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binatton site as a dimer. The final 52 ammo H i n Recorn bi n ase Bound to D N A : acids the two chains (Fig. IA) are in- 
volved tn binding to a 26-bprecombtnatton 

The Origin of Specificity in Major stte ( F ~ ~ .  1 ~ )  built from two 12-bp imper- 
fect inverted repeats separated by a 2-bp 
core regton where DNA strand exchange and Minor Groove Interactions occurs (6-8). The a m m - t e m n a l  138- 
amino acid "catalytic" domain is positioned 

Jin-An Feng, Reid C. Johnson, Richard E. Dickerson* in part over the core nucleotides. Although 
the monomeric 52-amino acid peptide by 

The structure of the 52-amino acid DNA-binding domain of the prokaryotic Hin recom- itself can bind to a recombination half-site 
binase, complexed with a DNA recombination half-site, has been solved by x-ray crys- with low-to-moderate affinity (dissociation 
tallography at 2.3 angstrom resolution. The Hin domain consists of athree-a-helix bundle, constant Kd = cooperative interac- 
with the carboxyl-terminal helix inserted into the major groove of DNA, and two flanking tions between the amino-terminal domains 
extended polypeptide chains that contact bases in the minor groove. The overall structure of two intact Hin molecules are required for 
displays features resembling both a prototypical bacterial helix-turn-helix and the eukary- high-affinity binding (Kd - lop9) (8-10). 
otic homeodomain, and in many respects is an intermediate between these two DNA- A large body of footprinting, mutation, 
binding motifs. In addition, a new structural motif is seen: the six-amino acid carboxyl- and chemical derivatization data has indi- 
terminal peptide of the Hin domain runs along the minor groove at the edge of the cated features of Hin-DNA interaction 
recombination site, with the peptide backbone facing the floor of the groove and side chains which are distinctive to prokaryotic DNA- 
extending away toward the exterior. The x-ray structure provides an almost complete binding proteins (8-13). Specific binding 
explanation for DNA mutant binding studies in the Hin system and for DNA specificity requires both major groove interactions in- 
observed in the Hin-related family of DNA invertases. volving a helix-turn-helix (HTH) a-helix 

motif and minor groove interactions in- 
volving the sequence Gly139-Arg140-Pro141- 
Arg142. If residues 139 and 140 are deleted 

T h e  Hin recombinase catalyzes a DNA pecially informative in elucidating principles from the carboxyl-terminal domain, for ex- 
inversion reaction in the Salmonella chro- of protein-DNA recognition. ample, then sequence-specific binding to 
mosome. (1, 2). This site-specific recombi- Hin binds to each hixL and hixR recom- DNA is abolished. As Fig. 1A shows, these 
nation reaction controls the alternate ex- 
pression of two flagellin genes by reversibly 
switching the orientation of a promoter. . . 
During the process of inverting the 1-kb 

of DNA--s of F n t m  

segment of DNA, Hin proteins bind to left g-~elix: 1---------1 2------2 ------ 

and right recombination sites (hixL and Hin GRPRAITKH.EQEQISRLLEK.GHP.RQQLAIIF.GIG.VSTLYRYF.PASSIKKRMN 
hixR, respectively) located at the bound- Gin GRPPKLTKA.EQEQAGRLLAQ.GIP.RKQVALIY.DVA.LSTLYKKH.PAKRAHIENDDRIN 
aries of the invertible DNA segment. The Cin GRRPKYQEE.TQQQMRRLLEK.GIP.RKQVAIIY.DVA.VSTLYKKF.PASSFQS 
hixL and hixR sites with their bound Hin Pin GRRPKLTPE.QQAQAGRLIAA.GTP.RQKVAIIY.DVG.VSTLYKRF.PAGDK 
protein then form a synaptic complex with I I I I I 
a third cis-acting site, a recombinational 13 9 148 162 173 181 
enhancer, which itself is bound by two 
dimers of the 98-amino acid Fis protein. B hirl w e  for Hin ~ r w  
Formation of this invertasome complex (3- 

-13 - 8  * * * -1+1 +8 * * +I3 5)  aligns the two recombination sites cor- 5 0 -T-T-C-T-T-G-A-A-A-A-C-C-A-A-G-G-T-T-T-T-T-G-A-T-A-A-~ 
rectly and activates the Hin protein to 3 -A-A-G-A-A-C-T-T-T-T-G-G-T-T-C-C-A-A-A-A-A-C-T-A-T-T-5 
initiate the exchange of DNA strands, lead- * * * 

. . ing to inversion of the intervening DNA. for CN- 

Hin belongs to a family of bacterial DNA 
invertases or recombinases that includes Gin 

strand , : 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  
5'-T--G--T--T--T--T--T*-G--A--T--A--A--G--A 

from phage MU, Gin from phage PI, and Pin strand 2: c--A--A--A--A--A--c--T--A--T--T--c*-T--A-~~ 
from the e l4  prophage of Escherichia coli. In 29 28 27 26 25 24 23 22 21 20 19 18 17 16 
addition sharing 66 80 percent se- Fig. 1. Amino acid and DNA base sequences in the Hin recombinase family (1, 34) .  (A) Amino acid 
quence identity between pairs of sequence of the DNA-binding domain (the 52 carboxyl-terminal residues) of the Hin protein and of 
this proteins can substitute func- corresponding regions in Gin, Cin, and Pin. Residues in boldface are identical in all four sequences or 
tionally for one mother in each biological at least in three of the four. CT Helices 1 to 3 as located in our Hin structure analysis are marked above 
system (1). These DNA invertases most the Hin sequence. For crystallography, this Hin fragment was synthesized manually or on an ABI 430A 
likely constitute an evolutionary family not synthesizer by the solid-phase method as described previously (8). (B) Base sequence of the left DNA 
unlike the c-type cytochromes. The avail- inversion site, hixL. Numbering is to either direction from the center of the inverted repeat. Asterisks mark 
ability of DNA sequence information from purine bases that are protected from methylation by the binding of Hin. (C) The 14-bp synthetic hixL 

