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Hypothesis

A model for Fis N-terminus and Fis-invertase recognition
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Abstract In this modeling, we show that the elusive Fis N-
terminus involved in invertase-mediated site-specific DNA
inversion is, by all indications, a hinged flapping loop. The
prediction is based on a combined sequence and secondary
structure alignment against known structures of protein seg-
ments, as well as a tetrapeptide fragment observed crystal-
lographically. Its validity is strongly supported by the ability to
interpret consistently the available mutagenesis data pertaining
to this region including, especially, a series of deletion mutants
which until this work had been a puzzle in the search for
structural explanations. A model for Fis-invertase recognition is
also proposed.
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1. Introduction

The ability to construct a structural model for invertasome
[1] in order to understand the molecular details of its assembly
and function has been largely impeded by incomplete knowl-
edge of the structure of a small {~ 20 amino acids) but func-
tionally important segment in the N-terminal domain of Fis
(Factor for inversion stimulation [2,3]). The current model,
supported by mutagenesis data [4,5] and electron microscopic
observation of the synaptic formation of invertasome [1], sug-
gests that residues of this small region of Fis interact with the
invertase protein, thereby stimulating the activity of DNA
inversion [6,7]. Unfortunately, this region is disordered in
crystals [8-11] and its structure thus unknown, because its
conformation is presumably quite flexible. While attempts
have been made to crystallize Fis mutants in the hope that
mutation could somehow stabilize the elusive N-terminus and
thus allow the observation of its structure, such endeavors
have thus far yielded little success [9,10]. Using a computer
modeling approach, it is shown here that a flap-hinge config-
uration emerges as the most probable conformation for the
initial 26 amino acid residues of Fis. The resulting model of
the Fis N-terminus then allows us to speculate further on a
possible Fis-invertase recognition mode. An abstract of this
work has appeared elsewhere [12].

2. Materials and methods

The crystal structure of the Fis dimer (PDB [13] code 1fia) is the
basis for the present modeling. Amino acid (aa) residues with resolved
coordinates are, besides a tetrapeptide of discontinuous electron den-
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sities, monomer A: aa 24-98 and monomer B: aa 25-98. All the
calculations and molecular structure manipulations were performed
with the Discover/InsightIl molecular simulation and modeling pro-
gram and its CFF93 force field (from Molecular Simulation Inc., San
Diego, CA; 950 release).

Two methods were applied together to search proteins of known
structure in PDB [13] whose segment(s) can serve as a viable structur-
al template for the first 26 amino acid residues of Fis. One employs
the BLAST algorithm [14] to search for protein segments in PDB
whose sequence is similar to that of the Fis N-terminus (aa 1-26).
The other uses the TOPITS algorithm [15] to search for those whose
observed secondary structure and solvent accessibility are similar to
the predicted values of the Fis N-terminus (also aa 1-26). For the
latter, a neural network prediction method (PHD) [16,17] implement-
ed in the TOPITS program was used and its prediction is as follows.

M EORVRS VLYV QDOVIGKS

LEEEEELLLLEEEEEELLLLEEEELL E: extended L: loop
obooobobobbbbbbboboooboooo b: buried o: exposed

No extensive homologies could be found from either search routine,
with p values of all hits from the BLAST search being greater than
0.67, and z scores from the TOPITS search less than 1.61 (a perfect
score for p, a probability measure, is zero and z=3 is considered to be
a good score). To compensate for the low scores, the top 500 hits
from both searches were selected and then compared with each other,
which yielded 8 common sequences.

The structures of the eight sequences were then superimposed onto
the crystal coordinates of Co atoms for aa 24-26 and a tetrapeptide
according to the assignments of Yuan et al. (aa Asp®’-Gln?'-Val??-
Thr?) [10] or Kostrewa et al. (aa Val'%-Leu!!-Thr'2-Val'®) [9]. Those
with root-mean-square deviation (rmsd) values smaller than 3.0 A
(and where the structure does not bump into the main body of Fis)
were selected as a probable structural template for the Fis N-terminus.
Each of the final qualified sequences produced by this procedure
(there are three) was subsequently mutated into the Fis sequence using
a rotamer search algorithm [18] to derive its side chain orientation
and, with the superimposed segment, the whole Fis dimer structure
was energy-minimized by CFF93, a a second generation (class II)
molecular mechanics force field suitable for simulation of organic
and biological compounds (for recent references, see [19,20]).

