0 1998 Oxford University Press

Nucleic Acids Research, 1998, Vol. 26, No. 2 391-406

Similarities and differences among 105 members of the
Int family of site-specific recombinases

Simone E. Nunes-Duby* , Hyock Joo Kwon 1, Radhakrishna S. Tirum alai, Tom Ellenberger 1

and Arthur Landy

Division of Biology and Medicine, Brown University, Providence, RI 02912, USA and 1Department of Biological
Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA 02115, USA

Received August 18, 1997; Revised and Accepted October 23, 1997

ABSTRACT

Alignments of 105 site-specific recombinases
belonging to the Int family of proteins identified
extended areas of similarity and three types of
structural differences. In addition to the previously
recognized conservation of the tetrad R-H-R-Y, located
in boxes | and Il, several newly identified sequence
patches include charged amino acids that are highly
conserved and a specific pattern of buried residues
contributing to the overall protein fold. With some
notable exceptions, unconserved regions correspond

to loops in the crystal structures of the catalytic
domains of A Int(Intc170) and HP1 Int (HPC) and of the
recombinases XerD and Cre. Two structured regions
also harbor some pronounced differences. The first
comprises [B-sheets 4 and 5, a-helix D and the adjacent
loop connecting it to  a-helix E: two Ints of phages
infecting thermophilic bacteria are missing this region
altogether; the crystal structures of HPC, XerD and Cre
reveal a lack of B-sheets 4 and 5; Cre displays two
additional  -sheets following a-helix D; five
recombinases carry large insertions. The second
involves the catalytic tyrosine and is seen in a
comparison of the four crystal structures. The yeast
recombinases can theoretically be fitted to the Int fold,
but the overall differences, involving changes in
spacing as well as in motif structure, are more
substantial than seen in most other proteins. The
phenotypes of mutations compiled from several
proteins are correlated with the available structural
information and structure—function relationships are
discussed. In addition, a few prokaryotic and
eukaryotic enzymes with partial homology with the Int
family of recombinases may be distantly related, either
through divergent or convergent evolution. These
include a restriction enzyme and a subgroup of
eukaryotic RNA helicases (D-E-A-D proteins).

INTRODUCTION

of the C-terminal domain of thelaemophilus influenzaphage
integrase HP1 (HPC, residues 165-337) and dghkerichia coli
resolvase XerD have been determined at 2.7 and 2.2 A resolution
respectively §,4). In addition, the structure of the Cre recombinase
complexed to DNA was most recently reported at 2.4 A resolution
(5). These four structures allow a more informed alignment of the
ever growing number of ‘Int family’ site-specific recombinases than
was previously possible5{11). As of September 1997130
complete sequences of proteins have been assigned to this family
from Archaea, Eubacteria and their phages, from a mitochondrion
and from yeast. Among these, 105 proteins are distinct and have
been well characterized or identified as belonging to a well-studied
subgroup [listed in Tablé (12—47) and2 (8,48-89)].

Functions of site-specific recombinases include integrative and
excisive recombination of viral and plasmid DNA into and out of the
host chromosome, conjugative transposition, resolution of catenated
DNA circles, regulation of plasmid copy humber, DNA excision to
control gene expression for nitrogen fixatiorimabaenand DNA
inversions controlling expression of cell surface proteins or DNA
replication 83,90-93). Alignment of this family of protein
sequences may facilitate a better understanding of the structure—
function relationship of these proteins through identification of
residues and secondary structures implicated in catalysis, specific
and non-specific DNA binding, protein—protein interactions and the
overall protein fold.

These site-specific recombinases utilize a topoisomerase I-like
mechanism, cleaving and rejoining one strand of DNA per
protomer 94). A complete recombination event therefore
requires at least four molecules of the recombinase, two on each
DNA recombination partne®t-97). DNA strand exchange is
conservative in two ways: there are no deletions or additions of
nucleotides at the site of exchange and there is no need for high
energy cofactors. A transient’-gghosphotyrosine linkage
between protein and DNA conserves the energy of the cleaved
phosphodiester bond. The covalent protein—-DNA intermediate is
resolved by nucleophilic attack on the phosphotyrosine bond by
the B-terminal hydroxyl of the invading strand. Proteolysid of
Int under native conditions yields a C-terminal fragmarnint
c170 (residues 170-356), which was subsequently cloned and
expressed if.coli. A Int c170 contains all the catalytic residues

The crystal structure of the minimal catalytically active C-terminaheeded for type | topoisomerase-like cleavage and ligation of
domain of Int, called\ Int c170 (residues 175-3586), has been DNA (1), including the two conserved sequence boxes that are
determined at 1.9 A resolutiod)( More recently, crystal structures diagnostic for Int family recombinases).(
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Our analysis of the catalytic domains from Int family conjugative transposons 9t6and Tri545(which were recovered
recombinases benefits from the inclusion of many newly identifieftom different, though closely related, hosts and differ by a single
sequences and from the recent crystal structures of four famiynino acid). Among the 105 distinct proteins, 11 sequences share at
members. We explore the similarities and differences of all membdezst 94% identity to the catalytic domains of other family members.
of the Int family of site-specific recombinases aligned by automatefebr this reason, the integrases of phag&=6, P22 and HP1 were
procedures 98), combined with manual editing. These newchosen to represent their homologs in phages 434, YfdB, DIp12
alignments identify several new sequence motifs that relate to thad S2 respectively; the resolvase resD of F factor also represents
structures and biological activities of these recombinases. We alesD of pColBM and rsd of pSDL2; XerC and XerD Etoli
compile the mutational studies of a subgroup of Int familyepresent their homologs $almonella typhimuriupthe integrases
recombinases, in order to correlate the phenotypes of the mutaotthe fourLactococcuphagesl C3, grlt, Tuc2009 and BK5-T are
with the overall tertiary fold and/or the structure and function of theepresented here as a single entry by the integrageCaf
catalytic pocket. Furthermore, we extend our comparisons to morePrimary sequence alignments were carried out with a tree-
distantly related proteins. based algorithm9g), followed by manual adjustments for a best
fit (Figs 1A—-C and2). The aligned sequences span the region
analogous to the catalytic domainMofnt, while the N-terminal
sequences upstream of position V175 and sequences downstrearn

; ; o ; ; the C-termini of the crystallized proteins (residue Q337 in
The primary sequences of 111 site-specific recombinases (listed X
references in Tablésand?) were collected by multiple searches of Il) were exgluder?. All I‘eSIdEJ_e r?umbers used are thdSE:ij @
the databanks (GenBank, Swissprot, EMBL and Pir). The foIIowing: ess statec otherwise. Eight sequences retrieved aiter

MATERIALS AND METHODS

keywords were used: Int, integrase, recombinase, Int famil September 1997 fit the alignment well, although they are not

transposase, resolvase, invertase, excisionase, Xis, Xer, Fim, Flp apgWn in Figure. for reasons of space and clarity. They display
shuffion. Individual searches returned two @0 different Similarity scores >90% to their respective homologs and are part
sequences, in addition to duplicates and false returns. This variabi the c2alculaté)or|| useder(])r e_stalblldsh]ng thehc%r;seggus ls_,eqL(Jjence n
probably results from differences in databank entries by differe gufze (see below). Zy tl)nc uh e t\k/:/o S Iu onR reoll gny ”
authors (including DNA or amino acid sequences, descriptions ahg!"uénzae represented by their homologs Rci and Ye

keywords) and from the use of the same keywords for differef) spectively_; four Xer-like ORFs (frohielicobacter pylori
families of proteins. In addition, blast searches were performayycobacterium lepraandPseudomonas fluorescgnand two

with sequence strings carrying the conserved ‘bof)lad/or transposase-like ORFs froGiostridium butyricumrepresented

‘box II' residues €). Interestingly, (24 sequences were not PY their homologs of Tsb4A and B. . .
recovered by blast searches (see aljoThese searches were Similarities and differences among different recombinases
hampered by the low number of residues (three) that are 100%? scored by F’Ifc'ng rgs@tﬁs |n|on_|(_ahqf2thX S'XL DaHyhgﬁ
conserved in all members of this family of recombinases. )r(1c a%nge_rgrc.)tip'sa\. ’2?“ Grlo, Aa*_%yL ril 1Mrg,vyis',6 'é 3,
number of recombinases that likely belong to this family coul Oe' 3|/r, rdpd SP, hL(J:i' ?] b.sr." » Leu, Tie, %t’ 'a’d y yS
not be included due to lack of or incomplete sequencing dala 4)5' n a |t]£on, ?1 ydropno 'C'%’ scc&r% Wf‘s F?nve_l_ rom'd
(99,100, W.B.White, unpublished results, accession no. L39071£omMpination of exchange groups 3 and 5 plus Pro. To avol
With the recent sequencing of entre genomes comes ifacessive weighting of certain subfamilies with a large number of

hypothetical assignment of some open reading frames (ORFs) to fig5€ relatives (see above) the consensus sequence in Zigure