the binding sites of all four systems makes half-site as cocrystallized with the Hin 52-mer. Strand 1 of the duplex is numbered 2 through 15 to match 
the right half of the entire hixL site in (B). Bases in strand 2 are numbered separately. For ease of 

the present study of binding es- reference, note that base n in strand 1 is paired with base (32 - n) in strand 2. Base pairs will be 
~h~ authors are with the ~ ~ l ~ ~ ~ l ~ ~  ~ , ~ l ~ ~ ~  institute referenced by strand 1 numbers alone: that is, "base pair 9" is understood to signify base pair G9eC23. 
and Department of Biological Chemistry, University of Phosphates always are numbered according to the base that follows: Phosphate P9 occurs between T8 
California, Los Angeles, CA 90024. and G9, whereas across the helix on the other strand, phosphate P24 lies between C23 and A24. Hence 
*TO whom correspondence should be addressed at phosphate n on strand 1 lies opposite phosphate (33 - n) on strand 2. Asterisks mark bases that were 
the Molecular Biology Institute. iodinated for purposes of multiple isomorphous replacement phase analysis. 
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two residues also are invariant among all 
four of the DNA invertases. 

By comparison with pairwise amino acid 
sequence identities of 66 to 80 percent in 
the entire protein sequences, the carboxyl- 
terminal peptides shown in Fig. 1A have 
somewhat fewer identities, 49 to 62 per- 
cent, but still are obviously homologous 
proteins. The Hin interactions resemble 
those in the binding of DNA by the homeo- 
domain in eukaryotes. Indeed, as noted by 
Affolter et al. (14), the amino acid se- 
quence of the Hin binding domain can be 

aligned with that of the homeodomain of 
the Drosophila engrailed protein with a 27 
percent sequence identity, sufficient to sug- 
gest a class resemblance. 

We report here the 2.3 A resolution 
crystal structure analysis of the 52-amino 
acid carboxyl-terminal DNA-binding do- 
main of Hin complexed with a 14-bp DNA 
oligomer containing a half hixL binding site 
(Fig. 1C). The Hin peptide forms a three- 
a-helix core with an extended chain at 
each end. The core interacts with the major 
groove of DNA, whereas the flanking ami- 

Table 1. Summary of crystallographic analysis. Crystals of Hin domain/DNA complex were grown by 
vapor diffusion against 15 to 18 percent PEG1500 as described elsewhere (15). The structure was 
determined initially to 3.2 A resolution by multiple isomorphous replacement (MIR). Heavy atom 
parameters were refined and MIR phases calculated with the program HEAVY (44). The initial MIR 
map generated after solvent flattening (45) revealed clear density for B-form DNA and for most, of 
the protein backbone density. This map was improved further by refining heavy atom parameters 
against solvent-flattened phases (46). After two additional cycles of phasing, solvent flattening, and 
heavy atom parameter refinement, the final MIR map, with mean phasing figure of merit of 0.55 for 
data between 20.0 and 3.2 A, was used to build a model of the complex. However, it still was difficult 
to fit the amino acid sequence into many regions of the map. Only after phases were extended and 
modified to 2.8 A by the method of Zhang and Main (47) did the map show clear density for side 
chains of some "marker" residues. At that point, all residues could be fitted unambiguously with the 
exception of the final eight carboxyl-terminal amino acids. Conventional positional refinement then 
was carried out to 2.8 A with X-PLOR (48, 49). To refine the model further against a new 2.3 A data 
set collected at -1 50"C, rigid-body refinements were carried out in successive steps to 2.5 A. After 
positional refinement and simulated annealing, the (2F, - F,) map was of sufficient quality to allow 
the last eight residues to be built into the minor groove of the DNA, following a clear and continuous 
density. Electron density for residues SerTa3 and Ser'84, however, remained poorly defined. 
Refinement was extended to 2.3 A in four cycles of.simulated annealing with X-PLOR prior to tightly 
restrained B-factor refinement. At the present stage of refinement, the agreement of the atomic 
model to crystallographic data is R = 0.228 for 8.0 to 2.3 A resolution data. Coordinates have been 
deposited with the Brookhaven Protein Data Bank and are available for immediate distribution. 

Parameter Native 
Native (- 150°C) ldU8 ldCT8 ldU8 + ldCT8 

Resolution (A) 
Measured reflections 
Unique reflect~ons 
Reflections > 2417 
Completeness (%) . . 
R,,,t (%I 
Mean isomorphous 

difference$ (%) 

Resolution (A) 
Cullis R factor 
Phasing power5 

Resolution (A) 
R factor11 
Reflections with F > 20 
Total number of atoms 
Water molecules 
Rms deviations 

Bond lengths (A) 
Bond angles (deg.) 