3. A flap-hinge model for Fis N-terminus

As described in Section 2, a search against PDB yielded 8
sequences among the top 500 most homologous to Fis N-
terminus (first 26 residues) in both sequence and secondary
structure/solvent accessibility, as predicted by the programs
BLAST [14] and TOPITS [15], respectively. As might be ex-
pected from a previous finding that no significant Fis homol-
ogies on both the DNA and amino acid level existed [21], the
resulting scores of both searches are low (see Section 2).
Nevertheless, these eight peptide segments, whose Co traces
are shown in Fig. 1, provide us with probable conformations
to consider for the elusive structure of Fis N-terminus.
Furthermore, they can be subjected to additional discrimina-
tion based on their superimposed fit on residues 24-26 and a
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Fig. 1. The eight peptides, identifiable by the labeled sequence num-
bers and PDB codes of their parent proteins, found to be homolo-
gous to the first 26 amino acids of Fis. Their root-mean-square de-
viations (rmsd) in Co positions from the X-ray coordinates of
residues 24-26 and a tetrapeptide according to the assignment of (a)
Kostrewa et al. [9] and (b) Yuan et al. [10] are given. The peptides
from 1chr, 1fba, and 1lloe (in bold-face) are those having an rmsd
under 3 A with the exclusion of three (*) that have part of the pep-
tide bump the C-terminal domain of Fis (see Fig. 4). The amino
acid sequences of the three peptides selected from Ichr, 1fba, and
1loe are given below, along with the corresponding Fis sequence.

Fis 1 MFEQRVNSDVLTVSTVNSQDQVTQKP
Ichr 21 MSITTVHQQSYVIVRVYSEGLVGVGE
1fba 101 GIILGIKVDKGVVPLFGSEDEVTTQG
lloe 126 TAWDPSNGDRHIGIDVNSIKSINTKS

tetrapeptide segment, the only residues in this region whose
electron densities are clear enough for their coordinates to be
resolved [9,10]. The tetrapeptide is peculiar in that it has been
assigned to different sequences by the two groups who inde-
pendently solved the Fis structure [8,10]. Yuan et al. [10]
assumed it to be a continuing extension from residue 24, while
Kostrewa et al. [9] assigned it to Val'®-Leu'!-Thr'2-Val'3
based on the argument that the disrupted electron density
map matches the characteristic Y’ shape of leucine side chain
and that Leu!! is the only leucine residue in this region.

From a structural viewpoint the continuous designation is
unlikely to be correct in that: (1) it forces Val?2-Thr?-GIn**
to adopt a rare inverse y turn with an unusually short Ca
distance between GIn?! and Lys? (less than 5 A which is
only half of the normal distance found in typical inverse y
turns [22]); (2) it projects Asp® instead of Leu'! into a hydro-
phobic milieu at a four-way interface involving, in addition to
Leu'!, the beginning of helix A (Leu?") of the same monomer,
the middle portion of helix A of the opposing monomer
(Ala**, Leu®® and Tyr*®), and an early part of helix B
(Leu®®, Val®, as well as the aliphatic groups of the Glu®
side chain), also of the opposing monomer (see Fig. 2); and
(3) it would place most of the N-terminal residues away from
the large void created in the crystal packing thought to ac-
commodate the disordered structure [9,10].