Int family of recombinases on the basis of the conserved amino 2@ derived from 88 prokaryotic recombinases with identity
res of <94%. The 11 enzymes excluded from this analysis

tetrad. These fall into three categories: those that share a strof) , . o X L ;
resemblance to well-characterized homologs in different organisrfsPIay identity or similarity (conservative substitutions) with
eir respective homologs at all consensus positions.

included in our study); those that are putative and cannot " ; o
( ) b In addition to known recombinases, the restriction enzyme

categorized; those that appear truncated, contain internal deleti ; . 1
and/or spacing changes between conserved residues. To avoid fHER!!: the fusion protein InsABof IS1 and RNA helicases
-E-A-D subgroup; seé7) have been described as possibly

inclusion of defective recombinases in our alignments we ha . . . X
g fglated to the Int family of recombinases and were included in the

excluded R4 sequences belonging to the latter two categories fro . .
our analysis. They comprise six ORFs frimoli, 11 ORFs from analysis (Tablg; 20,105-110). Other candidates that have been

the Rhizobiunplasmid pNGR234a and some fr@acillus subtiis ~ Su99ested in the literature as possible members of the Int family
(cryptic prophage),actobacterium leichmannlieuconostoc oenos (including the transposase of 44b1and integrases of phages
(L5, partial), Mycobacterium gordonaandMycobacterium para- ®AU2, @AR29 and frog virus FV3 as well as eukaryotic RAG
tuberculosigpartial) and othersl(,101-103). However, they can | @nd immunoglobulirkJ recombination signal proteins) were
be viewed at the NIH web site fortyrosine recombinases &*cluded from our study due to insufficient similarity £-120).
http://orac.niddk.nih.govivwwi/trhome.html, maintained by
Dominic Esposito [1). RESULTS AND DISCUSSION

Some of the 111 proteins that share identical amino acid sequences
but were deposited under different names are incorporated into dire 105 protein sequences analyzed here were compiled from
analysis as a single entry. Duplicate sequences include: (i) all Int111 citations with 99 prokaryotic (including Archaea and one
integrons (T&1) recovered from many diverse organisms; (ii) sevemitochondrial protein) and six yeast recombinases (Tatdes
pairs of recombinases, i.e. mycobacterial phages Fratl and D29, Approximately 24 ORFs from different organisms assigned to
lambdoid phage DIp12 and prophage QSRaphylococcushages ‘tyrosine recombinases’ without biochemical characterization
@13 andp42, Streptococcuphages T270 and T12, resolvases RipXwere not included (see Materials and Methods). The alignment in
and YgkM, rci shufflons pCol Ib-P9 and pinc 11-R64 andFigure 1 is derived from the 99 unique prokaryotic proteins,
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Table 1.Int-family members from bacteriophages

RECOMBINASE SIZE (aa) ORGANISM NCBIId# . Accession # CITATION REF. #

1. AINT ¢+ 356  Escherichia coli 138569 P03700 Hoess eral, 1980 12
2. 434 (*1) 356  Escherichia coli 215353 P27078 dito; Limberger, 1987 13
3. HK022 356  Escherichia coli ‘ 138560 P16407 Yagil etal, 1989 14
4. 21 @P21) 380  Escherichia coli 138558 P27077 Baker etal, 1991 15
5. 186 336 Escherichia coli 138557 P06723 Kalionis ezal, 1986 16
6. P2 337  Escherichia coli 547725 P36932 = Yueral, 1989 17
7. P4 (satellite phage) 440  Escherichia coli 138566 P08320 Pierson & Kahn, 1987 18
8. phi R73 (retrod) 388  Escherichia coli 93827 A42465 Sun etal, 1991 19
9. YjgC (P4-like) 396  Escherichia coli 732036 P39347 Burland et al, 1995 20
10. CP4-57 (cxyptic, P4-like) 413  Escherichia coli 464767 P32053 Kirby ezal, 1994 21
11. phi80 4020r416  Escherichia coli 138567 PO6155 Leong, etal, 1986 22
12. SF6 (*2) 385  Shigella Flexneri 586236 P37317 Clark eral , 1991 23
13. YfdB (*2) 385  Escherichia coli 586612 P37326 Baumann, unpubl.
14. P22 (*3) 387  Salmonella typhimurium 138565 P04890 Leong etal, 1986 22
15. DIp12  (*3) 387  Escherichia coli 455171 P24218 Lindsey etal, 1989 24

and prophage QSR' 387  Escherichia coli 124695 A33497 Muramatsu &Mizuno,1990 25
16. prophage Vap-region x) 401  Dichelobact.nodosus 563255 131763 Cheetham et al, 1994 26
17. HP1 (*4) 337  Haemophilus influenzae 459175 P21442 Goodman & Scocca, 1989 27
18. S2 (*4) 337  Haemophilus influenzea 1679807 771579 Skowronek, 1996, unpubl.
19. phi LC3 (*5) 374  Lactococcus 293033 A47085 Lillehaug &Birkeland, 1993 28
20. Tuc2009 (*5) 374  Lactococcus lactis 508613 L31348 van de Guchte, etal, 1994 29
21. BK5-T (*5) 374  Lactococcus lactis 928834 144593 Boyce etal, 1995 30
22. phirlt  (*5) 374  Lactococcus lactis 1353517 U38906 Nauta ef al, unpubl.
23. phi adh 385 - Lactobact.Gasseri 478279 JNO535 Fremaux etal, 1993 31
24. MV4 427  Lactobact.bulgaricus 684925 U15564 Dupont etal, 1995 32
25. phi gle 391  Lactobacillus 1926371 X90510 Kodaira etal, 1997 33
26. L5 332  Mpycobact.smegmatis/tuberc. 465416 P22884 Lee,1991;Hatfull, 1993 34,35
27. Fratl 333 Mycobacterium 138563 P25426 Haeseleer, 1992 36

and D29 333  Mycobacterium smegmatis 420203 S31956 Suissa & Kuhn, unpubl.
28. PL2 289  Mycoplasma (Acheloplasma) 1174961 P42540 Maniloff et al, 1994 37
29. Mx8 533  Myxococcus xanthus 1498141 D86464 Tojo etal , 1996 38
30. L54A 354 - Staphylococcus aureus 138562 P20709 Ye & Lee, 1989 39
31. phi 1l 348  Staphylococcus aureus 166159 M34832 Ye etal, 1990 40
32. phi 42 and phi 13 345  Staphylococcus aureus 437117 U01875 Carroll etal, 1993 41
33. T270 362  Streptococcus pyogenes 723051 U22342 McShan etal, unpubl.

and T12 362  Streptococcus pyogenes 1877429 040453 McShan et al, 1997 42
34. phi CTX 389  Pseudomonas aeruginosa 217779 S33667 Hayashi etal, 1993 43
35. actino¢RP3 447  Streptomyces rimosus 520601 X80661 Gabriel etal, 1995 44
36. actinophage VWB 427  Streptomyces venezuelae 2276140  AJO00047 van Mellaert, unpubl.
37. SFi2l 359  Streptococcus thermophilus 2292747 X95646 Bruttin et al, 1997 45
38. SSV1 335  Sulfolobus (Archaea) 138570 P20214 Palm eral, 1991 46
39. VIf-1 +) 379  Spodoptera frugiperda 1175103 Q06687 McLachlin & Miller,1994 47

X)  vap, virulence associated protein.
*) Very late transcription factor of the eukaryotic baculoviuslifornica nuclear polyhedrosis virus (ACMNPV), activating tiaéh gene
involved in formation of polyhedral occlusion bodies; no recombination functions are known for VIf-1.
The following phages share >98% identity and appear as a single entry in the alignments3jFigs
*1 phageh also represents phage 434;
*2 phage SF6 also represents phage YfdB;
*3  phage P22 also represents phage DIp12;
*4  phage HP1 also represents phage S2;
*5  phagepLC3 also represents phages Tuc2009, BK5-T and phi rit.
The database sources for accession nos are SwissProt (starting with a P), GenBank, EMBL and Pir. When multiple crosegereferences
available the SwissProt no. was preferentially entered. The NCBI Id no. refers to NID (PID in the case of multigenenemtiges)uléiple
databank entries the highest NCBI sequence Id nos were chosen, as they are more likely to include the most recent updates.

although 19 of these have not been included in this figure fdrhe basic blueprint of Int family recombinases

reasons of space and clarity (listed in Materials and Methods).