Unlt cell d~mensions* 
86.4 84.9 85 9 
84.7 81.4 82 6 
47 4 44.0 47.0 

Data collection statistics 
2.8 2.3 3.2 

11673 17839 10387 
41 77 5645 2703 
2653 5346 

92.6 80 1 92.1 
5 7 5 6 7.5 

18.4 

Phasing statisti~s 
20-3.2 

0.59 
1.80 

Refinement 
8.0-2.3 
0.228 

5346 
978 

16 

0 024 
3 97 

'Space group C222, w~th one Hin-DNA complex per asymmetric unit tRs,, = C(I1 - (I)()E(l), where 11s the 
observed Intensity and (I) is the averaged intens~ty obta~ned from multiple obse~atlons of symmetry-related 
reflect~ons. $The mean ~somorphous d~fference IS PIIF,,I - IF,IILZIF,I, where IF,[ and IF,,I are structure factor ,, , , ,, , , ,, , r ,  m 7 ,  

amplitudes of protein and heavy 'atom derivative of the proteln, respectively. 5~hasini'power is the mean 
amplitude of heavy atom structure factors, F,, divided by E, the root-mean-square lack-of-closure error. The mean 
figure of merit, 20.0 to 3.2 A, is 0.55. /ICrystallographic Rfactor = P(IF, - Fc()b(Fo) where F, and Fc are the 
observed and calculated structure magnitudes, respectively. 

no- and carboxyl-terminal chains extend 
along two regions of the minor groove. The 
carboxyl-terminal eight-residue tail of the 
Hin peptide crosses the phosphodiester 
backbone and is inserted in the minor 
groove in a manner that has not heretofore 
been encountered in DNA-protein com- 
plexes. The crystal structure provides a 
virtually complete explanation of base spec- 
ificity experiments in solution, including 
mutant studies. 

Structure of the complex. The structure 
of the Hin-DNA complex was solved by 
multiple isomorphous replacement with the 
use of three iodine derivatives (Table 1). A 
typical section of the final (2Fo - F,) map 
is shown in Fig. 2. One 52-amino acid Hin 
domain binds to each 14-bp DNA half-site 
(Fig. 3). DNA helices consisting of the 13 
complete base pairs are stacked end-to-end 
in the crystal, as in figure 2 of (15). The 
unpaired base T2 on strand 1 (Fig. 1C) 
swings up to make a Hoogsteen-like inter- 
action with base pair 3, G3aC29. At the 
other end, unpaired base A16 on strand 2 is 
not defined in the electron density map and 
presumably is disordered. The a axis of the 
crystal, the direction of stacking of two 
DNA helices, has a length at room temper- 
ature of 86.4 A = 26 x 3.32 A. The 
12-base pair steps along the helix produce a 
total rotation of 407" (average 33.9" per 
step), so that the nonbonded interhelix 
junction between base pair 15 (A15sT17) 
of one helix and base pair 3 (G3eC29) of 
the next requires a reverse twist of 360" - 
407" = -47". 

The DNA half-site is a standard B-DNA 
helix, with the usual local variation in helix 
parameters (1 6, 17). The helix is relatively 
straight and not curved around the protein 
domain as in CAP, trp repressor, 434 re- 
pressor, and Met repressor (1 8-22), and has 
been proposed for the Fis-DNA complex 
(23, 24). However, an unusually large 
amount of DNA surface area is contacted 
by Hin. Upon binding Hin peptide, the 
DNA half-site monomer loses 1816 AZ of 
static solvent-accessible surface area. 

The DNA half-site contains a short run 
of five AT base pairs (numbers 4 through 8) 
that could be regarded as a segment of 
A-tract DNA. Three frequent characteris- 
tics of A-tract DNA are a straight and 
unbent helix axis, narrow minor groove, 
and large propeller twist, large enough for 
the formation of bifurcated hydrogen bonds 
within the major groove between adjacent 
base pairs (25-27). However, in the Hin- 
DNA complex the minor groove maintains 
a uniform width of approximately 6.5 to 8.5 
A (minimal P-P atom separation across the 
groove, less 5.8 A for two phosphate group 
rad~i), rather than the 3.5 to 4.5 A typical 
of most A-tracts. Propeller twlst is large all 
along the Hin-DNA complex, averaging 
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- 16", but is not systematically larger in the 
A-A-A-A-A region than elsewhere. Hence 
the five AT base pairs do not constitute a 
classical A-tract structure, perhaps because 
of binding to Hin. 

Overall protein folding. The 52-amino 
acid DNA-binding domain of Hin consists 
of a compact bundle of three a-helices, 
with extended amino-terminal arm and car- 
boxyl-terminal tail (Fig. 3). a-Helix 1 

"'t;" to Lys15') lies parallel to the axis of 
the NA, a-helix 2 (Arg16' to Phe"j9) is 
nearly antiparallel to helix 1 with an angle 
of -25" between helix axes, and a-helix 3 

to PhelsO) is inserted in the major 
DNA groove parallel to the base pairs (not 
to the floor of the groove itself). The HTH 
motif formed by helices 2 and 3 is similar to 
those found in other prokaryotic regulatory 
DNA-binding proteins. The Hin HTH re- 
gion can be superimposed on equivalent 
regions of Fis (23, 24) and k repressor (28) 
with root-mean-square deviations in Ca 
atomic positions of only 0.61 and 0.76 A, 
respectively. 

All three a helices are amphipathic, 
with hydrophobic residues packed tightly 
against one another in a hydrophobic core 
(Fig. 3A). Ile15' and Leu156 of helix 1 
interdigitate with Leu165 and Phe169 of he- 
lix 2. Leu176, and Phel* of helix 3 
also point into the hydrophobic core, 
which is delineated by the blue polypeptide 
backbone regions in Fig. 3A. At the bot- 
tom in that view, Ile144 on the amino- 
terminal arm closes the hydrophobic pock- 
et. These hydrophobic interactions appear 
to be the main forces stabilizing the folding 
of the Hin protein. They also are strongly 
conserved among the other DNA inver- 
tases, Gin, Cin, and Pin (Fig. lA), sup- 
porting the inference that all four of these 
proteins are folded in the same way. Hydro- 
phobic interactions are supplemented by 
hydrogen bonds between side chains: 
Arg16' (invariant among the four inver- 
tases), at the beginning of helix 2, is hydro- 

G9sC23 and AlOsT22. as detailed below. It 
is significant that four of the eight amino 
acids in helix 3 are completely invariant 
among the four DNA invertases, and an- 
other three are semi-invariant, with the 
same residue in three sequences and a close- 
ly related one in the fourth. 

