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Supplemental Methods

Int>SV Structure Determination. Int>Y

was cloned into pDEST14 (Invitrogen) as previously
described (8), yielding the expression vector pEXP14-Int>®". Internal forward and reverse primers
were GTGATGGTGATGGTGATGATGACGAAAGATAAGAC and
CAAGAAAGCTGGGTCCTAGACCCCTTTTAGCCATT, respectively. External primers were
reported previously (11), as was the protein expression protocol with the following modifications
(10). Lysis buffer was 20 mM Tris, 1M NaCl, 10 mM imidazole, pH 8.0, the Ni-NTA wash buffer
was 20 mM Tris, 1 M NaCl, 20 mM imidizole, pH 8.0, Ni-NTA elution buffer was 10 mM Tris (pH
8.0), 300 mM NaCl and 200 mM imidizole, and size exclusion chromatography buffer was 10 mM
Tris (pH 8.0), 20mM NaPO4and 300 mM NaCl. Purified D335 was dialyazed against 10 mM Tris
(pH 8.0), 150 mM NaCl, 5SmM NaPO, and concentrated to 10 mg/ml. The protein was crystallized
by hanging drop vapour-diffusion at 22 °C using 2 pl of SSV™ and 2pl of well solution (15-20%
PEG 3350, 0-1% Tryptone, and 0.1 M HEPES at pH 7.0). Crystals up to 0.20 x 0.20 x 0.05 mm in
size were obtained in 7-10 days time. Native and a three-wavelength anomalous diffraction dataset
centered on the Se-K edge were collected at the Stanford Synchrotron Radiation Laboratory
(beamline 9-2). Data were processed in space group P6522 with HKL2000 (14). Crystal parameters,
data and model quality are presented in Supplemental Tables 1 and 2. PHENIX (1) was used to
identify the selenium atom substructure and to calculate initial phases. The structure was completed
with ARP/WARP (9), Coot (6) REFMACS (12, 15) and Molprobity (4), and deposited in the
Protein Data Bank (3UXU). Figures were generated with PYMOL (5)



Supplemental Tables

Supplemental Table 1.
Data collection

Data Set Se-Edge Se-Peak Se-Remote

Wavelength (A) 0.97939 0.97891 0.91837

Space Group P6522

Cell Constants (a,b,c; A) 7424, 7424, 176.10

a=90, f=90, y =120°

Resolution Range® (A) 50-3.2 50-2.8 50-3.1

(3.31-3.2)  (2.91-2.80) (3.21-3.1)

Unique Reflections® 5,162 7,561 5,662

Average Redundancy® 10.1(10.5)  20.1(21.2) 10.1(10.2)
I/c* 39.7(5.3) 39.3(10.2) 45.6(6.7)

Completeness (%) (99.6) 98.1(99.7) 99.5 (100)

Ryym™ (%) 6.0 (38.5) 8.8 (31.3) 5.1 (30.0)

*Numbers in parenthesis refer to the highest resolution shell.

Native
0.84917

73.96, 73.96, 176.25

50-2.7
(2.75-2.70)

8,414
13.5(13.5)
58.3(6.5)

99.9(100)
43 (31.5)

bRsym:100”‘Zthi|L(h)-<I(h)>|/ 2.I(h) where Ii(h) is the i™ measurement of reflection h and <I(h)> is the average

value of the reflection intensity.

Supplemental Table 2.
Model Refinement

Ruon” (%) (;2:(1))
Reee” (%) )
Real Space CC* (%) 95.9
Mean B Value (overall; A?) 24.9
Coor.dinate Errgr (based on 0.177
maximum likelihood, A)

RMSD from ideality:

Bonds (A) 0.016
Angles (°) 1.445
Ramachandran Plot*:

Most Favored (%) 98.1
Additional Allowed (%) 1.9
PDB Accession Code 3UXU

“Ruork = Z||Fo|-F¢||/ZF,| where F, and F. are the
observed and calculated structure factor
amplitudes used in refinement. Ry, is calculated
as Ry, but using the "test" set of structure
factor amplitudes that were withheld from
refinement (4.9%).

dCorrelation coefficient (CC) is agreement
between the model and 2mF,-DF, electron
density map.

