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Abstract: Factor for inversion stimulation (FIS), a 98-residue homodimeric protein, does not contain
tryptophan (Trp) residues but has four tyrosine (Tyr) residues located at positions 38, 51, 69, and

95. The equilibrium denaturation of a P61A mutant of FIS appears to occur via a three-state

(N2 � I2 � 2U) process involving a dimeric intermediate (I2). Although it was suggested that this
intermediate had a denatured C-terminus, direct evidence was lacking. Therefore, three FIS double

mutants, P61A/Y38W, P61A/Y69W, and P61A/Y95W were made, and their denaturation was

monitored by circular dichroism and Trp fluorescence. Surprisingly, the P61A/Y38W mutant best
monitored the N2 � I2 transition, even though Trp38 is buried within the dimer removed from the

C-terminus. In addition, although Trp69 is located on the protein surface, the P61A/Y69W FIS

mutant exhibited clearly biphasic denaturation curves. In contrast, P61A/Y95W FIS was the least
effective in decoupling the two transitions, exhibiting a monophasic fluorescence transition with

modest concentration-dependence. When considering the local environment of the Trp residues

and the effect of each mutation on protein stability, these results not only confirm that P61A FIS
denatures via a dimeric intermediate involving a disrupted C-terminus but also suggest the

occurrence of conformational changes near Tyr38. Thus, the P61A mutation appears to

compromise the denaturation cooperativity of FIS by failing to propagate stability to those regions
involved mostly in intramolecular interactions. Furthermore, our results highlight the challenge of

anticipating the optimal location to engineer a Trp residue for investigating the denaturation

mechanism of even small proteins.
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Introduction
The aromatic amino acid tryptophan (Trp) is the

intrinsic fluorescent probe most used to monitor pro-

tein conformational change, dynamics, and intermo-

lecular interactions due to its indole chromophore,

which is very sensitive to its environment.1 An

advantage offered by Trp is that it may be

selectively excited to exclude the fluorescence contri-

bution of tyrosine (Tyr) residues. Thus, Trp has been

engineered into the structure of many proteins,

usually by replacing a phenylalanine (Phe) or Tyr

residues to preserve the hydrophobic interactions,

residue size, and aromatic properties.2–9 In this
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study, Trp residues were used to probe the denatura-

tion mechanism of the Escherichia coli factor for

inversion stimulation (FIS), a predominantly a-heli-
cal homodimeric DNA-binding protein of 98 residues

found in many bacteria.10–13 FIS is involved in a

variety of functions, such as stimulation of certain

site-specific DNA recombination events,14–19 modula-

tion of DNA topology,20,21 and regulation of tran-

scription of numerous genes.22–25 The C-terminus of

FIS, which is comprised of the C- and D-helices, has

a high content of positive charge and is involved in

DNA-binding.26,27 The N-terminus of FIS, which is

comprised of the A-helix and the preceding 26 resi-

dues, is involved in the stimulation of Hin-mediated

DNA inversion.26 The dimer interface comprises

most of the hydrophobic core and involves mainly

the interaction of Helix B from one subunit with the

A- and B-helices of another FIS subunit (Fig. 1).

Conveniently for our studies, FIS lacks disulfide

bonds or cofactors and unfolds reversibly.28

FIS has a proline (Pro) residue located at posi-

tion 61 in the middle of Helix B that is fully con-

served among 35 different bacteria examined.13 This

Pro was thought to be largely responsible for the 20�

kink in Helix B observed in the crystal structure,

but the crystal structure of the mutant P61A FIS

(Fig. 1) showed that its replacement with alanine

reduced the angle of the kink by only 4�.29 There-

fore, although Pro61 may support the kink of Helix

B, the deformation of the helix is mainly caused by

other structural factors. To investigate the role of

the P61A mutation on the stability and equilibrium

denaturation pathway of FIS, this mutant was stud-

ied by circular dichroism (CD) and fluorescence ani-

sotropy.30 Initial equilibrium denaturation studies

revealed that the unfolding curves for P61A FIS

appeared consistent with a two-state (N2 � 2U)

denaturation model.30 However, the slope (m-value)

of the transition decreased as the concentration of

P61A FIS increased, suggesting a more complex

denaturation mechanism. Global analysis of all the

unfolding curves revealed that the denaturation

mechanism of P61A FIS was consistent with a

three-state model involving a dimeric intermediate

(N2 � I2 � 2U) and yielded a DGH2O for unfolding of

18.6 kcal/mol, 4 kcal/mol higher than that of WT

FIS. Interestingly, the dimeric intermediate retained

about two-thirds (12.4 kcal/mol) of the protein stabil-

ity, which is consistent with most of the protein core

being part of the monomer–monomer interface.