These comprise 11 sequences with >94% identity to the catalyftie catalytic domain of the Int family of recombinases spans
domains of other family members. Furthermore, eight sequences80 amino acids. The shortest members belonging to this protein
retrieved after 1 September 1997 are not shown in Figbre  family, aligned to\ Int, start very close to the protease-accessible
are part of the calculation used for establishing the consens&$70 of A Int. The N-terminal methionines of pCL1, FimE,
sequence in Figur these have similarity scores >90% to theirpDU1, FimB and Mrpl recombinases correspondAtdnt
respective homologs. As a result, 94 distinct recombinas@®sitions 176, 174, 169, 168 and 157 respectively (EAg.

(88 prokaryotic and six eukaryotic) are analyzed here Zriof  Almost all the other members of the Int family carry one or more
which 80 prokaryotic sequences are aligned in Figjure prolines at positions equivalent to or neighboring A170. Catalytic
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Table 2.Int family resolvases, transposases, excisionases/integrases and invertases

RECOMBINASE SIZE (aa) ORGANISM NCBIId#  Accession # CITATION REF. #
1. XerC 298  Escherichia coli 139804 P22885 Colloms etal, 1990 48
2. XerD (XprB) 298  Escherichia coli 139819 P21891 Blakely ezal, 1993 49
3. CodV (XerC) 304  Bacillus subtilis 729174 P39776 Slack et al, unpubl.
4. RipX (XerD) *1 296  Bacillus subtilis 1710383 P46352 Schuch etal , unpubl.
and YqkM *1 296  Bacillus subtilis 1303994 D84432 Kobayashi e al, unpubl.
5. XerC (H.infl.) 295  Haemoph.influenzae 925703 U32750 Fleischmann et al, 1995 50
6. XprD (H.infl.) 297  Haemoph.influenzae 925213 142023 Fleischmann et al, 1995 50
7. XerC (HP0675) *2 362  Helicobacter pylori 2313795 AE000580 Tomb et al, 1997 51
8. XerD (HP0995) *2 355  Helicobacter pylori 2314140 AE000608 Tomb et al, 1997 51
17} 9. L.eichm. XerC 295  Lactobac. leichmannii 1359909 X84261 Becker & Brendel, 1996 52
w 10. M.Iep. (u0247d) Xer 316  Mycobact.leprae 467161 U00021 Robison, 1996, unpubl.
9] 11. M.lep. (MLCB250) *2*3 302  Mycobact.leprae 2251178 297369 Seeger/Parkhill et al, unpubl.
< 12. M.tub.(CY441) XerC 332 Mycobact.tuberculosis 1550687 780225 Philipp et al, 1996 53
> 13. M.tub.(CY274) XerD 315  Mycobact.tuberculosis 1731284 Q10815 Connoret al, 1996,unpubl.
-~ 14. Sss (P.a.XerC) 302  Pseudomonas aerugin. 468715 543156 Hofte etal, 1994 54
o 15. Sss (P.f£XerC) *2 299  Pseudom.fluorescens 1929092 Y12268 Dekkers etal, 1997,unpubl.
w 16. XerC homolog  *4 300  Salmon. typhimuriom 1916337 092525 Hayes, 1997, unpubl.
E 17. XerD homolog  *4 298  Salmonella typhimur. 1916335 U92524 Hayes, 1997, unpubl.
18. Clos.butyricum 660  Clostridium butyric. 481912 540098 Hesslinger et al, unpubl.
19. Methanococ. jannaschii 330  Methanococ jann. 1591063 U67489 Bult etal , 1996 55
20. Synechocystis sp. 313 Cyanobacterium 1651754 D90899 Kaneko et al, 1996 56
21. Vibrio cholerae 422 Vibrio cholerae 498253 002372 Kovach &Peterson,unpubl.
22. mitochondrion (ymf42) 304  Prototheka wickerhamii 467844 u02970 Wolff etal, 1994 57
23. ResD, F-factor  *#5 268  Escherichia coli 132266 P06615 Disque-Kochemetal, 1986 58
24. ResD, pColBM  *5 260  Escherichia coli 132267 P18021 Thumm et al, 1988 59
25. Rsd, pSDL2 *5 260  Salmonella dublin 96678 A38114 Krause & Guiney, 1991 60
26. Cre 343  phage P1 (E.coli) 132262 X03453 Sternberg et al, 1986 61
27. Integron IntI1 (Tn21) 337  E.coli+ more *6 151817 A42646 Hall & Vockler, 1987 62
28. Integron Int 12 (Tn7) *7 319  Escherichia coli 154994 L10818 Pelletier & Roy, unpubl.
29. Integron Int I3 346  Serratia marcescens 801874 D50438 Osano etal , 1995 63
» 30. TnpA 259  Weeksella zoohelcum 557887 U14952 Brassard etal , 1995 64
w 31. NBU1 (IS) *8 445  Bacteroides 1263305 U51917 Shoemaker et al, 1996 65
®» 32. Reci shufflon,pCollb-P9 384  Escherichia coli 132191 P16470 Kim & Komano, 1989 66
< and Rci IncI1-pR64 *9 384  Escherichia coli 132190 P10487 Kubo ez al, 1988 67
w 33. RcilncI2-pR721  *10 374  Escherichia coli 48994 X62169 Kim & Komano, 1992 68
o) 34. Ye24 shufflon (rci) 304 Haemoph. influenzae 1574258 P45198 Fleischmann et al, 1995 50
o 35. shufflon orf1572 *2 366  Haemophilus infl. 1175903 P46495 Fleischmann et al, 1995 50
%) 36. Tn4430 tnpl 284  Bacillus thuringiensis 135957 P10020 Mabhillon &Seurinck,1988 69
z 37. Tn5401 tnpl 306  Bacillus thuringiensis 495317 U03554 Baum, 1994 70
< 38. Tn5276 379  Lactococcus lactis 497773 L27649 Rauch & DeVos, 1994 71
[ 39. TnS5041 351  Pseudomonas sp. 2052170 X98999 Khloldii et al, 1997 72
[ 40. Tnl545 *11 405  Streptococ. pneum. 47463 P27451 Poyart-Salmeronet al,1989 73
and Tn 916 *I1 405  Enterococ. faccalis 135952 P22886 Su & Clewell, 1993 74
41. Tn5252 393 Streptococ. pneum. 460024 129324 Kilic et al, unpublished
42. Tn554 tnp A 361  Staphylococ. aureus 135955 P06696 Murphy et al, 1985 75
43. Tnp A homolog *2 364  Clostridium butyricum 436132 729084 Hesslinger et al, unpubl.
44. TnS54 tnp B *12 630  Staphylococ. aureus 135956 P06697 Murphy etal, 1985 75
45. Tnp B homolog *2 660  Clostridium butyricum 436133 729084 Hesslinger et al, unpubl.
@ 46. pAEL 415  Alcaligenes eutrophus 899054 134580 Chow etal, 1995 76
a 0 47. pC2A (SsrA) 314  Methanosarc.acetivor. 1763609 U78295 Metcalf ez al, unpubl.
w é 48. pDUI1 (Nostoc plasmid) 183  Cyanobact.Anabaecna 349732 123221 Walton et al, 1992 77
2 ¢ 49. pMEA300 456 Amycolatopsis methan. - 136679 Vrijbloed et al, 1994 78
b4 E 50. pSAM2 388  Streptomyc.ambofac. 124698 P15435 Hagege eral, 1994 79
Oz 51. pSEI01 448  Streptomyces lividans 541467 S41725 Brown etal, 1994 80
[%2] 52. pSE211 437  Saccharopolyspora ery. 124697 P22877 Brown etal, 1990 81
QO 53. pWS58 (cryptic) 333 Lactobac. Delbruckii 971478 750864 Klein, unpublished
ﬁ 54. Slplelement 455  Streptomyces coelicol. 541498  B36916 Brasch et al, 1993 82
@ 55. XisC (hupL) *13 498  Anabeana sp. 1094355 Uo0s014 Carrasco etal, 1995 83
2 56. XisA (nifD) *(3 354  Anabaena /Nostoc 139808 P08862 Golden & Wiest, unpubl.
[
9 57. FimB (fimA on) 200  Escherichia coli 537153 P04742 Klemm et al, 1986 84
@ 8 58 FimE (fimA off) 198  Escherichia coli 537154 P04741 Klemm ez al, 1986 84
l(j;J 5 59. Fim Mipl 205  Proteus mirabilis 474830 732686 Bahrani & Mobley, 1994 85
< O 60. pCL1 fim *14 182  Chlorobium limicola 1688244 U77780 Jakobs et al, unpubl.
E 61. S.cerevisiae (Flp) 423 Saccharomyces cerev. 120357 P03870 Hartley & Donelson,1980 86
w & 62. Zbisporus 568  Zygosaccharomyces 120359 P13784 Toh-e & Utatsu, 1985 87
> ®© 63. Zbailii 474  Zygosaccharomyces 120358 P13769 Utatsu et al, 1987 8
= g 64. Z.fermentati 372 Zygosaccharomyces 120360 P13770 Utatsu et al, 1987 8
— 65. Z.rouxii (R-recomb.) 490  Zygosaccharomyces 120361 P13785 Araki etal, 1985 88
66. K.drosophilarum 450  Kluyveromyces dros. 120355 P13783 Chen etal , 1986 89

domain fragments identified in HP1, Cre and Flp by partia{4,5). The firsta-helix of their catalytic domains, labeled E in
proteolysis start at residues K165, R119 and S129, equivalent tXerD and F in Cre, align with-helix A of A Int ¢170.

