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Abstract

The conversion from an a-helix to a B-strand has received extensive attention since this structural change may induce
many amyloidogenic proteins to self-assemble into fibrils and cause fatal diseases. Here we report the conversion of a
peptide segment from a SB-strand to an a-helix by a single-site mutation as observed in the crystal structure of Fis mutant
Pro2Ala determined at 2.0 A resolution. Pro® in Fis occurs at the point where a flexible extended B-hairpin arm leaves
the core structure. Thus it can be classified as a “hinge proline” located at the C-terminal end of the 82-strand and the
N-terminal cap of the A a-helix. The replacement of Pro to alanine extends the A a-helix for two additional turns in
one of the dimeric subunits; therefore, the structure of the peptide from residues 22 to 26 is converted from a B-strand
to an a-helix. This result confirms the structural importance of the proline residue located at the hinge region and may
explain the mutant’s reduced ability to activate Hin-catalyzed DNA inversion. The peptide (residues 20 to 26) in the
second monomer subunit presumably retains its B-strand conformation in the crystal; therefore, this peptide shows a
“chameleon-like” character since it can adopt either an a-helix or a B-strand structure in different environments. The
structure of Pro%®Ala provides an additional example where not only the protein sequence, but also non-local inter-

actions determine the secondary structure of proteins.

Keywords: conformational change; hinge proline; secondary structural change; X-ray diffraction

The conversion from an a-helix to a B-strand in proteins, which
can lead to the formation of amyloid fibrils and cause diseases, has
been investigated by several different biophysical methods (Kelly,
1996). The most widely-known examples are in the prion diseases,
such as transmissible bovine spongiform encephalopathy (BSE),
or inherited Creutzfeldt-Jacob disease (CJD) (Harrison et al., 1997).
It has been shown that inherited prion diseases of humans are all
linked to specific point and insertion mutations in the prion protein
sequence {Prusiner, 1994). It is believed that the mutations cause
part of the prion protein to convert from an a-helix to a 8-strand,
which aggregates to form amyloid fibrils in a perpendicular ori-
entation to the long axis of the fibril. Mutations that cause the
conversion between coil and a-helix (Alber et al., 1988) have been
reported before, but a change between an a-helix and a B-strand
induced by a single-site mutation has never been directly observed
in a three-dimensional structural study. In this study, we show the
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Academia Sinica, Taipei, Taiwan 11529, Republic of China; e-mail:
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conversion from a B-strand to an a-helix identified in the crystal
structure of the Fis mutant Pro?®Ala.

The 98 amino-acid Escherichia coli protein Fis (factor for in-
version stimulation) was originally discovered by its ability to
regulate DNA inversion catalyzed by the Hin-family of invertases
(Johnson et al., 1986; Koch & Kahmann, 1986). In Hin-mediated
DNA inversion, Hin invertase dimers bound at the two recombi-
national sites are responsible for DNA cleavage, exchange, and
ligation. Fis activates these catalytic steps by interacting with Hin
when bound at two domains within a cis-acting enhancer region
(Johnson, 1991). Interactions between Hin and Fis, together with
DNA supercoiling, promote the assembly of the invertasome where
DNA inversion occurs (Heichman & Johnson, 1990). Fis has also
been shown to stimulate A prophage DNA excision, activate tran-
scription of TRNA and tRNA operons, repress transcription and
function in oriC-directed DNA replication (Finkel & Johnson,
1992). Other than the need for Fis to bind at specific DNA sites, the
mechanisms by which Fis regulates these reactions are different
from inversion.

The X-ray crystal structure of wild-type Fis protein has been
previously determined and revealed four a-helices (A to D) from
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residues 27 to 98 (Kostrewa et al., 1991; Yuan et al., 1991). In
these orthorhombic crystals, the structure of the N-terminal region
prior to residue 27 was not established since electron density for
this region was largely absent. The A and B helices from each
subunit of the Fis homodimer form a stable helix bundle-like core
structure, and the C and D helices are the helix-turn-helix DNA
binding motif responsible for direct interactions with DNA. The
N-terminal region of Fis, from residues 11 to 36, is functionally
important for the stimulation of Hin-mediated inversion, as shown
by deletion and single-site mutation studies, and is believed to
directly interact with the Hin invertase (Koch et al., 1991; Osuna
et al., 1991; Safo et al., 1997). Recently the Fis mutant Lys**Glu
was crystallized in a different hexagonal form, and its structure
revealed that the N-terminal region from residues 10 to 26 con-
tained an extended B-hairpin arm that protruded from the compact
core structure (Safo et al., 1997). The B-hairpin arm is constrained
at its base where it is connected to the protein core but normally
becomes highly mobile as it extends out toward the tip, since there
are no surrounding amino acids to stabilize its position. Therefore,
the base of the B-hairpin arm (residues 10-13, 24-26) can be
observed in the wild-type Fis structure, but the mobile tip region
(residues 14-23) has only be seen in the Lys**Glu mutant due to
interactions with adjacent molecules in the hexagonal crystal. Mu-
tagenesis and cysteine crosslinking studies are entirely consistent
with the presence of mobile B-hairpin arms in solution (Safo et al.,
1997). Figure 1 shows the structures, the amino acid sequence, and
the secondary structure elements of the wild-type and mutant Fis
proteins that have been derived from the crystal structures. Based
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on extensive mutagenesis, it is believed that the tip of the flexible
B-hairpin arm and part of the A-helix interact with Hin to activate
recombination.