Although the structure of the dimeric intermediate

is not known, the crystal structure of native FIS

shows that except for a few intermolecular interac-

tions between the end of Helix C and the beginning

of Helix B, the C-terminus of FIS is largely involved

in intramolecular interactions (Fig. 1).

FIS does not contain Trp residues but has four

Tyr residues located at positions 38, 51, 69, and 95

that are highly conserved in all known sequences of

FIS.13 To obtain direct structural evidence about the

denaturation mechanism of P61A FIS, and to fur-

ther characterize the role of the C-terminus, each

Tyr residue was individually mutated to Trp. The

FIS crystal structure shows that the Tyr residues

are distributed throughout the protein in very differ-

ent environments, with each Tyr being involved in

different intramolecular and intermolecular interac-

tions (Fig. 1). Tyr38 is located near the end of Helix

A and has the side chain hydroxyl group buried

inside a hydrophobic pocket, with no hydrogen-bond-

ing partner.13 Tyr51 is located near the beginning of

Helix B, which is close to the C-terminus in three-

dimensional space, and is involved in intermolecular

hydrogen-bonding interactions with charged side

chains of the opposite subunit.13 Tyr69 is highly

solvent-exposed and is located near the end of Helix

B where it is involved in an intermolecular ring-

stacking interaction with Phe39.13 Tyr95 is posi-

tioned in the highly charged C-terminus, where it is

partially buried and involved in intramolecular

hydrogen bonds with lysine 94 and glutamic acid

59.13 This heterogenous environment of Tyr residues

in FIS provides a convenient opportunity for engi-

neering single Trp replacements at different posi-

tions that should serve as reporter fluorophores for

the local conformational changes associated with the

denaturation of P61A.

For this study, the equilibrium denaturation of

three FIS double mutants (P61A/Y(38, 69, or 95)W)

was studied by far ultraviolet (far-UV) CD and fluo-

rescence spectroscopies. The mutant P61A/Y51W

was omitted, because it could not be purified. Tyr51,

which is located in Helix B and is involved in the

electrostatic network involving the B- and D-helices,

Figure 1. Ribbon model representation of the X-ray crystal

structure of P61A FIS (PDB file: 1FIP). The first 25 residues

of each monomer are flexible and do not resolve in the

crystal structure. The tyrosine residues are highlighted and

the four a-helices are labeled A through D. This figure was

prepared using the software PyMol (The PyMol Molecular

Graphics System, Version 1.3, Schrodinger, LLC.).

Mun~iz et al. PROTEIN SCIENCE VOL 20:302—312 303



cannot be replaced with Trp without causing steric

repulsion and severely destabilizing the protein. The

denaturation studies with the remaining Trp

mutants revealed that their ability to clearly detect

the formation of the dimeric intermediate proceeds

in sequential order: P61A/Y38W > P61A/Y69W >

P61A/Y95W FIS. Although this trend was unex-

pected, it provided direct evidence for a dimeric

intermediate in P61A FIS involving a disrupted

C-terminus, and further suggested accompanying

conformational changes near Trp 38 and 69. Of

broader significance, these results provide insight on

how the location of Trp residues might be better

selected and exploited for probing conformational

changes in proteins.

Results and Discussion

Structural environment of tryptophan 38, 69,

and 95 in P61A FIS
To assess the suitability of the Trp replacements of

Tyr38, 69, or 95 as fluorescent probes in our study,

we compared the native and unfolded spectra of the

three P61A/Y#W double mutants (# ¼ 38, 69, or 95)

and inspected the molecular environment of the

engineered tryptophan residues in the crystal struc-

ture of P61A FIS.29

The fluorescence emission spectrum for P61A/

Y38W FIS [Fig. 2(A)] show that under native condi-

tions, the Trp residue exhibits much higher fluores-

cence than the corresponding unfolded state. In

addition, the wavelength of maximum fluorescence

(kmax) for native P61A/Y38W FIS is 329 nm, but

upon unfolding undergoes a 24-nm Stokes shift to

353 nm, indicating that in the native state, Trp38 is

buried in a nonpolar environment protected from

solvent quenching [Fig. 3(A)].5 Because of its larger

nonpolar side chain, Trp38 should reach deeper than

Tyr into the surrounding hydrophobic pocket, con-

sistent with its fluorescence emission behavior.