Int coordinates 171, 158 and 156 respectivalyA1,122). In the All proteins harbor two regions of marked sequence similarity,
crystal structures of XerD and Cre an unfolded linker separates there called ‘box I' and ‘box II', originally identified from
distinct N-terminal domain from the C-terminal catalytic domairalignment of only eight recombinases, seven derived from
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*1 The two original sequence conflicts at positions 215-235 and 255 between the two entries have been resolved as NRSAARIIEERIFKNIGES.

*2 These open reading frames (ORFs) of putative Int family members were recovered too late to be incorporated into thévaligniméfitysre 1. The translated
sequences fit the consensus and show a particularly high degree of similarity with the respective groups of proteirstenssnaated with in this Table (see
also Materials and Methods). Reémpylori Xer proteins subfamily assignment is hypothetical.

*3 The newly identified Xer dfl.lepraehas strongest similarity to ‘XerD’ ®.tuberculosig88% identity, 93% similarity). Assignment to the XerC or XerD subfamily
is as yet hypothetical.

*4 Share >94% identity, represented by homolods.obli.

*5 Share 98% identity, represented by resD of F factor as a single entry in sequence alignments.

*6 For a list of different organisms see SwissProt file: IntR_ecoli/P09999.

*I'" This recombinase is only active when the internal termination codon is removed.

*8 NBU, non-replicative bacteroides unit.

*9 Carries one mutation: N308D.

*10 Shares 86% identity and 92% similarity with the otReroli shufflons.

*11 Although recovered from different (though closely related) organisms, these proteins are identical within the catalytic domain.

*12 A tnpB homolog B.aureuyhas also been reported by Chikramane and Dubin (unpublished results), with NCBI Id no. 586103, accession no. P37375.

*13 XisC and XisA are necessary for site-specific excision of the 1hEband 11 kinifD elements during heterocyst differentiation required to activate the nitrogen
fixation genes in Cyanobacteria.

*14 Chlorobiumis a green sulfur bacterium: forma thiosulfatophilum; photoautotrophic growth on hydrogen sulfide and carbon dioxide.

bacteriophagea, ¢80, P1, P2, P4, P22 and 186 and the yeasb G297 (Fig.1B) and the last segment, including box Il, spans
protein Flp 6). Boxes | and Il were first limited to 13 residues fromfrom L298 through the C-terminal Q337 of HP1 (Fig). The
M203 to D215 and to 37-39 residues from H308 to D344engths of these segments differ among Int family members
respectively. These authors identified three residues in box Il thaécause of insertions and deletions located between the elements
were 100% conserved, the triad H-R-Y, which includes the activef regular secondary structure.
site tyrosine (). With alignment of 22 prokaryotic and six yeast The high sequence conservation of boxes | and Il, including the
recombinases the box | sequence was expanded to 21 residtigad R-H-R, is reflected in the conserved secondary structure of
ending with D223, and a fourth absolutely conserved residug,Int c170, HPC, XerD and Cre-5). In each of these proteins
R212, was identifiedd). The first of two conserved regions amongthe R-H-R residues form a cluster on the protein surface, located
the six Flp proteins dbaccharomyceandZygosaccharomycés  at the center of the DNA interaction surface in the Cre—-DNA
homologous to box |, shortened left and right by four and threeomplex. R212 (HPC R207, XerD R148 and Cre R173) lies on
residues &). The second conserved region comprises parts dfie short loop betweernthelices B and G2 anda3 in HPC aF
a-helix F (with the conserved H and R) and the preceding loop (FendaG in XerD andxG andaH in Cre); H308 (H280, H244 and
sequence IFAIKNGPKSHIGRHLMTS), i.e. it only partially H289) and R311 (R283, R247 and R292) are located at the
overlaps with the box 2 sequence shown in FigreThe  N-terminal end obi-helix F @6 in HPC,aL in XerD andoK in
conserved tetrad R-H-R-Y has been established by mutatiorate).a-Helices B and C with the conserved R212 constitute box
analyses as the hallmark for the Int family of recombinases (sé@and form the very core of the protein, with a large number of
below, Tablet). Two more recent analyses, limited to box | (boxburied residues (FidlA). In addition, these helices harbor six
A) and/or box Il (Box B/C) of 58 and 80 members respectiveljighly conserved polar or acidic amino acids (highlighted in
confirmed the original alignment, but distinguished the eukaryotigreen and magenta respectively) that form one flank of the
from the prokaryotic sequencekd(11). catalytic pocket. The function of these conserved residues is not
While scanning for the presence of the R-H-R-Y signature wget known, although most mutations of D215 in P2 Intand in Flp
find that the two arginines and the tyrosine are indeed invariadecrease DNA binding and compromise topoisomerase and
in the larger group of Int family recombinases assembled hemecombination functions (Tablg. The conservation of box | is
However, eight recombinases show a substitution of the hightriking in prokaryotic recombinases (Flg\) and it extends with
conserved histidine by either an arginine (actinophage Rp3 asdme variations to eukaryotic recombinases ®ig.
pSAM2), a lysine $ulfolobugphage Ssv1), an asparagine (phage Box II, which includes three of four residues of the R-H-R-Y
@CTX andBaculovirusfactor VIf-1) or a tyrosine (Slp1 element, motif, is also relatively strongly conserved among the prokaryotic
cyanobacterial XisC and XisA). In support of a less stringemecombinases (FiglC), but less so between prokaryotic and
requirement for a histidine at that site is the observation that tveukaryotic proteins (Figg). Among prokaryotic recombinases
mutants, His289Tyr of Cre and His305GIn of Flp (see Téhle residues iru-helices F and Go anda7 in HPC,aL andaM in
retain at least partial recombination activity8-125). XerD andaK andal in Cre) are particularly well conserved, as
For the purpose of presenting the alignments each recombinasehe separation between residues corresponding to H308 and
was partitioned into three segments comprising the two conserv¥842 of Int. The shortest separation between these catalytically
regions, box | (A202—G225 nint) and box Il (T306-D344 ik important residues is that of phage 21, with 31 amino acids, the
Int) and the interval between them. The junctions between thebalk (81 recombinases) carries 33-35 amino acids, five have
segments were chosen within regions that are devoid 86 amino acids and the longest is that of MV4 Int, with 37 amino
secondary structure in crystal structures ot 170, HPC, XerD  acids. The yeast recombinases, in comparison, have a longer
and Cre. The junctions are located at Q233 frt@n between segment between the catalytic histidine and tyrosine ranging from 37
B-sheets 2 and 3) and G297 (in the loop betwebkalices E and  (FIp) to 40 residues (see below). Whereas the active site tyrosine is
F) of A Int. The first segment spans from V175 to Q233 andbsolutely conserved, the surrounding residues are rather divergent,
contains box | (FiglA). The middle segment spans from S234allowing for quite different secondary structures, as discussed below.
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(see the score for per cent

S234 to G297 and L298 to K356 respeitively (

stering of hydrophobic residues is evident from the alignments.
supported by the available crystal structurgs5) this
drophobicity in Fig2). From the alignment of the 88 distinct

conservation of core residues suggests that all members of the
e interval region and box |

residues (above) cause defects in recombination to varying
extents (see Tablé). The high degree of conservation and
integrase family adopt similar folds for the region spanning box |,

3
i

terminal amino acids extending beyond thene®hreempmresented by a number. The

’

-terminal) the sequences span from V180 to Q233,
u216

, Val2

Val207
lle242 Pro243 Leu251

17 (NKKGYILRLEATKNDGS) and seven additional residues (EAHDRRG) respectively. Inse@ibb8loapd pSE211 between

2 (except for VIf1 entered last) and does not indicate degree of relatedness. Residue numbers (in top margin) ftefesequbace. The number preceding each sequence

identifies the first residue aligned for each individual recombinase. The C:
B-sheet 3 and-helix D span 67 and 59 amino acids (HACGARLHRVACPDNCTQHRNRKSCIRDEKGHHRPCPPNCTRHASSCPQRHGGGLVEVDVKSKAGRR and