The five nonspecific interactions with 
DNA backbone phosphates are depicted in 
Fig. 3B. The side chain of Tyr177 reaches up 
to phosphate P19 on one edge of the major 
groove, whereas Tyr179 on the other side of 
the a helix reaches down to phosphate P8 
directly across the groove on the other wall. 
One of the terminal -NH2 groups of the 
Arg17' side chain donates a hydrogen bond 
to the remaining oxygen of phosphate P8. 
The side chain of Thr175 and the main 
chain amide of Gly17' anchor helix 3 even 
further by donating hydrogen bonds to 
phosphate P9. In contrast to other HTH 
DNA-binding proteins, all of these nonspe- 
cific anchoring contacts to DNA phos- 
phates are made by residues of helix 3; the 
"three-point contact" made by residues 
Gly17', Thr175, Tyr177, and Tyr179 efficient- 
ly braces helix 3 against the opening of the 
major groove of DNA in a position to make 
specific recognition interactions. 

Specific base sequence recognition uses 
only two Hin side chains, Ser174 and 
Arg17', and in part involves the mediation 
of water molecules (Fig. 4) in a manner that 
has been proposed for the c ~ p  repressor (29). 
The side chain of Ser174 donates a hydrogen 
bond to the N-7 atom of A10. One turn of - ~ 

a helix away from this position, the termi- 
nal -NH2 of Arg17' that is not involved 

with P8 donates a similar hydrogen bond to 
the N-7 of G9. The Arg17' E-imino nitro- 
gen donates another hydrogen bond to 
bound water molecule 1, which in turn 
donates a bond to the 0-4 of T22, essen- 
tially "reading" the fact that this base pair is 
indeed A10sT22 and not a G-C pair. The 
other proton of this water molecule bonds 
to water molecule 2, which receives anoth- 
er hydrogen bond from the N-6 amine of 
A21 (recognizing this as an A-T pair and 
not G-C), and donates hydrogen bonds to 
N-7 of the same base and to the main chain 
carbonyl oxygen of Ser174. Ser174 is invari- 
ant among all four DNA invertases. Arg17' 
is substituted only by Lys, and when this 
happens, two basic side chains always ap- 
pear adjacent at positions 178 and 179 (Fig. 
lA), meaning that some of the hydrogen 
bonds of the Hin structure could well be 
preserved. Both of the bound waters have 
the tetrahedral geometry expected for water 
molecules, donating two hydrogen bonds 
and accepting two others. The fourth bond 
to water 1, not shown explicitly in Fig. 4B, 
must be to another water molecule not well 
localized in the electron-density map. 

All of these specific interactions are 
drawn in Fig. 4, A and B. Together they 
recognize base pairs 9, 10, and 11 of the 
half recombination site. Indeed, the bind- 
ing of Hin is particularly sensitive to alter- 
ations of base pairs 9 and 10 (1 3). Dimethyl 
sulfate modification of the N-7 position of 
G9 inhibits Hin binding (8, 10). Methyl- 
ation at the N-6 position of A10 by the 
deoxyadenosine methylase of Salmonella de- 
creases binding affinity (1 3). Hin binding 

pen-bonded to -main Ehain carbonyl 'oxy- 
gens of Phel" (the h a 1  residue of helix 3) I 
and Prol'l. MO& charged side chains of the 
protein are either in contact with DNA or 
exposed to the solvent. 

Major groove protein-DNA interac- 
tions. a-Helix 3 is the DNA recognition 
helix for the Hin protein; helices 1 and 2 
are too far from the DNA to permit direct 
interactions. Only Gln163 at the amino 
terminus of helix 2 makes an indirect DNA 
contact through a hydrogen bond to residue 
Tyr177 (invertase invariant) in helix 3, 
which in turn contacts phosphate P19 (Fig. 
3B). Five interactions between helix 3 and 
DNA backbone phosphates msition the - - 
recognition he1ix properly, and tw*amino Fig. 2. Stereo view of the (2F0 - FJ electron density map at 2;3 A resolution (blue contours) showing 
acid side chains, Ser174 and ~ r g ' ~ ' ,  make portions of DNA base pairs 8 to 11 (top) and the region of helix 3 around Arg178 and TyP9 (marked). 
specific bonds to the edges of base pairs Contour level is lo. The protein framework is in red, and DNA is in green. 
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also is strongly and adversely affected by Minor groove protein-DNA interac- arm of the Hin DNA-binding domain are at 
mutations at these sites, being inhibited by t io l l s the  amino-terminal arm. Genetic least as critical to DNA recognition as are 
substitution of C at positions 9 and 11 or and biochemical studies have demonstrated those of helix 3 (1 0, 12, 13). Indeed, 
either C or T at position 10. that contacts made by the amino-terminal merely deleting Gly139 and Arg140 from the 

Hin DNA-binding peptide is sufficient to 
abolish specificity of binding to hixL (I 2). 
These residues are invariant in all of the 
DNA invertases. 