“Calculated using Molprobity (4)
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Supplemental Figure 1. Thermostability of full-length Int>*". The thermostability of freshly

purified full length Int>*Y was examined using differential scanning fluorometry (13). In the
absence of reducing agent (open circles), the inflection point of the fluorescent melt curve indicates
a Ty, of 82 °C, while in 100 mM DTT (closed circles) this fell to 73 °C, a ATy, of 9 °C by
differential scanning fluorometry. Because they are the only cysteines in the full length Int
protein, the difference in thermostability is probably due to the disulfide bond between Cys227 and
Cys232. Introducing IntSSV-like disulfide bonds at equivalent positions in other tyrosine
recombinases could increase their stability and thus enhance their many applications in biotech.
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Supplemental Figure 2. A) Int>" superpositioned on HP1. The orientation is identical to that in
Figure 1. Int>SY is shown as a C,-trace in blue and HP1 as a C,-trace in red, except for HP1 helix
08, which is highlighted in black. The catalytic tyrosine residues [Int>>" Tyr314 (blue), HP1
Tyr315 (black)] are also shown, and fall on different faces of the domain. The C,-C,distance
between the tyrosines is 25 A. B) Int>>" superpositioned on Flp. Int>®" is in blue and Flp in red.
The nucleophilic tyrosine residues (Int>*Y TYR314 and Flp PTR343), which in the Flp structure is
was caputured as a phosphotyrosine intermediate (3), fall on the same face of the domain with the

Cq-Codistance falling to 8 A.
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gi] 9625521 IYIPTLEEIKRTLQLA-KDYSENVYFIYRIALESGVRLSEILKVLKE--PERDICGN-—-=~-==—————-———— DVCYYPL-SW
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gil270281826 LRVPTLEEVRKTLSTV-KEY-PNLYLFYRLLLESGSRESEALKVLSEYNSQNEMQEV-=-—=—————————————— GFSIYIL-NW
gi|42495064 LKVPTLEEVRETLDKV-KQY-PSLYLLYRLLLESGSRLREALKLLNNYNPQONEIRGD-————————————————— GFSIYVL-NW
gi 38639805 LRVPTLEEVRKTLSTV-KEY-PNLYLFYRLLLESGSRESEALKVLNDYNPQNEIREE-————————————————— GFSIYIL-NW
gi|160688429 LRVPTLEEVKRTLEVV-KSN-YSLYLLYRLLLESGSRESEALKVLNDYNPQNEMQEV-————————————————— GFSIYIL-NW
gi|284175298 LKVPTLEEVRQTLDAV-KQY-PTLHTFYRLLLESGAREIEALKVLNEYNPENEIREE--———————————————— GFSVYVL-NW
gil169658270 LRVPTLEEVKRTLEVV-KSN-YSLYLLYRLLLESGSRESEALRVLNNYDPQNEIKEE-————————————————— GFSIYIL-NW
gi|270281793 LRVPSEAEIKEWLTKV-KGT--KVELLFKLLLESGIRLTEAVKLVNEYDPKNETIES-————————————————— SYYIYTM-NW
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gi|227830706 TYVPTDAEVLKLRDSL----PPMYTDVYNILVCTGLRLTEALYLLNNKDKLRVVDLG-—=-——=—==——-— Q----IVRIHL-DL
gi|14591023 QVFITDEELRNAYFELIKKWDFRAELLLKVLIFSGVRLTQAVAFLTSLDHSNFYVVN-—=—-—————————— E---KVVRYPAMAF
gi|57640008 QVFISNEELREAYIELTKHYGKEAEVLFKLLAFTGLRLKHIVKMLNTYDPQKLVIVN-————————————— E---KVARYPMAEH
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A | 1AE9 | RSRLTADEYLKIYQAA-ESSPCWLRLAMELAVVTGQORVGDLCEM=~K==-WSDIVD===============——————— GYLYV-EQ
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Supplemental Figure 3. Sequence alignment for the Int>" catalytic domains (3 pages). The