HRCGATYHKTEPCKAACKRHTRACPPPCPPACTEHARWCPQRTGGGLVEVDVKSRAGRR) respectively. Integron sequences not shown beteles D and
E are: } RSGVALPDALERKYPRAGH; b VGPSLPFALDHKYPSAYRp; 4 RGGVYLPHALERKYPRAGE. Int of actinophage VWB and ResD-F carry an additional

Figure 1. Alignment of the catalytic domains of 80 prokaryotic members of the Int family of recombinases (see Materials and Mettuods}.i3las in Tables 1 and
four (GVLT) and eight amino acids (MERRNRRT) between patch Ilicahélix E respectively.

secondary structures of the four members with solved crystal structures are shown at the bottom (with Int labels). Thentelloels corresponding to the letters A-G
inA Int c170 are 1-7 in HPC, E-H, J, L and M in XerD and F-L in Cre. XerD has one, HPC and Cre have two aduitioaalat the C-terminus. The conserved tetrad

R-H-R (in dark blue) and Y (in red) is presented in reverse print. Other conserved residues contributing to the consecsu§ige@)eare highlighted in brown

(hydrophobic), green (hydrophilic, i.e. S/T or Q), magenta (acidic), yellow (G or A) and cyan (basic). Boxes | and Ilewdg ttentified similarity patches I-lIl are

framed. In A) (N-terminal), B) (intervening sequence) ar@)(C
numbering). A few recombinases contain larger sequences in looped regions that were deleted and replaced by the nueheodaesidpace: Betwdesheets 1

and 2 MV4, RP3 and C.butyr. have seven (LRSKEKS), 12 (RRQPWGAGEFVC) and five additional amino acids (WNSKE) respectierf-dbeste 2 and @adh,

RP3 and Slp1 contain five (ERQEF)
Met255, lle271, lle272, Leu280, Val285, Phe289 and Leu33

the globular structure2( Fig. 3). These include: L180, Y185
Amino acid substitutions at the positions of the underline

The crystal structure of the Int catalytic domain revealed a
pattern of conserved hydrophobic residues that form the core

Additional similarities among Int family members

le188, Tyrl89, Met203, Leu205
Met219 1le224 Leu229, Val231,
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Figure 1. continued

whereas XerD (GKG) belongs to the second. All but six

prokaryotic recombinases (with <94% identity), per cent identitgubgroup,

and per cent similarity are reported at positions where similarigroteins show minor variations of this theme, although a few carry
(belonging to the same exchange grdL(p) is at least 50%. A a double K (e.g. LKKG). The six exceptions (pSE101, pSE211,

consensus sequence of the prokaryotic recombinases, derived fir@sD, Ssv1,

SIp1 and VIf1) have an arginine flanked by [Q,T,G,S,N]

residues with similarity scores >50% and/or identity scores >31%t the equivalent position. In all four crystal structures the conserved

is shown in Figure.

lysine lies on theg32—33 hairpin and delineates one edge of the

In addition to the highly conserved box | and box Il motifs and theatalytic pocket4-5). The respective K201 of Cre complexed to

pattern of core hydrophobic residues, three patches of conseni@dA makes direct contacts with two bases immediately next to the
sequence were evident in this more extensive alignment of tBNA cleavage site5). Although mutations involving this lysine

prokaryotic recombinases. The first, patch I, involves a group d¢fave not yet been isolated, substitution of the adjacent threonine of

acidic amino acids and precisely spaced hydrophobic residugsInt (T236) with isoleucine causes a severe decrease in

located within the short N-terminal region upstream of box | thatecombination activity1(26).

includeso-
(Fig. 1A).

lll) consists of a

helix A (L180-Y189); consensus sequence LT-EEV--LL The third patch of conservation (patch

in the majority of proteins:

residues
wise divergent region between boxes | and II, on the compound loop

In the crystal structure df Int c170 the residue E184 hydrophobic cluster rich in phenylalanines, preceded by acidic and

(2). A mutation of the equivalent glutamate of the phage P2 IfD,E]-[F,Y,W,V,L,|,A] 3-4dS,T]. This patch is located in the other-

protrudes from the surface of the protein away from the active sitellowed by polar
(E169K) renders it defective for recombination (TaBle

The second region of conservation (patch Il) involves a lysinprecedingi-helix E (Fig.1B). The sequence afint that best aligns

(K235) flanked on both sides by serine or threonine in one subgrowith this patch is ETIIAS (positions 269-274). Two mutanislot
of proteins and by glycine or methionine in another subgrouimvolving residues within patch lll, T2701 and S274F, are both

(Fig. 1B). A Int (SKT), HP1 (TKS) and Cre (TKT) belong to the first deficient for in vivo recombination 126127). Patch Il is
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Figure 1. continued

H333 iN Int, H280-R207-R283-H306 in HPC
-R247-H270 in XerD. In the Cre—DNA complex the

moderately conserved in most of the prokaryotic recombinasq¥;2A, carry an arginine and aspartate respectively (see below). This
despite the lack of regular secondary structure in this region. tonserved Int His333 (H306 in HP1 Int and H270 in XerD) lies
important stabilizer of the native folds of Int family recombinasesW315 located at the equivalent position to H333 is part of the

crystal structures of Int c170, HPC, XerD and Cre these residuesn the turn immediately followingi-helix G @7 andaM in HPC
are part of a compound loop that is partially buried between twand XerD respectively) and is part of a H-R-R-H ‘sandwich’:

a-helices (Fig3). This location and the predominately hydrophobicH308-R212-R311-

character of the conserved residues suggest that patch Il is ard H244-

R148

The marked conservation of a number of residues in the boxdatalytic pocket with a hydrogen bond to the second non-bridging

also form hydrogen bonds to the non-bridging

sequence LLGH within box Il are 64 (57/88) and 82% (72/88pxygen atom of the scissile phosphéle (

conserved respectively. The glycine is present in 84% (74/88) of
prokaryotic proteins, with ‘in kind’ replacements (A, S or T) in eigh
recombinases (similarity score 93%). A G332R mutark aft

retains core binding and Holliday junction resolution activities
it cannot carry out recombinatiornld6127). The following

R

tI\/Iajor differences among Int family members
, buThe usefulness of primary sequence alignments and predicted

9-11). In the expanded oxygen atom of the scissile phosphate. Each of the other three active

alignment the two hydrophobic residues of the consensuite residues, R-H-

motif was previously recognized,{

secondary and tertiary structure comparisons lies not only in

histidine (H333) is present in all but seven prokaryotic enzymedentification of similarities important for similar functions of

(92% identity, i.e. 81/88). Five proteins

Cre of P1, the transposasiesely related proteins, but also in recognition of their

of Tn5041 and the Ints of P22, pSE101 and pSE211, carry differences. The latter may lead to an understanding of functional

tryptophan and the two recombinases from Archaea, Ssvl avariations affecting both specificity and efficiency of the
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Figure 2. Sequence alignment of eukaryotic recombinases (top six sequences) and related proteins (bottom six sequences) withtithegqmssasys sequence,
derived from 88 prokaryotic recombinases with identity scores of <94% (see Materials and Methods). Scores for idenitiyyasuifadrophobicity are shown

as a percentage below each conserved residue (88 = 100%). The most frequent residue is recorded when similarity iDatdeatitypBat least 31%. In addition,
the prevalent Tyr and Trp in box | (26% identity) are entered as representatives for highly conserved hydrophobic reaithid %7 Sespectively). Single

unconserved residues are represented by a dash and larger regions by the smallest and largest numbers of intervenid baritat aeiguence (with numbers)

is shown as a reference above the consensus. Conserved boxes | and Il and patches I-Il are again framed. The sedeepceeofadidt of box | are omitted

because they cannot be aligned to patch I.

reactions in question. We consider three types of structuralFirst, the most striking differences in primary sequence and
differences observed among family members that may also hasmrresponding higher order structure are located between the
functional significance. These are revealed by differences in tleenserve-sheet 3, following box |, anak-helix E, preceding box
crystal structures of Int c170, HPC, XerD and Cre and they arell (Fig. 1B; note that our alignment of HP1 withint differs from
evident from the aligned sequences, especially from the preseriicat published by Hickmaat al; 3). In A Int c170 this region

of large insertions or deletions. These differences involve: (i) theontaing3-sheets 4 and &-helix D and a compound loop; in HPC
least conserved ‘interval’ sequence located between boxes | amdy a-helix 4(D) and a small loop are present; in Xer D there are
I, which lies on a surface of the protein away from the DNAwo a-helices and a compound loop; in Cre the lorgéelix |
interaction interface; (ii) the secondary structures of box ll{equivalent tax-helix D) is followed by a shorter compound loop
(iii) the sequence motifs and their spacing in eukaryotic versiend two smallp-sheets. Interestingly, these surface differences
prokaryotic recombinases (FB). These three types of differences among the crystallized proteins do not significantly alter the overall
will now be discussed in more detail. fold of the protein cores, which can easily be superimposed on each
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Table 3.Proteins possibly related to the ‘Int family’