The amino-terminal arm, GlY 139-His147, 
adopts an extended conformation (Fig. 5). 
Clear electron density (Fig. 5A) allows 
Gly139 and Argl'"' to be located unambigu- 
ously within the minor groove. The 
E-imine of the Argl4O side chain donates a 
hydrogen bond to N-3 of A26. The unusu- 
ally high 26" propeller twist of base pair 6 
(T6sA26) permits a second hydrogen bond 
from the main chain amide of Argl'"' to the 
0 -2  of T6. If a G-C pair were to be 
substituted, this latter bond would become 
impossible, and the N-2 amine of guanine 
would push the kg1'"' side chain away. 
Although the neighboring A-T base pairs 
are less propeller-twisted, the ability of an 
A-T pair to adopt such a large propeller 
contributes to the recognition process (25- 
27). rests in close van der Waals 
contact with base pair 5; the main chain 
Ca atom of that residue is only 3.4 A from 
the 0 - 2  of T5 and 4.1 A from the C-2 of 

B 3' 5' 3. (A) Stereo diagram A27. Introduction of an amine group at 
Of the complex. that locus, as in guanine, would push the 
DNA is in blue stick bonds' Hin polypeptide chain up and away from The path of the Hin poly- 
peptide chain is shown as the floor of the minor groove at that point. 
a kxiue tubing: orange in Each base pair substitution of A-T by G-C 
general, but blue for hydro- at positions 5 and 6 abolishes the binding 
phobic residues. Side affinity of Hin (1 3). Indeed, A-T base pairs 
chains that contact the at positions 5 and 6 are universally present 
DNA are dram in orange in all of the recombination sites of various 
and labeled in Yellow. Note enteric inversion systems: hixL and hkR; 
the arm g d  and ~LxR; cixL and cixR; and pirL and 
within the minor groove at pixR (I ) (Fig. 6). Biochemical footprinting 
lower right (Gly138-Arg142). 
the carboxyl-terminal tail in experiments also show that both intact Hin 
the minor groove at upper and the Hin peptide protect adenines 5 and 
left ( l l e ~ m - h n ~ ~ ,  and he- 6 from methylation (10). 
lix 3 nested in the major Pro14' arches across one wall of the 
groove. Pink spheres are minor groove, and the E-imino of Arg142 is 
two bound water mde- hydrogen-bonded to phosphate P8, an in- 
cules involved in Protein- teraction that may be important in direct- 
DNA contacts within the ing the amino-terminal arm into the minor 
recognition site. Hydrogen groove of the DNA. Hin, Gin, Cin, and 
bonds are in green' Pin all have Pro at position 141 or 142, 
Schematic drawing of the 
complex, in the same view followed immediately by a basic Arg or Lys. 
as the stereo. Helices are A significant role may be played by IlelM, 
numbered 1 to 3, and key which interacts with the hydrophobic core 
side chains that interact formed by packing helices 1 to 3 against one 
with the DNAare identified. another. IlelM may restrict movement of 
Open dots along back- the amino-terminal arm, thus bringing 
bone ribbons locate C1' Arg142 into proximity to phosphate P8. In 

-phates 8, '9 other DNA invertases, position 144 is al- 
and l9 are indicated 'pe- ways a bulky hydrophobic side chain, either 
cifically on the ribbons. 
Base pairs 9 to 1 1 are Leu Or T ~ r  (Fig. lA) - 
shown in stereo close-up in Minor groove protein-DNA interac- 
Fig. 4A, base pairs 4 to 8 in tions-the carboxyl-terminal tail. The car- 
Fig. 58, and pairs 9 to 15 in boxyl-terminal tail of the Hin polypeptide 
Fig. 7. crosses the phosphodiester backbone at the 
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Fig. 4. (A) Stereo close-up of the interaction between DNAand helix 3 in the of residues Gly172, Ser174, Thr17=, Arg178, and TWO shaded spheres 
major groove, viewed approximately down the DNA helix axis. Base pair are bound water molecules. (B) Schematic of specific base pair recognition 
TI 1 -A21 is nearest the viewer, with AlOsT22 beneath, and G9eC23 farthest involving Ser174, Arg178, and two bound water molecules. Along base 
away. Strand 1 backbone continues to lower right through P9 and P8. Heli edges, "a" marks a hydrogen bond acceptor (ring N-7 or carbonyl o-4 or 
3 is drawn as a smooth curve, with specific depiction, from top to bottom, 0-6) and " d  marks a hydrogen bond dondr (N-4 or N-6 arnine group). 

outer edge of the recombination site and 
then follows the minor groove back toward 
the center of the 13-bp DNA helix (Figs. 3 
and 7). The final six residues of the Hin 
polypeptide, Ile 185-~ys186-Lys187-Arg18~ 
Met'89-Asn'90, adopt an extended confor- 
mation and lie within the minor groove, 
but the side chains themselves make no 
contacts with the floor of the groove. In- 
stead. thev mint outward, with the poly- 

element of base specificity: if any of the base 
pairs 10 to 13 were G*C rather than A-T, 
then the tail of the Hin peptide would be 
pushed away from the floor of the groove. 
In another context, it has been proposed 
(32,33) that an extended polypeptide con- 
taining repeats of SPKK (34) sequence may 
interact with DNA minor groove in a sim- 

ilar fashion to netropsin, with main chain 
amide nitrogen forming hydrogen bonds 
with base pairs in the minor groove. Our 
structure seem to provide a concrete exam- 
ple of such a model. 

The molecular basis of specificity. Two 
aspects of the Hin system make it especially 
conducive to an understanding of the ef- 

peptide baLl;bone resting against base'edg- 
es. At the point where the final six-amino 
acid residues dip into the minor groove, the 
main chain CO of IleIE5 hydrogen bonds to 
the N-2 of G14. The k i n  &in NH of 
LyslE7 bonds to the 0-2 of T20, and a little 
farther along, the main chain amide of 
AsnlgO interacts with the 0-2 of T22 while 
the side chain of the carboxyl-terminal 

I 
residue bonds to the N-3 of A10. These 
interactions may be responsible for the large 
propeller twist and roli angles of base pairs 
10 and 12 and the -16" bend of DNA 
toward the major groove. Consistent with 
the interactions just discussed, the N-3 of 
A10 is partially protected from dimethyl 
sulfate attack by Hin binding (10). In 
addition, Mack et d. (I I) have noted that 
a Hin peptide lacking the last eight resi- 
dues, when modified with EDTA-Fe, 
cleaved DNA with reduced efficiency as 
compared with a peptide containing the 
complete carboxyl terminus. This portion 
of the chain is variable among the DNA 
invertases: whereas Hin has six final amino 
acids, Gin has ten, Cin has three, and Pin 
has a lone Lys (Fig. 1A). This carboxyl- 
terminal tail is presumably supportive but 
not essential. 