Nevertheless both assignments were used for the superposi-
tion. As seen from Fig. 1, out of the eight peptides, four
satisfy a threshold of 3 A Co rmsd according to the assign-
ment of Kostrewa et al. [9], of which one possesses several
residues running into the main body of Fis. For the contin-
uous designation of Yuan et al. [10], two meet the 3 A rmsd
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threshold but both severely bump the DNA-binding domain.
This leaves only three segments in the entire PDB [13] whose
structure can be considered as a good template for visualizing
the disordered Fis N-terminus according to our selection cri-
teria. The consensus conformation resulting from the three
segments (bold-face in Fig. 1) as a consequence of the super-
position is clearly a flap-hinge type, with each loop segment
somehow representing a distinct flapping angle (1chr: small,
1fba: medium, and lloe: large), as can be seen from Fig. 3.
Thus, according to the model depicted in Fig. 4, a short and
twisted antiparallel $-sheet formed by residues 11-13 and 24—
26 extrudes from the top of the DNA-binding domain to
anchor a flapping loop comprised of residues 14-23, while
the first 10 amino acids dangle aside.

For the sake of completeness, we continued to examine all
other possibilities of assigning the tetrapeptide to a consecu-
tive sequence, but the same three peptide segments remained
the only probable structural templates (out of the selected 8)
for the Fis N-terminus based on the same criteria of 3 A cut-
off in the superimposed fit and no structural conflict. Within
the three peptide segments, several assignments other than
Val'®-Leu''-Thr'2-Val'® were also satisfactory. Kostrewa et
al. [9] noted that in addition to Leu!'! they could not rule
out the possibility of designating the Y’ shape electron den-
sity to one of the four Asx residues in this region (Asn’, Asp?,
Asn'?, and Asp®). Of the four alternative Y-shape designa-
tions, that of Asn” and Asp® (i.e. assigning the tetrapeptide to
aa 6-9 and 8-11, respectively) was able to produce a better or
equally good fit than the designation of Leu in our structur-
al superposition calculations. However, from the discussion
given below, the two alternative assignments are clearly not
as attractive since neither can result in a structural model that
will be reconcilable with the deletion data in this region. Ad-
ditionally, replacing Leu™ by the hydrophilic side chain of
Asn’ or Asp® will not be comfortably accommodated in the
hydrophobic pocket as noted above for Asp? of the contin-
uous assignment.

The flap-hinge model of Fis N-terminus is capable of being
conformationally flexible because the hinges are separated and
project upward such that only the loop top is likely to exert a
stabilizing interaction with its identical twin of the opposing
subunit or with helix A if the loop everts drastically. This is
different from most surface loops where they can be stabilized
by interacting with surrounding residues. Moreover, the loop

Helix A’

Helix B’

Fig. 2. The hydrophobic milieu at a four-way interface where Leu'!
is in a pocket surrounded by Leu?” of helix A of the same mono-
mer (denoted as helix A), Ala®*, Leu®®, Tyr®® of helix A’, and
Leu®, val*, and CB, Cy, C8 of Glu®™ of Helix B’. The pocket is
about 10 A in diameter. Hydrogen atoms have been omitted for the
purpose of clarity.
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Table 1
Summary of Fis N-terminal mutations and interpretations®

Fis mutant Inversion

In vitro In vivo

Interpretation

(1) Gin-mediated reaction®

Wild type + +
Al-5, Al1-10 + + flanking end (1-10) dispensable
Al-12 - - hinge altered
Al-15 - - hinge deleted
Al-26 - - flap and hinge deleted
V16G - - structural integrity of flap affected
VI16L/ATTV - - structural integrity of flap affected and/or DNA binding ability reduced [5]
K25E +/— +/—- a favorable electrostatic interaction with D29 disrupted
K32E +/— +/— change of basic group in A helices slightly affects Fis function [9]
A34V - - bulkier side chain (valine) perturbs the hydrophobic pocket (see text and Fig. 2)
A34V/T23A - - as A34vV
(2) Hin-mediated reaction®
Wild type + +
Al17-21 - - flap deleted
A18-29 - - flap and hinge deleted
A24-29 - - hinge deleted
F2C +/- -) 1-10 is not required, but point mutation at this region may interfere with the
Q4C + +/— interaction between Fis and invertase
\! + +/—-
V13l + + hinge (B-sheet backbone) not affected
T151 + +/— similar to V16G, but less effect
D20N - - direct interaction with invertase involved (see text)
Y29-insert ) - hinge altered (indirectly, see text)
A34P - - break in A helix [9] and/or perturbation of the hydrophobic pocket (see text)
A34T +/— +/— as A34V, but less effect
A34T/G44D - ()] A34T with additional effect from G44D