PROTEIN SIZE (aa) ORGANISM NCBIId#  Accession # CITATION REF. #

Related prokaryotic DNA cutting enzymes:

EcoRII restr.enz. 404 Escherichia coli 135229 P14633 Bhagwat et al, 1990 105
InsAB' (IS1) 223 Escherichia coli 124915 P19767 Umeda &Ohtsubo,1991 106
A+B'fusion protein (with frameshift) Burland et al, 1995 20
InsB (IS1) 400069 P03830 Yura etal, 1992 107
Eukaryotic D-E-A-D Box proteins (RNA helicases / translation initiation factors) *1):
elF-4A (Tij=Tif2) 395 Saccharomyces cerevisiae 124218 P10081 Linder &Slonimski, 1988 108
YHR169W 431 Saccharomyces cerevisiae 731740 P38719 Johnston etal, 1994 109
Dbp45A 527 Drosophila melanogaster 313850 723266 Lavoie & Lasko, unpubl.
mammalian eIF-4A1 406 Homo sapiens/Mus musc. 417180 P04765 Kim etal, 1993 110

Recombinases with claimed similarity in box II region:

Tn4451 resolvase *2) 500 Clostridium perfringens 1582049 U15027 Bannam et al, 1995 111
corynephage AAU2 266 Arthrobacter aureus 1486273 X89830 LeMarrec et al, 1996 112
phage phiAR29 Int 253 Prevotella ruminicola 913775 S75733 Gregg etal, 1994 113
FV3 integrase 275 Frog virus 138568 P29164 Rohozinsky&Goorha, 1992 114

Eukaryotic "recombination activating genes" (RAG I - domain 4) *3):

shark RAG I (d.4) 206 Carcharhinus leucas 1470116 U62645 Bemstein ezal, 1996 115
human RAGI(d.4) 204 Homo sapiens 190842 M29474 Schatz et al, 1989 116

Immunoglobulin Kappa recombinases:

mouse [gK 526 Mus musculus P31266 Matsunami etal, 1989 117
human IgK 500 Homo sapiens Q06330 Amakawa et al, 1993 118
neurogenic IgK 594 Drosophila melanogaster P28159 Furukawa et al, 1991 119

1) Thisis a much larger family of proteins, including additional highly conserved sequences, derivEddsaphila elF-4A
(Q02748) and ME31B (P23128); tobacco, NelF4A2 (X61205) and NelF4A3 (X61&@f)idopsis elF4A1 (X65052);
mouse, elF-4A (P10630); rabbit, elF-4A (P29562); human, P54 (P26196).
*2)  This recombinase has more recently been shown to belong to the resolvase family, with the conserved catalytic S15 (120).
*3)  Other RAG | proteins with a high degree of conservation have been identified in mouse (M29475,P15919), rabbit (P34088),
chicken (M58530), trout (151055) antkenopugL19324).

Table 4.(Opposite) Summary of mutational analyse&IdfT, P2 INT, CRE AND FLP

Under ‘residue no. and change’ each mutant is identified by the wild-type residue, position in the respective recomhitaseresidue; mutants with intermediate activity
are listed between ‘permissive’ and ‘defective’ within this column. Lack of an entry under ‘phenotype’ indicates thatréhisafeatot been specifically tested. Other
members of the Int family recombinases with mutations only in the ‘active site tetrad’ (R-H-R-Y) are not listed here.

*J.Eriksson and E.Haggard, personal communication.

**H Techlebrhan and A.Landy, unpublished results.

aStep-arrest mutants of Flp are cleavage competent but ligation defective, accumulating covalent Flp—~DNA complexes umdeomtimetion conditions; some
form Holliday junctions with a covalent Flp at one site or may resolve Holliday junctions without ligation and some canlj2éiRdtsite transfer. The R308K
mutant is also cleavage deficient, except on 1/2FRT sites. Complementation experiments reveal that the ligation ansfetrfamd ticms can be rescued by adding
FIpY343F (124,136,137,143,146,147,150).

b This mutant displays increased binding affinity for core- and possibly arm-type sites and acts as a second site rexatahirfation-deficient mutants P243L
and T270I (see d).

CThis two amino acid insertion mutant, known as Cre111, recombines at a much slower rate than wt Cre and alters thdittfamegi€atcombination products
due to trapping of supercoils during synapses (142).

dDefective Int mutants that are rescued in their activity (to ‘++') by a second mutation, E218K (127).

€These Cre and Flp mutants are located within regions that cannot be aligned withttkequence.

fThese four amino acid changes plus N99R Int lead to a core binding specificity switch franto HK022.

9Flp mutants deficient for DNA bending (type Il bend) and recombination. Among these, Flp G328E can resolve syntheticuHdliliofesyif the presence of Flp
Y343F (P.Sadowski, unpublished observation).

hCleavage-deficient Flp mutants can stimulate ligaitiocis on nicked ‘activated’ substrates with'aP,—Tyr at the nick (137,148).

iThese two mutants show increased cleavage and/or topoisomerase activity (126).

kPer cent recombination and +' symbols are used throughout the table. They represent exact numbers and relative effieletiveis as described in the quoted
references.
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Figure 3. Two views of a diagram of thelnt c170 crystal structure with conserved buried hydrophobic residues highlighted in yellow, the conserved triad R-H-R
in dark blue and the tyrosine nucleophile in red (as in Fig. 1).

other. It appears that most recombinases resemble in size anight reach into the catalytic pocket of another protomer bound to
primary structure one of the four proteins that have been crystallizexdifferent DNA site, leading to cleavaigetrans
The two integrases derived from organisms that thrive at high On the other hand, Y315 of HP1 Int, Y279 of XerD and Y324
temperaturesSulfolobusphage Ssvl and SFi21 phageSoepto-  of Cre all sit in aro-helix with a relatively fixed position. The
coccus thermophilydack most of this region, although they bothtyrosine points toward the defined active site cleft of the same
carry the patch lll sequence precedidgelix E. The Ints of pSE211 protomer in HP1 and Cre, consistent with cleavagss. In the
and pSE101 carry two inserts, the first is large (58 and 66 aminxterD crystal the tyrosine appears to be buried, which suggests an
acids), just upstream Bfsheet 4 and rich in proline/glycine and theinactive conformation in the absence of the partner recombinase
second is small, following or extendioghelix D. All integron Ints  XerC and DNA. When it cleaves, XerD, like its partner
also carry large inserts, located on both sides of patch Ill. Thecombinase XerC, has been shown taracts (49,132). It is
significance of these changes are not yet known, although théiteresting that XerD-mediated cleavage depends on the structure
surface location away from the active site speaks against diraitits substratepsisites are readily cleaved, whereassites are
involvement in the cleavage and ligation functions. not, despite stable complex formation with either substta®.(
Second, the structures determined from crystals lot c170, Variations in the sequence and spacing of conserved motifs of
HPC, XerD and Cre reveal fundamental differences in the region tife eukaryotic recombinases, in comparison with the prokaryotic
the catalytically active tyrosine. This is important because of the twecombinases, constitute the third type of changes mentioned
distinctive modes of DNA cleavaga,cis or in trans observed in  above. In theory the sequences of the eukaryotic recombinases
different systems and under different conditioisscleavage occurs can be threaded into the tertiary fold\diht or a related protein
when the tyrosine nucleophile attacks the DNA site bound by tref known structure, but several unique features of the eukaryotic
same protometranscleavage is accomplished when the tyrosine ofequences are suggestive of a significantly different structure
one protomer cleaves a DNA strand that is bound and activated (ig. 2). An attempt to map the six eukaryotic sequences onto an
the R-H-R triad of a neighboring protomér2@). Somein vitro  evolutionary tree of prokaryotic sequences was not successful
complementation tests suggested that Cre of phage P1 might cleghd). Nonetheless, a recent theoretical model of the yeast Flp
in trans(129). However, the structure of the co-crystal clearly showgrotein has a fold that is generally consistent with existing
the tyrosine incis mode B). AlthoughA Int has been shown to structures of prokaryotic recombinas&84135). The best fit of
cleave in cis during Holliday junction resolution and suicide this model structure with the actual crystal structures was found
substrate cleavag&ans cleavage has also been suggested in within the region of box | and beyond to encomgasheet 3.