In the wild-type Fis crystal structure, Pro®® caps the N-terminal
end of the A-helix and the structure is ill-defined prior to this
proline. In the Lys**Glu mutant, Pro® is located at the end of the
B-2 strand, which spans residues 22 to 26, and borders onto the
A-helix. This paper reports the crystal structure of Fis mutant
Pro?®Ala at 2.0 A resolution. The replacement of this proline ex-
tends the A-helix at the N-terminal end for two additional turns in
one of the dimeric subunits. Thus, the structure of the residues 22
to 26 is converted from a B-strand to an a-helix. This result dem-
onstrates that a single-site mutation at a critical position can induce
dramatic secondary structural changes. However, the N-terminal
region of the second subunit in the homodimer retains its mobile
B-strand conformation, probably due to different packing environ-
ments in the crystal. Insights into the details of the 8-to-a confor-
mational change, molecular explanations for the reduced activity
of the mutant Pro*®Ala in activating inversion, and factors deter-
mining secondary structure are discussed.

Results

Overall structure of Pro*°Ala

The refined structure of Pro?®Ala highly resembles wild-type Fis
as shown in a Ca-backbone in Figure 2 in stereo views. In one of

Fig. 1. A: Ribbon model of the wild-type Fis superimposed with the
B-hairpin arms observed in the crystal structure of Fis mutant Lys**Glu.
The monomer « is colored in pink numbering from | to 98 and monomer
b is colored in blue numbering from 101 to 198 for the residues | to 98,
respectively. The residues located in the SB-hairpin arm are displayed in a
ball-and-stick model in both structures. In the wild-type Fis, only residues
24-26 and 10-13 with bonds colored in yellow located at the base region
of the extended arm are visible, and these residues superimpose with the
same residues in Lys*®Glu with bonds colored in pink and blue. Therefore,
the secondary structure of wild-type Fis at the N-terminal region should be
similar to that observed in Lys**Glu, though the top region of the B-hairpin
arm is not resolved due to its flexibility in the orthorhombic crystals. The
wild-type Fis model in the figure was refined to 2.0 A resolution (unpub-
lished data) and is very similar to the one reported (Kostrewa et al., 1992).
This figure was prepared using Molscript (Kraulis, 1991). B: Amino-acid
sequence for the wild-type Fis protein and secondary structures of wild-
type Fis (WT) (Kostrewa et al., 1991; Yuan et al., 1991), Fis mutant
Lys**Glu (K36E) in hexagonal form (Safo et al., 1997), and Fis mutant
Pro*°Ala (P26A-a for monomer a and P26A-b for monomer b) as defined
by PROCHECK (Laskowski et al., 1993). Secondary structures are repre-
sented by H for a-helix, B for S-strand, - for coil, and empty space for
disordered structure.
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Fig. 2. Stereo view of the Fis mutant Pro’®Ala homodimer represented in a Ca-backbone trace with monomer a depicted by a heavy
line and monomer b depicted by a light line. Monomer a is modeled from residues 10 to 13 and 26 to 98, and monomer b is modeled
from 120 to 198. Amino acids 12 to 26 and 112 to 126 normally form B-hairpin structures: however, in Pro*®Ala, residues 120 to 126
in monomer b are converted to an a-helix structure. Residues 10 to 13 in monomer a superimpose with the same residues in Lys**Glu
or wild-type Fis. This figure was prepared using Molscript (Kraulis, 1991).

the subunits (monomer a), like other Fis structures (Kostrewa
etal., 1991; Yuan et al., 1991), a fragment of electron density close
to the N-terminal region, but discontinuous from the core structure,
was present. A tetrapeptide corresponding to Val'®, Leu'', Thr'?,
and Val'? was assigned to this fragment, consistent with the Lys**Glu
Fis structure (Safo et al., 1997). Thus, the final model of monomer
a contains the core structure from residues 26 to 98, and four
residues 10 to 13, which are separate from the rest of the molecule.
The disorder of the Fis N-terminal region has been a typical prob-
lem in earlier studies where wild-type and mutant Fis proteins
crystallized in the orthorhombic unit cells (Kostrewa et al., 1991;
Yuan et al., 1991, 1994).