#This table is an updated version of the interpretations presented by Kostrewa et al. [9].
bData from Koch et al. [4]. +, full activity; +/—, weak activity; —, no activity.
°Data from Osuna et al. [5]. +, full or strong activity; +/—, weak activity; (-), very weak activity; —, no activity.

so structured is mainly composed of hydrophilic residues in-
cluding a stretch of five at the loop top (turn), 7 Asn-Ser-Gln-
Asp-Gln?!, consistent with the statistics that loop residues
tend to be hydrophilic [23,24] and as such it can be easily
solvated. Thus, the three loop structures selected from PDB
(Fig. 3) may in fact reflect the conformational dynamics of Fis
N-terminus in solution.

4. Interpretation of mutagenesis data

Above all, perhaps the most fingerprinting support of this
model is that it effectively satisfies the observation made in a
series of deletion experiments where it was shown that while
deletion up to the first 10 residues (A1-5, A1-10) [4] does not
affect the stimulating ability of Fis, deletion of further resi-

Side view Top view

1chr

1loe }‘5 " o

Fig. 3. Two views of the three selected loop structures for Fis N-ter-
minus (aa 1-10 is not displayed for clarity); thin line, Ichr; oval
ribbon, 1fba; flat ribbon, lloe. They are superimposed on two Fis
segments (aa 11-13 and 24-26) whose location is indicated by light-
er gray.

dues (A1-12, Al1-15, A1-26 [4] and A17-21, A18-29, A24-29
[5]) abolishes it. Therefore, it would seem that the deleterious
effect arises from severe alteration of the anchoring hinge or
the flap (e.g. A17-21), or both.

Besides the deletion data, the model also explains a number
of Fis mutants whose enhancer binding is intact but inversion
stimulating activity affected [4,5]. Previously, Ala® — Pro was
thought to elicit a break in helix A [9], hence a perturbed,
thereby functionally defective Fis N-terminus. Our model pro-
vides an alternative, which could be more than just additive,
source for the N-terminus perturbation. It is the previously
unnoted hydrophobic milieu (Fig. 2) which appears to be
structurally important as it joins together four parts of the
Fis N-terminal domain, including the hinge base. With the
present model, the other two mutants at this position,
Ala®* - Val and Ala®! — Thr, can be better interpreted. Valine
is much larger than alanine and therefore could significantly
perturb the hydrophobic milieu, whereas threonine is inter-
mediate in size and its functional effect can be expected to
be, and indeed is, also intermediate. The peculiar Tyr®-insert
mutant can be reconciled on the same grounds as well, since
even though it may not disrupt helix A, it would place Arg?
at the position of Leu?” to destroy the hydrophobic joint, and
consequently the integrity of the hinge structure. In this model
Leu!! would be critical because not only is it a hinge residue,
but also its side chain projects into the central region of the
hydrophobic pocket, apparently serving as a bridge for the
other three constituents of the pocket (see Fig. 2). While the
effect of the Leu!'! mutation has not yet been determined
experimentally, it is interesting to note that a vicinal mutant,
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Fig. 4. The emerged flap-hinge model for the crystallographically
disordered N-terminal domain of Fis as represented by the peptide
segment of 1fba (see Fig. 1) and attached onto the X-ray structure
of the helical DNA-binding domain [9,10] with the bound enhancer
(a model) [10] shown. Preservation of the Fis dimer dyad symmetry
was assumed.