The hydrogen-bonded extension of the 
last six residues along the floor of the minor 
groove recalls AT-specific binding of minor 
groove drugs such as netropsin and distamy- 
cin (30, 31). Such binding involves an 

Fig. 5. Stereo views of the amino-terminal arm of the Hin peptide, in the minor groove of DNA. (A) 
The refined (2F, - FJ electron density map (blue framework) with minor groove vertical, showing 
Arg140-Pro141-Arg142 looping over the phosphate backbone toward the right. Protein is in red, and 
DNA is in green. (B) View along the minor groove, from the top in (A), showing the entire "A-tract" 
region, from T4-A28 at bottom through T8-A24 at top. This view is approximately that of the lower 
half of Fig. 38. The ribbon extending from center toward upper right is the Hin peptide region 
Gly139-Arg140-Pro141-Arg142, with side chains drawn explicitly. 
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Fig. 6. Base sequences in Left W-site Right half-site 
enteric bacterial inversion -11 -6 -1+1 +6 +11 

sites: the left and right inver- hbrL 5 ' - T - ~ - ~ - ~ - T - ~ - ~ - ~ - ~ - A - ~ - ~ - ~ - ~ - ~ - ~ - ~ - ~ + - ~ - ~ - Q - ~ - ~ - ~ - ~ - 3  ' 

sion sites fromthe in'''- h i x ~  5 n - ~ - ~ - ~ - ~ - C - C - ~ - T - T - ~ - ~ - ~ - ~ - ~ - G - G - ~ - T - ~ - ~ - ~ T ~ Q ~ - ~ - ~ - ~ 3  
sion system of Salmonella, 
the ~i~ inversion elements 

@L 5 ' -T-T-C-C-T-G-T-A-A-A-C-C-G-A-G-G-T-T-T-T-G--A-T-A-A-~ ' 

from bacteriophage Mu, Gin $fl 5 ' -T-T-C-C-T-G-T-A-A-A-C-C-G-A-G-G-T-T-T-T-G-QAT-A-A-~ ' 
from phage PI, and Pin &L ~'-T-T-C-T-C-T-T-A-A-A-C-C-A-A-G-G-T-T-T-A-G--A-T-T--' 

from the el4 prophage of dfl ~'-T-T-C-T-C-T-T-A-A-A-C-C-A-A-G-G-T-A-T-T-G-A-T-A-A-' 

Escherichia m/i (1). Only ~ 5 ' - T - T - c - T - c - c - c - ~ - ~ - ~ - ~ - ~ - ~ - A - ~ - ~ - ~ - ~ - ~ ~ ~ ~ - 3 '  
one chain from each corn- pixR ~ ' - T - T ~ - T - ~ - ~ - ~ - ~ - ~ - A - ~ - C - A - A ~ C - G ~ T - T - T - A ~ T ~ Q ~ ~ - ~ - ~ - ~ - ~  ' 
plex is shown; the other is ..... .. .. ... .. 
complementary as in Fig. 
1B. Each of the eight sites is built from two roughly symmetrical half-sites. Asterisks at bottom 
indicate positions that are especially important in site recognition by invertases. 

fects of sequence on specificity. The first is 
the availability of binding data on 39 dif- 
ferent base substitution mutations generat- 
ed by Hughes et al. (1 3). They constructed 
a symmetrized hixC sequence in which the 
left half is given the complementary se- 
quence to the right half shared by both hid 
and hixR and established that this symme- 
trized hixC binds Hin fully as well as the 
wild-type hid and hixR. (It is the hixC 
sequence that we used for crystallographic 
analysis.) They then constructed an ex- 

haustive set of symmetrical mutants in the 
two halves of h C ,  varying each of the 13 
positions among all three of the other bases. 
Hence we have com~lete information about 
the strength of i in binding with every 
possible single-base change in the optimal 
hixC sequence. The second favorable aspect 
is the existence of four homologous DNA 
inversion systems: Hin, Gin, Cin, and Pin. 
Taken together, these provide 8 complete 
recombination sites or 16 binding half-sites 
(Fig. 6). How far can our x-ray analysis of 

Table 2. Frequency of occurrence of bases at key positions in bacterial inversion sites. Sequences 
are read in a 5'-to-3' direction from the center of the inversion site as shown in Fig. 6. Hence, for left 
half-sites the other chain, not shown in Fig. 6, is tabulated. Allowed substitution data derive from the 
frequency of lysogenization in a P22 challenge phage assay at 100 pM isopropyl-p-pthiogalacto- 
pyranoside (IPTG) concentration, table 1 of (13). 

Natural hix, gix, cix, and pix sites Acceptable 

Position mutations in DNA 
symmetrized groove 

G A T C hixC site (13) 

Not G, not C Minor 
Not G, not C Minor 
Not C Major 
Not T, not C Major 
Not C Major 
Not C Minor 
All equivalent Minor 

the Hin-DNA complex account for this 
wealth of data, and provide a molecular 
basis for DNA-protein specificity? 

The Hin-DNA crystal structure shows 
that all three components of the Hin pep- 
tide, the amino-terminal arm, the HTH 
region, and the carboxyl-terminal tail, con- 
tribute to base sequence recognition. The 
phosphate backbone contacts of helix 3 
help position Hin on the DNA, but one 
could easily imagine that Hin could slide 
along the DNA in a nonspecific manner 
until it encounters the correct local base 
sequence. 