However, the other subunit (monomer b) in the Pro?®Ala mutant
shows a different secondary structure prior to residue 26. There are
six additional residues (120-125) that are clearly visible prior to
Ala'?® in monomer b, and these residues adopt a completely dif-
ferent secondary structure from that observed in monomer a and
other wild-type or mutant Fis structures. These residues extend
from Ala'?® to form a continuous a-helix structure resulting in a
longer A a-helix spanning from residues 120-140. Thus, the re-
placement of proline to alanine extends the A a-helix by almost
two additional turns. In the wild-type Fis, Pro%® does not contain
an amide hydrogen atom, therefore, it cannot make a main-chain
hydrogen bond with the -CO group in Val?>. When the proline is
substituted by alanine, the new -NH group is capable of making a
hydrogen bond. The bond distance is 2.9 A between the main-
chain nitrogen atom in Ala*® and the carbonyl oxygen atom in
Val?2,

. ol . .
Comparison of Pro*°Ala to wild-type Fis

The core structure of Pro°Ala is similar to the wild-type Fis in that
it contains the same secondary elements from residues 26 to 98.
The least-squares fit of the Ca-atoms between wild-type and
Pro?°Ala gives an averaged root-mean-square (RMS) difference of
0.58 A, slightly higher than what is expected based on the coor-
dinate errors. Almost all of the largest RMS differences between
the two structures are concentrated among residues 26—40 (A-helix)
and the loop region of 41-46. When only the residues from the B
to D helices (residues 50-98) are used for least-squares fitting, the
average RMS difference at the C-terminal region is only 0.48 A,
but the average difference between the A-helices is 0.86 A. The
displacement is more pronounced in the A-helix of monomer b

(with an RMS difference of 1.05 A) than that of the monomer a
(with an RMS difference of 0.63 A). We found that the A-helix is
slightly shifted along the helical axis toward the N-terminal end in
the monomer b. For comparison, a similar analysis between wild-
type Fis and Pro®'Ala structures gave an RMS difference of only
~0.3 A that was distributed evenly throughout the entire structure.
It has been demonstrated before that Leu'! is critical for the con-
formation of the N-terminal region and that a hydrophobic core
surrounding Leu'! interlocks the base of the B-hairpin arm with
the core structure of A- and B-helices (Safo et al., 1997). In mono-
mer b, Leu'" is not located at the same position as that of wild-type
Fis, and therefore possibly releases the conformational constraint
which allows the A-helix to shift.

Comparison of Pro*°Ala to Lys**Glu

The comparison between Pro?®Ala and Lys**Glu shows that the
most dramatic structural changes are present in the region prior to
residue 26 in monomer b. A B-strand (residues 22 to 26) and part
of the hairpin loop (residues 20 to 21) converted to an a-helix
when an alanine is substituted for Pro®. Figure 3 shows the ribbon

Fig. 3. The N-terminal structures of (A) Fis mutant Lys**Glu from amino
acids 10 to 43, which are believed to exist in wild-type Fis (16), and (B)
Pro*®Ala (monomer b amino acids 20 to 43) as displayed in ribbon models.
The locations of residues 20 and 26 are labeled in the two structures with
the side chains of residues 26 represented in a ball-and-stick model. The
regions that converted from a B-strand to an a-helix after mutation of Pro*®
to alanine are denoted with darker shading.
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diagram of Pro*$Ala and Lys*®Glu at the N-terminal region, and
Figure 4 shows the Ramachandran plot for the residues from 20 to
26 in the two protein structures. It can be clearly seen that the ¢-¢
angles are clustered at the B-strand region in Lys3®Gluy, but at the
a-helix region in Pro*®Ala. The ¢-¢ angles are very similar be-
yond residue 26 since the secondary structures of Lys3*Glu and
Pro?Ala are identical from residues 26 to 98. The ¢-¢ angles in
Pro®®Ala start to change right at position 26 due to the mutation.
Thus, an amino acid substitution of a proline that caps the N-terminal
end of an a-helix extends the helix for two additional turns. A
related phenomenon has been reported before in a phage T4 lyso-
zyme mutant structure in which a loop was converted into an
a-helix by substituting a proline at the N-terminal end of an a-helix
with seven different residues (Alber et al., 1988).

