELDR IIL YS PV E NGG W SQ PI ET PV QS RLKQIREMSAERG VV R GYYTT RL RR DQ AP TY I YTS FNRP HTGNG IH LVP DRTL ST RE AA RIQ 

:                                      *:. : * *** : .:* *** :* ::::: . *:* **** * *: *.*** : ** : .* * : ** *.  :: *** *:*

G PF D YN KIK TSS RK GK TH VI NG LIPPVA QS AIA NK LV SG LI CMKPT VV S FL GGGGS LDLGFK GSN FN IAWII DIDKD LVA YT KEN ------------ LGDH LII GDIT ------ KIQEK-
S PF DD FIF SGY -KT IA QNN I NG ALLPPVA QY AI ----- K FPFA K QG VF D FL GS A GG LSLG AWLF GWK AIIP NDIDK LAW YTT M NN ------------ I NH E LVV GDIR ED KVSET II QKC
S PF DD FFIF GG - TQ IA QTN I NG AILFALFPPVA KEIE-K IA YYGTNG ID FL GS A GG LGLGFK AW GWT ALLP NDI EE KYL NNSYTQ ------------ VHKE LV SGC ISDNETFSK AI DKI
S PF DRY LFI SG -EG VA RDQI NG LLPPVA SS IA G KR IL -- YS A SH K CT VD FV GC A GG LSLGLESAGWN IAAVI D SNN D LA D CYT FNRPCDLEPDNAQEGRT FVA RK DLQE RR EF DE VV TRI

***.  : : ..  : . . :  ****** :*: .* . :   .: **.***.*.* :  : *:.  : * * : .  :  ** * :                . . :  :        :

------ D PI EAD IVV GG PP SQC FS VL G RRK S- EDD R QG WVL YQ LR II NEIRPKC FVF EN VV GLKSAKTAE NG LVL ED FAIIL REI YG -- EVQWS LV N AA D GY PV Q RKRR VIFI TG REGIK 
AIL KK NS PDR LVFLP GG PP GQC F TS AG RKK S VI ED RN FLW E YS VS LI KEVKPDG FIF ENV GT LL SMEKGA --- FF E VM KSELSKTVS -- N VFL YKL SN VD GY PV Q RR NR IIVV GD TGTS K 

GS F KK LYFDKQ LIWL GG PP GQC F TS A NG ARTM DD PR SN MFL YH KS LL NEIKP GN FIF EN AV G LL NMEKGK --- FV ERVK EE F TSS MK -- TM GN LIW SN E YH PIA Q RKRR VLIV NSG D  ---
E GT -- L TSG KLD VLL GG PP GQC F HS A YG RLS- DD RK ND AL SIYLH AF ERLRPR LIFI ENVEG AL TFNK QG --- TLRDI TTC LQEL YG RVN WVPI KL SC E GYQ PV QM RRR AVVFI TT DD T  -

        . ::   **.****** *. :   * .* * * : :  . :: * * :: *** ** . : ..  :   :  :     . :      *  : .*. : ** *.* :. :: .

FN --- PLPF NHT -- EK NG DGKLK IW SV EE LA G-D PL -- SP TN DG VI K- TSY E LP NP QY LKMRE NN -F DD YVTE TSH PKLS
SN E IPIPP ST LKGEKT FL D LA SS IA SVKE LA S-D LLPL SPN DE SG WK YN VCEP NQ I SQY MF KKR ITA YQQ IE LM SS IIAL

------ FLP SIE PP QKLT DE KES VW SVKD LA S-D LPPL GHQ DE GSG K YY I HH PEND QY MFL R NG ITPSE YY ERNIKPSL-
----- IDLSE IPAP YERCAG KRR NKIKTD FL NTS FPAPL T LV D LA GS -- LS PF EN ------- K GS KLQE VLW N AL NIT --