different experimental context $0,131). Because Y342 of Int is In the Flp-type recombinases differences in the spacing between
located next to a flexible loop, it could be delivered into the catalyticonserved motifs, one to the left of box | and the other within box
Arg-His-Arg cleft in either ais or atransconfiguration ). When I, hint at a functional difference in comparison with the

the loop bends backward toward the protein core the catalyfirokaryotic recombinases. The Flp recombinase cleaves its target
tyrosine is very close to the highly conserved triad Arg-His-Arg oitesin transand this mode of function might require an increase
the same protomer (cleavageis), whereas the tyrosine is located in the length of the segment corresponding to box Il, as was
17 A removed from each of the two conserved arginines and 23pkoposed by Blakely and Sherratf). This difference in spacing
from the histidine of the same molecule when the loop is stretch&imost evident when aligning Int G332 with Flp G228. Whereas
out. In this more extended conformation the active site tyrosirtbe distance between this glycine (at the erwdoélix G) and the
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conserved tyrosine is found to be nine or 10 residues in all Permissive sequence changes include a set of four mutations of
prokaryotic proteins, it is longer in all yeast proteins, varying\ Int, located on the outer surfacesiefielices E and F, that (in
between 14 and 17 residues. Interestingly, there is a proteasenjunction with a fifth change, N99D) cause a switch of binding
sensitive site in Flp between R340 and the active site Y343pecificity from theA-type to the HKO022-type recognition
supporting the notion of an extended easily accessiblel@@p ( sequence for core DNA of attachment sité89. Another
This is not unlike the protease-sensitive site observedlini  mutation on the surface afhelix E (R293Q) is deficient in core
within the disordered loop that spans this regign ( binding and isolated cleavage reactions, but retains some
The yeast recombinases also display some critical sequertdelliday junction resolution anéh vivo recombination activity
changes in comparison with prokaryotic proteins. Two moti{126). Most other permissive point mutations involve substitutions
changes lie within the most conserved regions, box | (at coordinatafs residues with similar character (same exchange group) or
209-212) and box Il (at coordinates 330-333): the prokaryotic barsidues located at positions away from the active site or within a
I motif ‘TGXR’ appears as ‘NCCR'’ and the prokaryotic box Il motif connecting loop. However, one well-tolerated mutation was quite
‘LLGH' or ‘LLGW' is shifted and reads ‘[LVSP]-[YFLV]-GNW'.  unexpected and surprising: The highly conserved acidic residue
Whereas all reported mutations of the box | sequence in Flp caudese to the first ‘trademark’ arginine, Asp194 in Flp, could be
a recombination defect, several box Il mutants retain full (N329Hnutated to a tyrosine with impunity, whereas a change to a glycine
or partial activity (N329D) 136137). It is possible that the or asparagine was detrimentdl4G H. Friesen, PhD thesis,
tryphophan following N329 in all yeast recombinases is th&niversity of Toronto, Canada, 1992).Arint this Asp215 forms
functional equivalent of W315 of Cre, as was first suggested by Gaowater-mediated interaction with Arg212).(
et al. (5). Additional differences are prominent within the newly Mutations with a defective phenotype fall into four categories.
identified patches that show sequence conservation in prokaryofit Mutations that change the catalytic tyrosine prevent cleavage;
proteins. The yeast recombinases only share the right half iofFlp these recombination-deficient mutants have been shown to
prokaryotic patch | (EEV - - LL), with the slightly modified catalyze ligatiorin cison nicked ‘activated’ substrates carrying
consensus ESI - - FV. Within patch Il only the ‘TKT' of the a phosphotyrosine bond37, 148). (i) Mutations that affect the
eukaryotic sequences aligns well with prokaryotic sequences. Thgdrophobic and other core residues disturb the tertiary fold (in
yeast proteins have three strings in tandem that poorly fit the patthint M220K, 1242N, T270l, S274F, P304L and P303).;
[l motif (HIYFFS<5>DPLVYLD<5>EPYPKS); however, only the (i) Mutations that alter the H-R-H triad fall into two subgroups:
third string fits the location of this sequence patch in prokaryotisrhereas some of these mutants with a change from one exchange
proteins, while the first lies in patch Il, overlapping watsheet 3.  group to anotherl(04) are deficient for all functions, the ‘step-arrest’
mutants of Flp, including Arg191Lys, His305L@ro and
. . . . Arg308Lys, can bind to the target site and promote cleavage, but
Mutational analysis of Int family recombinases are ligation deficienti(24,136,137,143146,147,150). (iv) There
e some mutants for which the defect is not readily understood,

Whereas the loss of function associated with mutating the catal . . . .
d ince they do not alter residues involved with catalysis and would

tyrosine has often been used to establish Int family membership,S X ; , 4 .
more detailed analysis of point mutations has been performed wijfft P& ‘Predicted’ to have a large structural effect: they include
only a few proteins, including the Ints of phages(7,126 [a199Val in P2 Int, Met290lle iA Int and GIy288_VgI in Cre.
127,130131,138-140 and P2 (J.Eriksson and E.Haggard, We noted aboye that the two consewed h|§t|d|nes |n_box I
personal communication), Cre of F1103141,142), Flp and the (H308 and H333 in Int) are symmetrically positioned on either

| ; R4125136137143-150 Tabled).  Side of the two conserved arginines (R212 and R311). It is
related yeast recombinasef2, 125136137, G Tabled) nigresting that the two recombinases that substitute H333 with a

Mutations are labeled by residue changes and numbers refernnd“:1 idue other than tryptophan, namely arginine in Ssvi and

the recombinase that was mutated. For the purposes of locating tate in 0C2A. both bel to Arch d ber of
mutant positions in the alignment of Figlthe analogous positions 2SParate In p.2A, both belong fo Archaea and carry a number o
nique substitutions at other conserved positions, particularly in

f theA Int d thei ti d truct ; i .
Ol heA 't sequence and T FESpEcive secondary Stuctres € box Il region, e.g. the first conserved histidine (H308) is

given as coordinates (Tablefirst 3 columns). In addition to point g
mutations, one C-terminal deletion and three small insertio?epIaCEd by a lysine in Ssv1, perhaps as a compensatory change

mutations were included in the compilation. A two residue insertio he_ Ssvl sequence is more d|ve_rgent from thos_e of other Int
in Cre, located on the loop precedifigheet 1, had wild-type a}mlly recomblnases.throughout its length and it maps most
activity. Two four residue insertions in Flp, one lining up withdiStantly on an evolutionary treg1j.
B-sheet 1, the other witithelix E, abolish DNA binding as well as
recombination. Related proteins