In monomer a, residues 10-13 and 25-26 of Pro?®Ala are lo-
cated at the same place as the corresponding ones in Lys**Glu.
This implies that the N-terminal region of monomer a retains the
structure of the B8-hairpin arm, but the tip of the arm is disordered
due to its mobility in the orthorhombic unit cell. Thus, we can only
observe part of the structure at the base of the flexible arm in this
region. The structure of the mobile B-hairpin arm in Fis has been
described and discussed earlier (Safo et al., 1997). The different
secondary structures generated from the same amino acid sequence
in monomers @ and b may be due to different packing environ-
ments, which will be addressed in Discussion.

CD studies of Fis mutant Pro*SAla

CD spectra have been recorded for both wild-type Fis and Pro?®Ala
mutant proteins under the same conditions. The estimated percent-
ages for the secondary structural elements are 80.4% a-helix and
9.2% B-sheet for wild-type Fis, and 80.3% «a-helix and 8.5% B-sheet
for Pro®®Ala as calculated by the program Selcon (Sreerama &
Woody, 1993). The percentage of B-sheets does decrease for the

180
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Fig. 4. Ramachandran plot for residues 20 to 26 {monomer b) in Fis mu-
tant Pro2Ala (represented by A) and Lys*Glu (represented by O). The
Phi-Psi angles are clustered in the a-helix region in Pro?®Ala, but in the
B-strand region in Lys*Glu.
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Pro?6Ala mutant, but the difference is small. Therefore, the struc-
ture of Pro?°Ala in solution should be similar to the wild-type Fis,
consistent with the crystal structure studies.

Structural differences in solution resulting from the
Pro?SAla mutation as measured by the formation
of an intersubunit disulfide bond

Rates of disulfide bond formation between cysteines located within
the N-termini of the Fis dimer subunits were measured to provide
biochemical evidence for a structural difference in this region caused
by the Pro?Ala mutation. The comparison of oxidation rates
between cysteines substituted at different positions within the
N-terminus has provided strong support for the S-hairpin arm struc-
ture in solution that is observed by crystallography (Safo et al.,
1997). One of the substitutions that most efficiently oxidized into
a disulfide linkage was Ser'®Cys. Serine 18 is located near the top
of the B-hairpin loop, and the side chains from each subunit at this
position are oriented appropriately to readily associate, given the
predicted flexibility of the B-arms. Thus, rates of disulfide forma-
tion between subunits in the Ser'®Cys dimer can be used as a
solution probe of the B-hairpin arm structure. Pro?®Ala was com-
bined with Ser'®Cys and disulfide formation rates of the double
mutant were compared with Ser'®Cys. The purified proteins were
initially reduced with dithiothreitol, followed by dialysis to remove
the DTT, and then subjected to oxidation in the presence of 1 mM
oxidized glutathione. The percent of disulfide-linked protein at
various time points was determined by non-reducing SDS-PAGE
followed by densitometry. As shown in Figure 5, disulfide bond

60

50

% Disulfide-linked

Ser!8Cys + Pro%Ala

0 T ! ! 1 1 1
0 2 4 6 8 10
Time (min)

Fig. 5. Rates of intersubunit disulfide formation within Ser'®Cys and
Pro?®Ala + Ser'8Cys dimers. Reduced preparations of Ser!®Cys and
Pro*Ala + Ser'®*Cys were exposed to 1 mM oxidized glutathione at a
concentration of 2 uM at 23°C as described (Safo et al., 1997). Aliquots
were removed at various times, quenched in SDS sample buffer, and elec-
trophoresed in a non-reducing SDS-PAGE gel. The percent of disulfide-
linked dimers at each time point is given.
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formation in the presence of Pro®®Ala occurs relatively efficiently,
but the rate is about 50% that of Ser'®Cys. This result provides
evidence that the normal B-hairpin structure is partially, but not
completely, disrupted by Pro?®Ala in solution. Similar oxidation
experiments have also been performed in various concentrations of
trifluoroethanol (TFE), which is known to enhance helix formation
in model peptides (Jasanoff & Fersht, 1994; Luo & Baldwin, 1997).
The presence of 1-10% TFE greatly decreased disulfide bond for-
mation within Pro?®Ala + Ser'8Cys dimers but only had a small
effect on Ser'*Cys (data not shown). Higher amounts of TFE
inhibited disulfide formation in both mutants, suggesting that the
B-arm structure is disrupted under these conditions even without
the Pro?®Ala substitution. These data imply that the N-terminal
region of the Pro2®Ala subunits may be in an equilibrium between
the a-helical and the normal B-strand structures under standard
aqueous solution conditions, and that relatively small changes in
environmental conditions can shift the equilibrium into predomi-
nantly the helical form.