:        . : :     . : ** .* * * .      . . :: .
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Figure 7 Identification of Z-class members in natural genomes. M2.BsaI, M.Eco31IC and M.Esp3I are homologous to m5C M.BspLU11. As observed in

laboratory-evolved Z-class variants (Fig. 5), however, their TRDs are divided between the N and C termini. (a) For clarity, alignment between the m5C DNA

methyltransferases M.HaeIII (of known three-dimensional structure) and M.BspLU11 unambiguously defines the boundaries of the M.BspLU11 TRD. The

region in the M.HaeIII TRD where the N and C termini of Z-class permutants are located is highlighted in yellow. (b) Multiple alignment of M2.BsaI,

M.Eco31IC, M.Esp3I and a Z-class permuted version of M.BspLU11 (M.BspLU11*)
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neutral. Additional point mutations and subsequent positive selection
might yield more active forms, as shown here. Alternatively, changes
in target specificity—namely the emergence of a new function—could
drive the evolution of natural DNA methyltransferase permutants26.

We also found that the inherent modularity of the methyltransferase
fold dictates which intermediates will fold, possess function and
eventually yield a new topology. An issue for future analysis is the
possibility that, in some intermediates, duplicated modules could
already be swapped at the protein level, even before permutation
has been completed at the gene level. It is also possible that the
existence of putative autonomous modules exposed upon C-terminal,
but not N-terminal, truncation could result from the adaptation of the
protein to cotranslational (vectorial) folding, in which N-terminal
modules, such as the SAM-binding subdomain, fold first as they
emerge from the ribosome. This modular adaptation, in turn, would
limit the allowed topologies of the truncated intermediates. Thus, after
gene duplication and fusion, the preferable route may involve the
introduction of a stop codon first and a new translation initiation site
at a second stage. In fact, stop codons are more likely to appear,
considering that certain nucleotide substitutions and most indels
would result in a premature stop codon.

Evolution often finds different solutions to a single problem, so it is
possible that mechanisms other than permutation by duplication have
also contributed to the diversity observed among DNA methyltrans-
ferases9. Regardless of the particular mechanism, however, the mod-
ularity of the methyltransferase fold is likely to be central to their
feasibility. Moreover, as shown here, the topological space afforded by
the fold of M.HaeIII, and indeed by any other m5C methyltransferase,
seems to have been exhausted by natural evolution. Thus, none of our
selected intermediates had N and C termini that did not correspond to
known DNA methyltransferases, and the Z class first identified in our
laboratory evolution experiments turned out to be represented among
natural DNA methyltransferases.

METHODS
Detailed experimental protocols are provided in Supplementary Methods

online.

Creation of a fused dimer of M.HaeIII. A tandem M.HaeIII enzyme dimer

was created by PCR amplification of the gene and joining of two identical

copies through a GNASG linker. The dimer and all other M.HaeIII variants

described here were ligated to pIVEX 2.2 (Roche) and transformed into E. coli

strain ER2267 (EcoKr–m–McrA–McrBC–Mrr–) in which GGCC methylation (the

methylated base is underlined) is not lethal.

Estimation of protein expression levels. The expression levels of M.HaeIII

variants were estimated by measuring the expression of the reporter gene

encoding Pseudomonas diminuta phosphotriesterase, which was evolved in our

laboratory27 for optimum E. coli expression and was therefore likely to provide

an upper limit for our estimation. The reporter gene was subcloned into the

same vector in the same bacterial strain under the same growth conditions.

Creation of N- or C-terminally incrementally truncated libraries. The

N- and C-terminally incrementally truncated libraries were created using the

ITCHY methodology19,28 with minor modifications (Supplementary Fig. 2).

Both libraries had identical sequences between the ribosomal binding site and

the start codon to minimize differences in expression resulting from unequal

translation efficiencies. DNA sequencing of individual clones from the unse-

lected libraries indicated that the start and stop codons were randomly

introduced all along the tandem-arranged genes. The doubly incrementally

truncated library was created by two consecutive ITCHYs with no selection

between them. To minimize the presence of clones corresponding to the m5C

class of M.HaeIII, the library was built on a tandem gene in which the second

copy carried the inactivating A317T mutation.