Larger insertions and deletions of XerD have been analyzed in
great detail and are presented elsewhgsé;Sherratt and Hayes, A few protein sequences in the databanks that were ascribed to the
personal communication). The only truncated recombinase tHat family of recombinases could not be fitted into our alignments
retains some activity is\ Int W350ter; it is defective for (Table3). These include the Ints of corynephage AAWER29 and
recombination, but resolves Holliday junctions and has increaség virus FV3 (12-114), as well as the immunoglobulikJ
topoisomerase activity 26). This is a surprising result, because therecombination signal protein (RBR}Jfrom human, mouse,
truncation removel-sheet 7, which in the Int c170 crystal structureXenopusDrosophilaand yeasti(17-119). The latter proteins have
is firmly anchored to the rest of the protei (n crystal structures the triad R-H-Y (reversed H-R-Y motif) with the correct spacing
of HPC and Cre two C-terminal-helices of adjacent protomers near their C-terminus, but they lack the internal arginine and other
form an extensive dimer interfacg,§). AlthoughA Int lacks a conserved sequence patches. They were recently identified as
segment corresponding to these C-terminal helices, adjacent parttrafiscription factorslG2). Although the eukaryotic RAG | proteins
its structure could also participate in protein-protein interactions. show some homology with Fim B/E, with good alignment of the
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conserved R-H-R, the best fit is with non-conservedues of the  generalize the involvement of specific residues and/or certain
Int family recombinasesl{5116). In addition, RAG | proteins regions of these recombinases in particular functions. These include
have no correctly spaced tyrosine in the region equivalent to boatalysis, DNA binding, binding specificity and protein—protein
II. Instead, a serine aligns with the tyrosine of Flp, the significandeteractions to ensure correct multimerization in an active
of which is questionable. recombination complex. Strong protein—protein interfaces have
We have included the very late transcription factor VIf-1 ofoeen identified at the extreme C-termini of HPC, XerD and Cre.
baculovirusAutographa californican our alignment, although no Catalytic activity is likely to depend not only on the presence of the
recombination function is known for this prote#i7(153). VI-1  ‘signature’ tetrad R-H-R-Y, but in additon on the following
transactivates the polyhedrin gepelh, required for occluded virus conserved residues that appear to comprise the catalytic pocket:
formation (polyhedrosis). The fit with the Int family of recombi- D215, which forms a water bridge with R212; K235, that, in Cre,
nases, first recognized by McLachlin and Mill€r), is exceptional-  is shown to make a direct contact with DNA adjacent to the site of
ly good, suggesting a secondary recombination function for VI=IDNA nicking (5); H333 (W313 in Cre). In the structures of HPC and
This is very exciting because the insect baculovirus is evolutionariierD two additional highly conserved histidines, not presentrin
very distant from the bacteriophage. It is noteworthy that anothend Cre, are located near the arginine and tyrosine of the box II
member of the Int family, the resD protein of &mcherichia coli  motif, within the enzyme active site. These are also present in FIp;
miniF plasmid, also has two independent functions, one as rautations at either of these two positions render Flp inactive.
repressor of transcription in tiwei-1 region and the other as a  AlthoughA Int ¢170 has catalytic activity, it does not bind tightly
site-specific resolvasé $4). to the core sequence of the phage attachment site by itself. A critical
Some prokaryotic proteins, an IS1 transposase (I)s#®l the  component of the core binding domain resides in the region
restriction enzymé&cdRll, may be distantly related to the Int family immediately N-terminal of residue 170)( Similarly, some core
of recombinases, although not necessarily through evolutionapNA binding properties have been assigned to the analogous
divergence from a common ancestor (Tahl®leither show agood N-terminal domains of XerD and Cré,%). However, the catalytic
fit for box I, but both carry some or all of the conserved box Idomain undoubtedly contributes to DNA binding and/or binding
residues oh Int (Fig. 2). The spacing between H308 and Y342 isspecificity. The five shortest proteins, FimB, FimE, Mrpl, pCL1 and
shorter than that observed in any of the Int family members propgbu1, which lack upstream (N-terminal) and downstream (C-ter-
namely 30 and 26 amino acids in the C-termini of INsABd  minal) sequences, nevertheless recognize and bind DNA to carry out
EcdRIl respectively {55-157). In contrast, the Int family spacing their respective recombination fuions. Two other recombinases
varies between 33 and 37 in prokaryotic and between 37 and 4Qjfth very short upstream N-terminal sequences, ResD of F factor
eukaryotic recombinases. Phage 21 Int is the single exception, Wifid TnpA ofWeeksellacarry a small insert between patch 1l and
the shortest box Il sequence of 31 amino acids. IhalB carries  g-helix E, similar to Cre (FiglB). The DNA-Cre co-crystal
the internal motif of box Il, VIGH, separated from the tyrosine byteveals two-sheets in this region that make extensive specific
six amino acids (compared with eight or nine in prokaryotic INbNA contacts at the periphery of the complgk (
family members). Interestingly, mutational analysis of the H-R-Y Three lines of evidence point ta-helix E as a site of
triad in INsAB revealed that its transposase activity depends on albquence-specific DNA recognition within the catalytic domain:
three conserved residuesS(). Similarly, a Y308F mutation in (i) R259 of Cre, located at the beginningreffielix K (equivalent to
EcdRll abolishes its cleavage functiarb(). EccRIl belongs to the G283 ina-helix E of A Int) forms two specific hydrogen bond
type lle enzymes that require two recognition sites for their functiogteractions with a guanine at the center of the core recognition
(159). It may be noteworthy that another type lle enzyme, thgequences of lox sites, seven bases removed from the cleavage site
endonucleaséNad, carrying a single point mutation (L43K), (5)- (ii) three of the five ‘core specificity mutants of Int,
displayed sequence-specific DNA topoisomerase and recombingsgponsible for a switch of DNA recognition from\@ype to an
activities (L59). However, théNad sequence could not be aligned K p22-type sequence, are located at the beginninghefix E and
with sequences of Int family members. ) ) these three surface residues, S282P, G283K and R287K, are in
The ‘D-E-A-D box’ subfamily of eukaryotic RNA helicases positions overlapping the DNA binding interface of the Cre protein;
(four members are shown as representatives for this large fam|8ﬁ;) the exact same positions of the equivatetielix J in XerC and
Table3 and Fig2) show substantial overall similarities to the Int xerp have been implicated in their respective binding specificities
family recombinases, especially in boxes 1 and II, with absolutgyy These authors pointed out a structural similarity of this region
conservation of the two arginines (R212 and R3ILinf). A 15 the DNA binding domain d.coli CAP protein. In addition to
particularly striking alignment with the baculovirus transcriptionsequence homology, there is a tertiary structure similarity between
factor VIf-1 had previously been shown by McLachlin and Millerye nejix—tum-helix motif of CAP and two separated helices of the
(47). However, even within boxes | and Il there are some critic@ly sialiized recombinases, eghelix G anda-helix J in XerD
substitutions of highly conserved amino acids in individualy helix C anda-helix E in A Int). A helix—tun—helix fold
members of this helicase subfamily (Fy. In other words, the  comprised of two non-adjacent helices has also been reported for

most conserved residues in members of the Int family are nghqyonyclease Fokl (160). It is notable thelix E is exceptionally
particularly conserved in members of this helicase family (excepy, in pasic residues, although their positions are not strictly

for the two Arg). conserved. Positively charged residues occur preferentially at the six
positions on the hydrophilic surface of this amphipathic helix

Structure—function re|ationships (le 26, 43, 53, 36, 24 and 37% at pOSitionS 283, 287, 290, 291, 294
and 295 respectively).

The sequence alignment presented here is based upon the crystial summary, several new sequence motifs have been identified in

structures of four Int family members. In conjunction withthe catalytic domains of Int family site-specific DNA recombinases.

biochemical analyses of mutated proteins, they allow us ®he crystal structures of four Int family members show that these
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conserved patches include groups of buried residues, which defg#e Clark,C.A., Beltrame,J. and Manning,P.A. (19G&ne 107, 43-52.

the common fold of these proteins and residues clustered in affd g;’;‘;sfgé%-sF-' Mullin,D.A. and Walker,J.R. (1980)Bacteriol, 171,
around the enzyme active site. Pronounced differences in t9e 1 ramatsu.s. and Mizuno T, (1990pl. Gen. Genet220, 325-328.

sequences and structures are present in the C-terminal regig#), cheetham,B.F., Tattersall,D.B., Bloomfield,G.A., Rood,J.I. and Kata,M.E.
forming subunit interactions during synapsis, and in segments (1995)Gene 162 53-58.

flanking the catalytic tyrosine nucleophile. Differences in the? Sﬁ:ﬁganbs-gﬁ ;gciir IiclgggaNJ-i ((11%%?%26321” é711~74;2i§‘—1§24113;55
position of the Catalytlc tyrosine ar.]d. the. surround_lng secpnd van de (gS'uchte,M., Daly,C.: Fitzgerald,G.F. and A’rendt,E.K. (1804)
structure may underlie the mechanistic differences in proteins that gpyiron. Microbiol 60, 2324—2329.

cleave DNAIn cisorin trans An additional complexity is present 30 Boyce,J.D., Davidson,B.E. and Hillier,A.J. (198)pl. Environ.

in the N-terminal segment of some Int family recombinases, in a Microbiol., 61, 4099-4104.

region not covered by our sequence alignments. Some Int family fzremiux’c-' De Antoni,G.L., Raya,R.R. and Klaenhammer,T.R. (G@98)
membe'r's hgve a sec;ond N-tgrminal DNA binding domain that bing§ Dfpgn;ﬁ?'Boizet_Bonhoure’B.’ Coddeville,., Auvray,D. and

to specific sites flanking the site of DNA cleavage and thereby assists Ritzenthaler,P. (1995). Bacteriol, 177, 586-595.

in DNA strand exchange. It is not known whether this N-terminad3 Kodaira,K.I., Oki,M., Kakikawa,M., Watanabe,N., Hirakawa,M.,
DNA binding domain directly contacts the C-terminal catalytic =~ YamadaK. and Taketo,A. (199@ene 187, 45-53.

domain, but we might expect such an interacting surface to Lee,M.H., Pascopella,L., Jacobs,W.R.,Jr and Hatfull,G.F. (F36&) Natl.

. : Acad. Sci. US/88, 3111-3115.
located on the unconserved face of the catalytic domain, away fro asun G k. aﬁg&Sarkis,G_J_ (199@pl. Microbiol., 7, 395-405.

the active site. The sequence alignments of the catalytic domaigs Haeseleer,R., Pollet,J.F., Bollen,A. and Jacobs,P. (Mee®ic Acids Res
presented here will help guide and interpret future biochemical 20, 1420.

ana|yses of the Int family of recombinases. 37 Maniloff,J., Kampo,G.J. and Dascher,C.C. (199dhe 141, 1-8.
38 Tojo,N., Sanmiya,K., Sugawara,H., Inouye,S. and Komano,T. (1996)

J. Bacteriol, 178 4004—4011.
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