Activities of Fis mutant Pro**Ala

The N-terminal B-hairpin arm region of Fis mediates activation of
Hin-catalyzed DNA inversion, though only one B-arm within the
Fis dimer is sufficient. Figure 6 shows the functional consequences
of the Pro*®Ala substitution on the ability of Fis to stimulate Hin
inversion in vitro. The rate of Hin-catalyzed DNA inversion in the
presence of Pro®®Ala is about 40% of that measured for the wild
type protein, consistent with a portion of the Fis dimers containing
a disrupted B-arm region. A qualitatively similar decrease in its
inversion activation activity is also observed in vivo (data not
shown). The reduced form of the Pro?®Ala + Ser'8Cys double
mutant also showed a 60% decrease in Hin inversion activation as

1.5

wild type Fis
1.0 -1

0.5+

Inversion/DNA molecule

- Fis

0.0

e
0.0 1.0 2.0 30 4.0 5.0

Time (min)

Fig. 6. In vitro activation of Hin-mediated DNA inversion by Fis mutant
Pro?®Ala. Reaction solutions contained 40 nM wild-type (WT) or Pro2Ala
(P26A) Fis, 50 nM Hin, 200 nM HU, and 4 nM supercoiled pMS551 DNA.
Aliquots were taken at different times and the number of inversions per
DNA substrate molecule was determined after restriction digestion and gel
electrophoresis as described (Johnson et al., 1986).
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compared with Ser!8Cys, which gives wild-type activity whether it
is reduced or disulfide-linked (Safo et al., 1997). When Pro?®Ala
+ Ser'8Cys was disulfide-linked, however, its activity was found
to be indistinguishable from wild type. This result is predicted
since the disulfide linkage would fix the N-termini of both subunits
of the double mutant in the active B-hairpin arm configuration. In
fact, a 2.5 A electron density map of orthorhombic crystals of
oxidized Pro%®Ala + Ser!8Cys reveals that both subunits have
adopted the B-hairpin arm structure at their N-termini (data not
shown).

Pro2®Ala was also quantitatively assayed for its ability to stim-
ulate phage A excision in vivo (Ball & Johnson, 1991), activate
proP transcription in vivo (Xu & Johnson, 1995), and bind and
bend DNA in vitro by a gel mobility shift assay (Wu & Crothers,
1984). As expected, none of these activities were significantly
altered (Table 1), since they are each mediated by residues within
the C-terminal end of the protein where there are no observable
differences in the crystal structure. Thus, the functional properties
of the protein are entirely consistent with its crystal structure.

Discussion

Proline differs from other amino acids in that it does not contain
the amide hydrogen atom and its side chain is covalently bonded
to the preceding peptide bond nitrogen which introduces local
rigidity to the peptide chain. Therefore, the proline residue is often
located at the first position (N1 position) of an a-helix, which is
believed to be primarily due to its highly restricted backbone con-
formation that is energetically favorable in forming a regular struc-
ture (Richardson & Richardson, 1988). Proline is also classified as
an unfavorable N-capping residue, mostly because its side chain
cannot interact with the N-terminus of the helix (Doig & Baldwin,
1995; Doig et al., 1997). Moreover, it has been noted that protein-
protein contacts are increased in a number of protein oligomers by
an arm exchange or a domain swapping process, and proline res-
idues frequently occur at the base of exchanged arms (Bergdoll
etal., 1997). In this context, they are described as “hinge prolines,”
and the occurrence of proline at a hinge region is explained by the

Table 1. Activities of wild-type Fis and mutant Pro*5Ala

Mutant Inversion® A excision® Transcription® DNA binding?
Wild type 0.60 275 150 2% 107°

- Fis <0.01 1 1

Pro®*Ala 0.24 255 138 2% 107°

*Rates of Fis-activated Hin catalyzed DNA inversions in vitro using
purified proteins (Johnson et al., 1986). Values represent inversions per
DNA substrate molecule per minute.

®Fold stimulation of phage A excision by Fis in vivo (Ball & Johnson,
1991). Values are given relative to the no Fis, control which gave 6 X 107
plague forming units per mL.

“Fis-activation of proP P2 transcription in vivo (Xu & Johnson, 1995).
Values are given relative to the no Fis control, which gave 4.5 units of
B-galactosidase activity programmed from a proP-lacZ fusion.