secondary structural elements in Int®" are depicted above the sequence of the Int>>". A BLAST
search (2) seeded with Int**" identified 43 additional Int>*"-like sequences that were subsequently
aligned with ClustalW (7, 16). Below these, ungapped structure based sequence alignments with
selected tyrosine recombinase structures (HP1, Flp, Intl, A-integrase and Cre) are also presented.
The Clustal W alignment of the 44 Int>"-like sequences identified only 6 invariant residues, each
of which fell within the catalytic domain. The strictly conserved residues are Gly209, Arg211
(Argl), Lys243, Arg281 (Argll), the catalytic tyrosine (Tyr314), and Tyr325, each of which is in
blue. Additional active sites residues [Arg240 (Lysp), Lys278 (HisII) and Arg304 (His/Trp)] are
shown in green, and the cysteine pair forming a putative disulfide bond in yellow. Seventeen of the
44 Int>SV-like sequences contain Cys at position 232. When Cys232 is present, a preceding cysteine
by 5, 7 or 22 residues is also found. In contrast, when Cys232 is absent, so too is the preceding
cysteine. Thus, while the cysteine residues are not strictly conserved, their presence is strictly
correlated and consistent with a role in disulfide enhanced thermostability.
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TRGYKGVFYVFHITPL----K---RVEVTKWAIA----—————-— DFERRHKDAIAIKYFRKFVASKMAELSVPLDIIDFIQGRK
TRGYKGVFYVFHITPL----K--—RVEVTKWAIA-—————————— DFERRHKDAIAIKYFRKFVASKMAELSVPLDIIDFIQGRK
SRGYKGSFYLFHVTPL----Q---RISITRSAIA-—-————————- DFERR-TDAIAIKYFRKFVASKMAELGISLDVIDFIQGRK
TRGOKSVFYVFHLTPL----R---KIDITQWAIS-—---—-———-—--— DFERRNDEAIPIKYIRKFVATELAGLGINFDIIDFIQGRK
ORGYKGVFYVFHLTPL----R---KVDITQWAIS-——---—--——---— DFERRNKDAVAIKYVRKFVASKMAEIGIPLDVIDFIQGRK
ORGYKGVFYVFHLTPL----R-—-KVDITQWAIS-—————————-— DFERRNKDAIAIKYMRKFVASKMAELGVPLDVIDFIQGRK
ORGYKGVFYIFHITPL----R---QISITESAIQ-—-——--——-—-—--— DFERRRKNAIRIKYFRKFVASKMAELGIPLDVIDFIQGRK
IRGSKGSFYVFHFSPL----R---KVTIGEGAIA--——————-——— GFERRRDGAVAIKYVRKFVASKMAELGIPLDVIDFIQGRK
TRGYKGVFYVFHITPL----K---RIEITRHAIQ------—----— DFEKRRKEAIPIKYFRKFVATKMAELGIPLDVIDFIQGRK
IRGSKGSFYVFHFSPL----R---KVTIGEGAIA-—————————— GFERRRDGAVAIKYVRKFVASKMAELGIPLDVIDFIQGRK
ERGFKRSFYIFHITQL----K-—-KIDITQWAVS-—————————— DFEKR-YDVVKIKYIRKFVATKMAELGIQLDIIDFIQGRK
ORGSKRVFYVFHISKL----E---KQONITYNYAK-—————————- KLFHE-LDI-APKYIRKFTATKMLELGIPSEVVDFLEGRT
ORGSKRVFYVFHVSPL----Q---RONITYNYAK-—-—-—-—————-—— KIMHE-LDI-APKYIRKFTATKMLELNIPGEIVDFIEGRT
ORGSKRVFYVFHVSPL----Q---RONITYNYAK-—-—-————-——— KIMHE-LDI-APKYIRKFTATKMLELNIPGEIVDFIEGRT
SRGSKRVFYVFHVSPL----Q---RQSITYNYAK-—————————— KIMHE-LDI-APKYIRKFTATKMLELNIPGEIVDFIEGRT
SEKPCEWIYISLETTEMIQKIVGKRISRONVW-—=====——-— RYAKR-HGLIAPKYMRKVAWRLMV-KAMNREVARFIQSRL
KDIAKPCEWVYFSLNTLRLLEKYRGSRISRRVVE-—————————— KFVRG-HGLLAPKYMRKASWRLMI-QVMPREVARFIQSRF
TRGOKKSFYLFHVTEL----K---QIKISKAYVD-—-—--—————-— KYVKK-LNLTPPKYIRKFTATKMLELGIPSEVVDFIQGRT