Interactions of Hin residues Ser174 and 
Arg178, both direct and through intermedi- 
ate water molecules (Fig. 4B) place restric- 
tions on base pairs 9, 10, and 11. Some 
latitude in base sequence is possible if dif- 
ferent arrangements of hydrogen bond do- 
nors and acceptors are permitted. Those 
rearrangements that are possible without 
losing the total number of hydrogen bonds 
are shown in Fig. 8. Base 9 is restricted to 
being a purine (G or A) by virtue of the 
hydrogen bond donated to ring atom N-7. 
In complete agreement with this model, of 
the 16 half-sites shown in Fig. 6 and listed 
in Table 2. G occurs 13 times at Dosition 9 
and A occurs 3 times. No pyrimidine is ever 
found at that locus. Replacement of G at 
position 9 by A or T (and C at position -9 
by T or A) in the mutant studies of Hughes 
et al. (1 3) is acceptable, but C at position 9 
reduces binding significantly. Our crystal 
structure shows why: G, A, or T at position 
9 offer a hydrogen bond acceptor to Arg17', 
whereas C offers a N-4 amine donor in- 
stead, and hence is disfavored. Even T is 
less favorable, because it positions the hy- 
drogen bond acceptor dgerently and par- 
tially blocks it with its own C-5 methyl 
group- 

Position 10 also must be a purine for the 
same reason as 9. The choice in 14 of the 

Fig. 7. Linear extension of carboxyl-terminal residues 185 to 190 down the 
minor groove. (A) Stereo pair representation. DNA base pair G9sC23 is at which is a sketch from the same orientation. The main polypeptide chain 
left, and A1 5.T17 at right. Amino acid side chains are identified in (B), atoms are in black dots; side chains are in open circles. 
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16 half-site sequences is A10, resulting in 
T22 at the other end of the base pair, with 
a hydrogen bond-accepting 0-4  atom (Fig. 
8A). However, GI04222 is an acceptable 
minority choice in two sequences, and in 
that case the N-4 amine of C22 must 
donate a hydrogen bond to water 1 (Fig. 
8B). Water 1 then would donate a hydro- 
gen bond to another water molecule not 
shown here. 

Base pair 11 is more variable than might 
have been expected, and for an interesting 
reason. Water molecule 2 in Fig. 8A accepts 
a hydrogen bond from the N-6 of A21 and 
donates a bond to N-7, but all that is 
required for a hydrogen balance is that this 
water molecule should donate one hydrogen 
and accept another. The two base atoms 
could just as easily be thymine 0-4 and 
adenine N-6 as in Fig. 8A or cytosine N-4 
and guanine 0-6 as in Fig. 8B. The only 
combination not permitted would be gua- 
nine at position 2 1, with dual acceptors N-7 
and 0-6. For in that case, water 2 would not 
have enough protons to form the bond with 
the main chain carbonyl of Ser174. In other 
words, the requirement on the strand 1 side 
of base pair 11 is "not-C," and indeed this 
requirement is borne out in Table 2 both by 
the invertase family sequence comparisons 
and mutational substitutions. 

The direction of the hvdroeen bond , LJ 

between water molecules-water 1 donat- 
ing to water 2-actually is firmly estab- 
lished. As Fig. 8C shows, if water 2 were to 
donate a bond both to water 1 and to the 
Ser174 main chain carbonyl, then the two 
positions on base pair 11 would have to be 
adjacent donors, and no base pair shows 
this behavior. The full pattern of hydrogen 
bonds can be maintained only by arrange- 
ments as in Fig. 8, A and B. 

A-T base pairs are favored at positions 
12 and 13 because of a netropsin-like ex- 
tension of the carboxyl-terminal six Hin 
residues down the floor of the minor groove 
(Fig. 7). Table 2 shows that A-T pairs 
indeed are ovenvhelminelv favored at these - ,  
two loci, although mutant studies show 
position 13 to be more permissive. It could 
be that the similarity of sequences at this 
point among all of the enteric recombinases 
is a matter of evolutionary divergence from 
a common ancestral sequence, rather than 
convergence on function. 

At ;he other end of the recognition 
domain, positions 4, 5, and 6 universally 
are A-T base pairs in all of the DNA 
inversion sites, and G-C pairs are strongly 
disfavored at ~ositions 5 and 6 in the 
mutant studies. The x-ray structure shows 
the reason: Hin residues Gly139 and Arg140 
are so intimately linked to the floor of the 
minor groove that there simply is no room 
for the C-2 amine group of guanine. As 
noted above, Gly139 and Arg140 are abso- 

Fig. 8. The molecular basis for specificity, in the form of possible patterns of hydrogen bond donors 
and acceptors. (A) The pattern actually observed in the crystal structure. Base pair 11 could be 
reversed end-for-end without altering the pattern of hydrogen bond acceptor-donor-acceptor along 
its edge. (B) Hydrogen bond donors and acceptors could be reversed at base pair 11, allowing 
GllC21. However, base 21 could not be G, with dual acceptors without breaking the bond 
between water 2 and the Ser174 carbonyl. Hence C11 sG21 is strongly disfavored. The acceptor at 
the central base pair can independently be replaced by a donor, permitting GlOeC22 in place of 
A10,T22, but base 10 is still required to be a purine. (C) The hydrogen bond connecting the two 
water molecules cannot be reversed, for then, if the donation to Ser174 carbonyl is maintained, base 
pair 11 would have to contribute two adjacent donors, which is chemically impossible for any of the 
base pairs. 