4K, (M) as determined by gel mobility shift assays using the hin en-
hancer distal Fis binding site as a probe (Pan et al., 1996). The wild-type
and Pro?Ala DNA complexes migrated identically when the binding site
was located near the middle of the DNA fragment, indicating that Fis-
induced DNA bending was the same.
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rigidity of the proline residue and the extended conformation of the
peptide chain that is favored by prolines.

Pro? in Fis occurs at the point where the B-hairpin arm leaves
the core structure, thus it can be classified as a “hinge proline”
located at the end of a B-strand in a trans-conformation and
N-capping the A-helix. Pro?5, therefore, should be very important
in orienting the conformation of the B-hairpin arm. We find that
replacing this proline with an alanine results in extending the A
a-helix for two additional turns at its N-terminal end in one of the
Fis monomer subunits. This structural change can be explained in
several ways. First, although the helix propensities for the neigh-
boring residues (*?’DQVTQK?) are generally low, the Pro*®Ala
mutation substitutes the least favored amino acid for the most
favored amino acid in an «-helix, thereby increasing the helix
propensity substantially (O’Nell & DeGrado, 1990; Blaber et al.,
1993). The Fis mutant ProZ°Leu has also been crystallized in the
same orthorhombic unit cell, but the electron density prior to Leu?®
is not as well defined as observed for Pro’¢Ala. Only broken
density in the shape of a helix is obtained in subunit b (data not
shown). This difference may reflect the lower helix propensity for
leucine as compared with alanine, resulting in Pro?®Leu forming a
less stable extended helix. Second, it has been shown before that
the tertiary context is a major determinant of SB-sheet propensity
while the intrinsic ability for an amino acid to form a SB-strand
structure only contributes a minor role (Minor & Kim, 1994). The
peptide of 2°DQVTQKA?® is located at the edge of the Fis mol-
ecule and is highly exposed to solvent; therefore, the tertiary con-
text influence to direct a B-sheet structure is reduced. Third, this
peptide does not contain strong periodicity of polar and nonpolar
amino acids of 3.6 residues for a-helices or 2 residues for B-sheets
(Xiong et al., 1995). The combination of the second and third
factors should result in a peptide that is more flexible and more
capable of adopting different secondary structures.

The conversion from an a-helix to a B-strand has attracted ex-
tensive attention since it is believed that this type of structural
change induces many amyloidogenic proteins to self-assemble into
fibrils and cause fatal diseases. Thus it is important to know what
types of mutations can induce such a structural rearrangement,
which may help in the development of rational approaches to the
treatment of amyloid diseases. The recently solved NMR structure
of the mouse prion protein PrP domain (amino acids 121-231)
shows that most of the mutations associated with inherited prion
diseases are located in regular secondary structural elements or
immediately adjacent to them (Riek et al., 1996). The structure of
Pro?®Ala indeed confirms that a single-site mutation can induce
dramatic structural changes, especially if the mutation occurs at the
junction of different secondary structures.

While the residues from 22 to 26 convert from a B-strand to an
a-helix in subunit b in the Fis homodimer, the same region from
subunit a presumably retains the B-strand structure. Therefore,
even though the protein sequence is the same, the two peptide
fragments with the sequence of 2?DQVTQKA?Z® have different
secondary structures in the Pro?®Ala mutant. Because there are two
molecules per asymmetric unit in the orthorhombic unit cell, the
two Fis subunits are not crystallographically identical and have
different crystal packing environments. It has been shown before
that non-local interactions of amino acids from the tertiary struc-
ture of a protein can be an important factor in determining the
secondary structure of peptides (Waterhous & Johnson, 1994). The
report of a “chameleon” sequence of 11 residues that folds as an
a-helix or a B-strand when inserted in different positions in the
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immunoglobulin-binding domain of protein G also demonstrates
the importance of the non-local interactions in determining the
secondary structure (Minor & Kim, 1996). Thus, the structure of
Fis mutant Pro%®Ala provides another example where the same
peptide sequence can form different secondary structures when
exposed to different environments. An « to 8 conformational switch
has also been observed before in structures of the elongation factor
EF-Tu in which a peptide fragment of six amino acids in length
within a B-hairpin, converts from a B-strand in the GDP form to an
a-helix in the GTP complex (Abel et al., 1996). In addition, the
report of the crystal structure of the yeast MATa@2/MCM1/DNA
ternary complex (Tan & Richmond, 1998) shows that the origi-
nally flexible amino-terminal extension of the MATa2 homeo-
domain forms a B-hairpin when it interacts with MCM1. Within
this B-hairpin, an eight-amino-acid sequence adopts a fB-strand
conformation in one of the dimeric subunit, but changes to an
a-helical conformation in the other subunit. Interestingly, the
B-hairpin arm in Fis is also responsible for direct interactions with
Hin invertase. It seems that protruding B-hairpins can display ex-
tensive polymorphism, particularly when they bind other proteins
or substrates.