TRGOKKSFYLFHITEL----K--—-AEKVTEGQIT--————————-— SAVRR-LNLVPPKYIRKFVATKLFELGVSSEVVDFLEGRT
TRGOKKSFYIFHVTEL----K---QIKISKAYVD-—————=———- KYVRR-LNLVPPKYIRKFFATKALELGIPSEVVDFLEGRT
TRGOKKSFYLFHVTEL----K---QIKISKAYID----—-———-—--— KYVKK-LSLVPPKYIRKFVATQMLSLSIPSEVVNFIQGRT
TRGOKKSFYLFHITEL----K---QIRISKAYVD-—-—--——————— KYVKK-LNLVPPKYFRKFVATQMLSLGIPSEIVDFIEGRT
TRGOKKSFYIFHVIEL----K--—QIKISKPYVD-—————————-— KYVKK-LNLVPPKYIRKFFATKALELGIPSEIVDFLEGRT
SRGSKRVFYVFHVTPL----Q---KLQITYNYAK--————————- KLFHE-LKI-DPKYVRKFVATKCLELNIPAEVVDFLEGRT
IRKSKKSFYAFHITPL----Q---KTYITESIID-----—-—---—— HT----DLPVKPKFIRKFVATKMLELGIPSEVVDFFQGRT
KSKKSFYAFHVTPL----K---KTYITENIVD-—---—-———-—-— HA----NLPVRPKFIRKFVATKMLELGIPSEVVDFFQGRT
IRKSKKSFYAFHITPL----Q---KTYITESIID-—-————-——-—- HT----DLPVKPKFIRKFVATKMLELGIPSEVVDFFQGRT
IRKSKKSFYAFHITPL----Q---KTYITESIID---—-—--—--—- HT----DLPVKPKFIRKFVATKMLELGIPSEVVDFFQGRT
KSKNALVCYLPKSVFQSLK---PLHVHEDTVQ----————-—-— KAFC--DSGLCEKYLRKWFNQKVRQTVKDRDLAEFLEGRI
SKGHKRAFWIYLPKDFAESLQ---RIDISYHEAR-—————-————- RRTN--FGRVSANTIRKWHYTFLLKNKVPGEVADFIQG
GKGTKRAFWAYMPADFARSLE---RMSITYFQAQ-—————————— PRTT--YKRVSASTVRKWFSTFLAQRKVSMEVIDFIQG
DRGSKKSYYAYLPLEFSNE-LR--RMELDEDAVS-—-—-=—=-—-——— QYFA--KKGLPAKYLRKWNYNFLILNGVPESVADFIQGI
TKGKKKAFWAYGPRDFFEELE---PQEVKYNTAK-———————-——— DLVS--YGRVSANTLRKWHYTFLIRQGVPADVADFIQG
KTKMANYAFMPGWLGRRFR---KMDTTYYRIQ----————-—--— AYAV--KRGVKLKYLRKWLINKLVEFGVPESVVKFIIGHS
TMGHKEGFWIYMPTWLAKKIR---RMKLSEETVKTKKIT----- YKAKS--GRLVTSKYIRKWFNNVLADFEKDKDVRSFIMGRP
SKGKKRAFWAYGPREFFEELE---PWEVKYNTAK-—————————— DLVS--YGRVSANTIRKWHYTFLIRQGVPADIADFIQG
SKGKKKAFWAYGPRDFFERLE---PLEVKYNTAK-———————-——— DLVA--FGKVSANSIRKWHYTFLIQKGMPSEIADFIQG
GTKASLYIYMPAELVNEIK---PVKIKEATIR--—-—-—-—-—-——-- KRLE--YGRVNASTIRKWHATFLSMQGIKDHVINYIQS
KTKOAFVCFCSRELADAIHEM-NEPISYNIAE-—-—-—————-— NVGK--RQRILYNGIRKWWYTTALDVGMDSNVADFLQG
OKGOKKAFYAYLPRDFALTELE--QLPLDYEHVKNRLRVKLRSVRNTEK--SVQFS VREWFATFLARKGCPFEVINFIQG
SKGOKRGYFAYMPLEFAREELR--RVKISYRDYT--—==—=—-——— ERAR--YKRVSANTIRKWHYNFMIENDVPESVADFIQGRK
SRGKKRGFWAYAPVELFEKIMSIGRQNINYKTAQ---—-——-————- DWVT--YGKVSANTIRKWHYTFMIRQGVPAEIADFIQG
GKGFKRAYWAYMPIRFVSE-LE--RTFIKYGTAK-——--————-—-— KAIY--YKRVSAHLSIRKWHLNFMIENGVPESVADFIQG
KSKNALVCYLPKSVFESLK---PLKAHKDTVS-———————-——— DVFC--DSGLCEKYLRKWFNQKVRQVVKDRDLAEFLEGRI
TK-SKKNRTVPISLFD----M---LFNDAYESFE-—--————-—--— NAVLRAEI--LTHVLRHTFASHFMMNGGNILVLKEILGHS
----SVSRHIYFFS-L----D---EFKDNLRSYN------—-——-— KALKKNAP--KSHIGRHLMTSFLSMKGLTE-LTNVVGNWS
GK-GGKNRTVTLALYP----H---LFPSNETVLQ-———————-——— KAVRRAQEAVTCHTLRHSFATHLLEVGADIRTVQEQLGHT
----GVKIAIPMKETL----D---IIASSSGTVS-—---—-—-———-— RYMRARKASPTFHELRSLSARLYEKQ-ISDKFAQHLLGHK
KTLVSTGVEKALSL--==-==--~ LFCRV-GIFE---—-———---— ATHRLIY--WSGHSARVGAARDMARAGVSIPEIMQOAGGWT
===l LIB3 | [ === FEEEEEEErod P ====== 0 I R 2= T Bl I Y e LR A N i

Supplemental Figure 3. Continued.
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Supplemental Figure 3. Concluded.
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