Fig. 9. Optimal base se- 
quence for enteric inver- 5 6 7 8  9 10 11 12 13 

sion half-sites. Numbers 
mark the distance out (A/T)-(A/T)--N--N--(purine)--A-(not-C)-(A/T)--(weak A) 
from the center of the site as in Fig. 6. PJT = an A.T base pair in either orientation. N = any base. 

lutely essential for sequence-specific bind- 
ing of Hin to its DNA site. 

In summarv. the recognition element of , , - 
the enteric inversion half-sites appears to 
involve two A-T base pairs (5 and 6) 
recognized by amino acid residues Gly139 
and Arg140 in the minor groove, two non- 
specific base pairs (7 and 8), and then a five 
base sequence (9 to 13) recognized by helix 
3 and the carboxvl-terminal tail in maior 
and minor grooves, respectively. The opti- 
mal binding sequence is shown in Fig. 9. 
The Hin dimer has - 100-fold higher bind- 
ing affinity to the full recombination site 
than does the Hin peptide binding to a 
half-site, and hence cooperative interac- 
tions by the Hin dimer may also contribute 
to recognition. 

Hin-DNA versus other HTH DNA- 
binding complexes. The HTH motif occurs 
frequently in DNA-binding proteins, in- 
cluding prokaryotic regulators (18, 20, 28, 
3 3 ,  eukaryotic homeodomains (36-38), 
eukaryotic transcription factors such as 
HNF-3y (39), the Oct-1 POU-specific do- 
main, POUs (40), the third tandem repeat 
of the cMyb protein (41), and the globular 
domain of histone H5, GH5 (42). Com- 
plexes of these proteins with DNA show 
two principal variants that are represented 
in Fig. 10 by the A repressor and the 
engrailed homeodomain. In all cases, rec- 
ognition helix 3 fits into the major groove 
and helix 2 runs across the width of the 
groove. In homeodomain structures, helix 1 

lies essentially antiparallel to helix 2, which 
also spans the width of the major groove. 
The residues preceding helix 1 are posi- 
tioned to interact with the minor groove, 
and recognition helix 3 is oriented along 
the floor of the major groove. This pattern 
is persistent; the cluster of three helices is 
virtually superimposable from one home- 
odomain complex to the next. In contrast, 
prokaryotic regulatory proteins (18, 20, 28, 
35) have similar dispositions of helices 2 
and 3, but with the exception of trp repres- 
sor, helix 1 is swung out and away from the 
DNA (Fig. 10A). Helix 3, on the other 
hand, tends to lie parallel to the edges of 
base pairs in the prokaryotic regulators, 
rather than along the floor of the groove as 
in homeodomains. 

The present Hin-DNA complex is inter- 
mediate between these two structures. Rec- 
ognition helix 3 is parallel to base pair edges 
rather than to the groove itself, as with 
prokaryotic repressors, but helix 1 is nearly 
antiparallel to 2, with its amino terminus 
extending toward the minor groove where a 
nonhelical chain continuation contributes 
interactions essential to specific recogni- 
tion. The alignment of helix 3 parallel to 
base pairs in Hin and repressors is function- 
al: comparison of the structures of 434 
repressor-operator, 434 Cro-operator, A re- 
pressor-operator, and CAP-DNA complexes, 
shows that amino acids at positions 1, 2, 
and 6 of the helix make specific contacts 
with bases in the major groove in each case 
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I repressor H in Engrailed homebdbmain 

Fig. lo. Comparative interactions of a three-helix unit with the DNA double heli in the X repressor- 
operator complex (M), the Hin-DNA complex (center), and the engrailed homeodomain complex 
(rlgM). In each case, the carboxyl-terminal helix of the three is inserted into the major groove. 

(43). Similarly, Hin uses positions 2 and 6 teins run along the minor groove in the 
(Ser174 and Arg17*) for its primary recogni- direction of the HTH unit itself, whereas 
tion process. 

The disposition of helix 1 with respect 
to the DNA is not completely identical in 
Hin and horndomains; in the latter, helix 
1 crosses perpendicular to the walls of the 
major groove, whereas Hin has helix 1 
aligned parallel with the overall DNA axis. 
The two loops connecting helices are short- 
er in Hin than in the homeadomain Dro- 

the amino-terminal arm of the Hin protein 
runs in an opposite direction (Figs. 3A and 
9), toward what would be the center of the 
recombination site. Model-building of an 
intact recombinase bound to a complete hi* 
site suggests that the positions cleaved by 
Hin during recombination are located on 
the opposite face of hi* from the DNA- 
bindine domains. It is likelv that residues 

teins and more like those of prokarybtic precedkg the amino-termid arm within 
repressors. In addition, the a helices them- an intact Hin protomer may continue run- 
selves are shorter than their homeadomain ning along the minor groove around the 
equivalents, especially helix 3, which in DNA and link with the catalytic domain 
both yeast a2 and Droso@u engrailed ho- that -presumably is positioned over the 
meodomains are 17 amino acids long. 

There also is a remarkable daerence in 
minor groove binding by the sequence Arg- 
Pro-Arg in the amino-terminal arm of Hin 
and in the engrailed homeodomain. In 
Hin, ArglW makes specific base contacts, 
whereas Arg14' anchors the two-pronged 
fork by binding to the phosphate backbone 
of DNA. In the engrailed homeodomain, 
A$-Pro4-ArgS inserts both Arg side chains 
into the minor groove and makes specific 
base contacts, and it is the adjacent TW 
that interacts with phosphate backbone. 
Thus. the same three-amino acid recoeni- " 
tion module can interact with the minor 
groove in two profoundly Merent ways to 
generate contacts essential for protein- 
DNA binding. 

In another significant dserence, the 
amino-terminal arms of homeodomain pro- 

cleavage site. 
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