The alternative secondary structures observed in the Pro*¢Ala
crystal structure are probably present in solution where different
microsolvent environments would influence their interconversion.
Under standard aqueous solution conditions, there is a moderately
slower rate of disulfide formation between Cys'® residues in the
dimer when the Pro®®Ala mutation is present. This effect is strongly
enhanced when small amounts of trifluoroethanol are added, im-
plying that the equilibrium is shifted such that the a-helical con-
former now predominates over the S8-hairpin. The reduced ability
of Pro?®Ala to activate Hin inversion, both in vitro and in vivo, is
also fully consistent with the structural changes seen in the crystal.
Recent experiments suggest that amino acids in only one arm of
each Fis dimer are minimally required for activation of the Hin
invertasome (S. Merickel & R.C. Johnson, unpubl. data). Thus,
only one structurally intact B-hairpin arm in Pro?®Ala would be
sufficient to allows Fis to productively interact with the Hin
recombinase.

Materials and methods

Construction and purification of Fis mutant proteins

The Pro?¢Ala mutation (CCC to GCC) was introduced into pRI807
(Osuna et al., 1991) by the two-step polymerase chain reaction
method (Landt et al., 1990) to generate pRJ1136. For large-scale
overproduction, the mutant gene was transferred into pET11a (Nova-
gen, USA) and transformed into RJ1852 (BL21 fis-767) (Pan
et al., 1996). The mutant Fis protein was purified to >98% ho-
mogeneity by chromatography on S-Sepharose (Pharmacia, Swe-
den) followed by an FPLC mono-S column (Pan et al., 1996).
After dialysis against a low-salt buffer (0.05 M NaCl and 20 mM
Tris-HCI, pH 8.2), the precipitated Fis was resolubilized and stored
at a concentration of 30 mg/mL in 20 mM Tris-HC! (pH 8.2),
1.0 M NaCl at —70°C. Mass spectroscopy measured a molecular
mass of 11,216(%3) for Pro®®Ala, compared with 11,213 calcu-
lated from the predicted amino-acid sequence.

The Ser'®Cys mutation (TCT to TGT) was combined with
Pro?®Ala by performing a PCR reaction using pRJ1136 as a tem-
plate and a 5’ oligonucleotide primer that overlapped the unique
Hpal site in the fis gene and contained the Ser'®*Cys mutation. The
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product was cleaved with Hpal and HindIll, which is located
beyond the 3’ end of the fis gene and used to replace the analogous
fragment in pRI1077 (pET11a-fis wild-type) (Pan et al., 1996).

Measurement of circular dichroism spectra

The circular dichroism (CD) spectra were measured with the wave-
length varying from 180 to 260 nm on a Jasco J-700 spectropo-
larimeter. The protein concentration was adjusted to 0.02 mg/mL
in a buffer solution of 10 mM potassium phosphate at pH 7.5. The
percentage of the secondary structure was calculated by the pro-
gram Selcon (Sreerama & Woody, 1993).

Crystallization and data collection

Crystals of Pro%®Ala were grown by the hanging drop vapor dif-
fusion method from a solution of 15 mg/mL protein, 0.5 M NaCl,
10 mM Tris-HCl (pH 8.2), and 10% PEG4000, against a reservoir
of 20% PEG4000. Large rectangular crystals (approximately
0.3 X 0.4 X 0.8 mm?) were obtained after several days at room
temperature.

The diffraction data were recorded at room temperature by an
R-AXIS 1II imaging plate equipped with a rotating anode and a
double-mirror focusing system. The crystals were isomorphous to
the previously solved wild-type Fis (Yuan et al., 1991) and mutant
Pro®' Ala (Yuan et al., 1994) with orthorhombic P2,2,2, unit cells.
The crystallographic details are listed in Table 2. A total of 64,153
reflections were recorded and reduced to 13,188 unique reflections
with an R,,,, of 7.4% based on the intensities between symmetry-
related reflections. The merged data set corresponds to 94.6% of
the possible data up to 2.0 A resolution.