Val'® > 1Ile, does not affect Hin inversion activity [5]. This
ineffective mutation of Val'® is yet another piece of data con-
sistent with the present model in that this residue, sitting on
top of the hinge, has already moved away from the hydro-
phobic milieu in space, and such a mutation is unlikely to
alter the backbone hydrogen bond of the B-sheet. B-sheet
hydrogen bonding is probably also preserved in the mutation
of another hinge residue, Lys®® — Glu [4] of the opposite
strand which is located away from the hydrophobic pocket.
However, the geometric arrangement of the hinge is such that
Lys® can interact with Asp? of helix A to add stability to the
hinge structure, therefore the reduced activity observed in
Lys? — Glu may have been a result of disruption in a favor-
able electrostatic interaction. As to Val'® — Gly [4] the inter-
pretation must remain tentative at present; the more flexible
and smaller glycine residue may alter the loop structure and/
or a critical contact with the invertase. Nevertheless, examina-
tion of the predicted loop structures of Fis leads us to spec-
ulate that Val'® and Val?®2, the two valines which delimit the
five hydrophilic residues presumed to form the loop turn, may
interact with each other for the overall integrity of the loop
structure. This may help explain, at least partially, the severely
impaired activity of the Val'® —» Leu/Ala™ — Leu double mu-
tant [4]. Based on the flap-hinge model, an updated set of
structural interpretations for all the reported Fis N-terminal
mutations are summarized in Table 1.

5. A hypothesis for Fis-invertase recognition

Seeing the Fis N-terminus in this appealing model, one is
compelled to ask how might it interact with invertase and
what are the participating amino acids of both proteins? To
address these questions one also needs to know the structure
of the invertase catalytic domain which is not yet available.
However, a recent experiment [25] strongly suggests Hin
forms a dimer resembling that of Y3 resolvase [26,27] with
which Hin and other members of the invertase family share
high (~40%) sequence identity.

Taking the structure of ¥d resolvase for invertase, and the
predicted flap-hinge model for the Fis N-terminus, we hy-
pothesize that Fis-invertase recognition is facilitated by a
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dyad axis-to-axis, dimer-to-dimer binding, with residues at
the top of the Fis loop interacting with those at the bottom
(amino end) of the invertase dimer interface (which is formed
between two extensible helices denoted as oE and aE’ accord-
ing to the nomenclature used for ¥8 resolvase [26]). The basis
for this hypothesis is the following: (1) It was shown that the
proposed dimer interface of invertase is critical to the inter-
play between Fis and Hin; detergents which weaken this inter-
face increase the DNA cleavage rate of Hin [25]. This is con-
sistent with the observation that all the reported Fis-
independent invertase mutations [25,28-31] are at or very
near this interface. (2) The bottom of this invertase dimer
interface is not only symmetry-unique for a 1:1 Fis dimer/
invertase dimer recognition, but may also serve as a strategic
area of contact for Fis, since perturbation there can be am-
plified to result in structural alteration at both the dimer inter-
face and the DNA cleaving sites; the latter may be trans-
mitted through a ‘scissors-like’ motion involving the central
B-sheet which had been shown to possess unusual flexibilities
[32]. (3) A mapping of invertase sequences to the structure of
v0 resolvase shows that located at the proposed Fis-recogni-
tion area are three conserved charged residues (Arg®, Asp®
and Arg'"?, Gin sequences; in Hin Arg® is replaced by histi-
dine) whose electrostatic surface may complement that of the
hydrophilic residues, 17 Asn-Ser-Gln-Asp-GIn?!, at the top of
the predicted Fis loop. In this context it is interesting to note
that mutation Asp?® — Asn of Fis strongly affects stimulation
of Hin-mediated DNA inversion [5].

In summary, in this work we predict the elusive Fis N-
terminus to adopt a flap-hinge conformation, and on this
basis hypothesize a model for Fis-invertase binding. Whereas
the flap-hinge model has been shown to interpret mutagenesis
data well, the significance of the proposed Fis-interacting in-
vertase residues requires, and calls for, experimental investiga-
tions.
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