Selection and characterization of active clones. Libraries cloned in pIVEX 2.2

were transformed, and the resulting bacteria were grown on agar plates at 30 1C

(A44-B61–derived libraries were selected after growth at 37 1C). Plasmid DNA

was extracted and digested with 20 units of HaeIII for 6 h at 37 1C. The

surviving plasmid DNA was purified and transformed back into E. coli ER2267,

thus enriching the gene pool with genes encoding M.HaeIII activity. Several

rounds of selection were typically carried out, after which active clones were

individually isolated and sequenced. In vitro compartmentalization selection in

water-in-oil emulsions29 is ideally suited for the selection of DNA methyl-

transferases, but it involves PCR amplification of the surviving genes after each

round. Unfortunately, we found that the truncated intermediate genes, which

possessed duplicated DNA regions, could not be PCR-amplified without

recombination artifacts. This precluded the use of in vitro compartmentaliza-

tion in this work.

In vivo M.HaeIII activity levels were determined by the resistance of plasmid

DNA isolated from these clones to digestion with HaeIII. All active variants

were subjected to the following controls. First, plasmid DNA was retrans-

formed, and three randomly chosen individual colonies were retested to

confirm their activity in vivo. Second, plasmids were digested with NdeI and

religated, thus removing a fragment from the coding region of the fused gene

encoding M.HaeIII and abolishing their methyltransferase activity. The trun-

cated plasmids were transformed back into E. coli ER2267, and the disappear-

ance of M.HaeIII activity was confirmed (Supplementary Figs. 3, 5 and 7

online). The activity of the selected clones was also tested in vitro: plasmid DNA

was transcribed and translated in S30 E. coli extract (Eco Pro T7; Novagen), and

the resulting methyltransferase activity was assayed with a linear DNA substrate

using a digoxigenin-biotin ELISA at 27 1C (ref. 29). The in vitro and in vivo

activities correlated quite well, although some variants (particularly those with

C termini beyond B263) behaved differently in living bacteria than in cell-free

extracts. For example, the in vitro activity of variant A180-B266 was unexpect-

edly low (t50% 4 210 min) despite its in vivo activity being comparable to that

of other circular permutants.

Calculation of ANP. A series of individual coordinate files was created from the

coordinates of M.HaeIII (1dct) by incrementally removing the atomic coordi-

nates corresponding to one N- or C-terminal residue after another. The ANP for

this series of truncated proteins was calculated with the software GETAREA 1.1

(ref. 30). The theoretical dependence of ANP on the MW was calculated using

the formula ANP ¼ fNP6.3*MW0.73, where ANP is in Å2 and fNP is the nonpolar

fraction of the total area of the full-length protein (modified from ref. 24).

Random and site-directed mutagenesis. Libraries were created by error-prone

PCR using DNA encoding clones A180-B330 or A44-B61 as a template and

varying the Mn2+ concentrations and CA/TG bias, or using the base analogs

8-oxo-2¢-deoxyadenosine and 2¢-deoxy-P-nucleoside-5¢-triphosphate, resulting

in two to seven nucleotide substitutions per gene. The libraries were recloned in

pIVEX 2.2, grown on agar plates at 37 1C and subjected to selection as

described above. Mutations I140T, I140N, S217P, S296N, K328M or K328I were

introduced in wild-type M.HaeIII by PCR. The resultant genes were fully

sequenced to confirm the corresponding mutation and to verify that no other,

undesired mutations were generated.

Accession codes. SwissProt: M2.BsaI, Q6SPF5; M.Eco31IC, Q8RNY6; M.Esp3I,

Q8RNY3.

Note: Supplementary information is available on the Nature Genetics website.
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