Refinement

The previously determined isomorphous Fis mutant protein struc-
ture Pro®! Ala (Yuan et al., 1994) was used as a starting model for
the Pro?®Ala refinement. There are two monomers, a and b, per
asymmetric unit, and their residues are numbered from 1 to 98 and
101 to 198 in each monomer, respectively. The model of Pro®' Ala
contains residues 26 to 98 in two subunits and two discontinuous
tetra-peptide fragments (residues 10 to 13 and 110 to 113) located
at the N-terminal region. Only the model comprising the continu-
ous polypeptide chains of 26-98 amino acid residues of the two
monomers were used, and Pro®® was changed to alanine and Ala®!
was changed to proline prior to refinement. The model was sub-
jected to a rigid body refinement to a crystallographic R-factor of
38.7% using data between 8.0-2.5 A with the two monomers
treated as two independent groups. A series of positional and sim-
ulated annealing refinements to a resolution of 2.0 A were grad-
ually undertaken. A continuous stretch of density from the Ala'?®
of monomer b was observed, and six residues were added to this
density to form a continuous polypeptide chain of 120-198 amino
acids. The omitted electron density map at the N-terminal end of
monomer b is shown in Figure 7A. A continuous helix-shaped
density can be clearly observed prior to residue 27, and this density
disappeared at residue 20. The side chains of Asp20, Val?2, Thr?3,
and Gln?* are well defined in the final (2F, — F,) map ( Fig. 7B),
but the side chains of GIn?' and Lys®® are broken. On the other
hand, in monomer a, a stretch of density close to, but separated
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Table 2. X-ray diffraction statistics for the Fis mutant Pro®®Ala

Data collection and processing

Space group P2,2,2,
Cell dimensions (A)

a= 80.62

b= 51.11

c= 47.85
Resolution (A) 2.00
Observed reflections 64,153
Unique reflections 13,188
Completeness—all data (%) 94.6
Ryyerge—all data® 74
Refinement
Resolution range (A) 8.0-2.00 (F > 20F)
Reflections 11,745
Non-hydrogen atoms

Protein 1,249

Solvent molecules 103
R-factor (%) 20.2
R-free (%) 28.0
Model quality
RMS deviations in

Bond lengths (A) 0.010

Bond angles (°) 1.187
Average B-factor (A?)

Non-hydrogen atoms 33.1

Protein atoms 324

Solvent atoms 41.2

; 2 ,Ihj - <Ih>,
“Roeree = ——————— where {I,) is the mean intensity of the
ge 2 2 [h‘,- < h > Yy

i observations for a given reflection h.

from, the N-terminal region was observed. This stretch of density
corresponded to a discontinuous region observed in wild-type and
Pro®! Ala Fis crystals and was fitted with the residues Val'®, Leu'!,
Thr'2, and Val'? (Safo et al., 1997). At this stage 8% of the total
reflection data were excluded from the refinement and used to
calculate the R-free. The model was then taken through several
cycles of alternate positional and simulated annealing. Addition of
103 waters (B-factors less than 60 Az) and B-factor refinement
resulted in a final R-factor of 20.2% and R-free of 28.0% based on
11,745 reflections (F > 2¢°F) in the resolution range of 8.0-2.0 A.

The final model of Pro®®Ala consisted of 1,249 protein atoms
and 103 water molecules. Residues 1-9 and 14-25 of monomer a
were not included in the model due to the absence of any inter-
pretable electron density. Likewise, residues 101-119 of monomer
b were not included. Overall the model has acceptable stereochem-
istry, with RMS deviations of bond lengths and bond angles of
0.010 A and 1.187°, respectively. A PROCHECK analyses of the
Ramachandran plot of the main-chain conformational angles show
that 90.6% lie in the core region with 8.8% residing in the allowed
region. One residue, Asn*?, lies in the disallowed region. This
residue is located in a loop region and has poor electron density.
There is a break in the main-chain electron density at Asn** and
Asn®. Six other residues, GIn'?', Lys'®, GIn'*', Asn'#*, GIn'43,
and Asn'%8, show poor densities of their side chains.


http://www.proteinscience.org

Downloaded from www.proteinscience.org on July 13, 2006

1882

W.-Z. Yang et al.

Fig. 7. A: Stereo view of the omit (2F, — F,) electron-density map for Fis Pro?®Ala at the N-terminal region of monomer b. The
density extends in a helix configuration from residues 20 to 26, unlike that observed in monomer a of Fis Pro®Ala or either subunit
of wild-type Fis. The map was calculated by omitting residues 20 to 26 in monomer b of the Fis homodimer. Simulated annealing
refinement was done with a 3 A spherical shell of fixed atoms surrounding the omitted regions, and the maps were contoured at 0.8¢
of the average electron density. B: Stereo view of the final (2F, — F,.) map calculated with a.,. The map is contoured at the 1o level.
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