Trp38 is expected to make intramolecular contacts

with Phe39, Leu42, Val47, Leu50, and Leu53. The

absence of contacts with the C-terminus and the

large changes in fluorescence upon the denaturation

of P61A/Y38W FIS suggest that Trp38 should be an

excellent probe to monitor dimer dissociation.

The fluorescence intensity of P61A/Y69W FIS is

weaker than that of P61A/Y38W FIS, and therefore,

decreases modestly upon unfolding [Fig. 2(B)]. In

addition, the kmax shifts from 345 to 354 nm upon

unfolding of P61A/Y69W, which is consistent with

Trp69 being mostly solvent exposed in the native

state. Inspection of an in silico replacement of Tyr69

with Trp in the structure of P61A FIS suggests that

the intermolecular ring stacking interaction with

Phe39 should be preserved [Fig. 3(B)]. Therefore, it

appeared that Trp69 could serve as an adequate

probe for dimer dissociation.

P61A/Y95W FIS displays lower fluorescence in-

tensity in the native state than the unfolded state

[Fig. 2(C)]. This suggests that the fluorescence of

Trp95 is quenched in the native state, perhaps by

nearby charged residues, such as Lys94 and Lys91

[Fig. 3(C)]. In addition, a shift of only 11 nm

between the kmax of the native (345 nm) and

unfolded (356 nm) states for P61A/Y95W FIS is con-

sistent with Trp95 being in a polar environment

largely exposed to the solvent. Analysis of an

in silico Y95W mutation in the P61A structure sug-

gests that Trp95 may not fit as well in the space

designated for the native Tyr residue due to the

bulkier side chain of Trp. In addition, Trp95 lacks

Figure 2. Fluorescence spectra of P61A/Y38W (A), P61A/

Y69W (B), and P61A/Y95W (C) FIS were collected at 20�C
under native and denaturing conditions. Emission spectra

for all mutants were collected using an excitation

wavelength of 295 nm in 10 mM PB at pH 7.4 with 0.1M

NaCl for native conditions and 10 mM PB, 8M GuHCl at pH

7.4 with 0.1M NaCl for denaturing conditions. The

concentration of the mutant proteins was 36 lM.
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the hydroxyl of Tyr and cannot form the hydrogen

bonding interaction with Lys94 that is present in

native FIS. This is consistent with a slight destabi-

lizing effect (1.3 kcal/mol) caused by Y95W (Table I).

Trp95 should still be able to form a hydrogen bond

with Glu59 (on Helix B of the same chain) via its

indole group [Fig. 3(C)]. Thus, the increase in P61A/

Y95W fluorescence upon unfolding was expected to

monitor the denaturation of the C-terminus.

GuHCl-induced denaturation of P61A FIS
monitored by far-UV CD

Previous studies of WT and P61A FIS were carried

out using urea as the denaturant.28,30 As prelimi-

nary studies showed that urea could not fully dena-

ture P61A/Y38W FIS, we used the more powerful

denaturant GuHCl. To facilitate comparisons

between the P61A/Y#W mutants and P61A, the

GuHCl-induced denaturation of P61A FIS was stud-

ied first. Tyr fluorescence was not a reliable method

to monitor the unfolding of P61A FIS due to small

changes in fluorescence and very steep pre transi-

tion and post-transition baselines. Therefore, the

unfolding was monitored at different protein concen-

trations using far-UV CD (Fig. 4). As was previously

demonstrated when using urea, the GuHCl-induced

denaturation curves of P61A exhibited a decreasing

slope with increasing protein concentration, indicat-

ing that the mechanism is more complex than

two-state. Indeed, global fitting of the data shown in

Figure 4 was consistent with the same three-state

model (N2 � I2 � 2U) with a DG for unfolding of

16.4 kcal/mol, which is about 2 kcal/mol lower than

that obtained for P61A using urea (Table I).

The CD-monitored unfolding curves for P61A FIS

exhibit a smaller degree of concentration-independ-

ence in the lower half of the unfolding transition,

which is indicative of an intermediate step in the

unfolding process (N2 � I2). The transitions are

clearly concentration-dependent at higher GuHCl

concentrations, consistent with a subsequent dimer

dissociation step (I2 � 2U). As only one of the two

overlapping steps is dependent on protein concentra-

tion, the apparent m-value derived from two-state fits

decreases with increasing protein concentration.30 At

the highest protein concentration used (107 lM), the

denaturation curve has a slight biphasic profile that

indicates a significant population of dimeric interme-

diate. This minor biphasic profile was not seen in the

urea-induced denaturation curves for P61A FIS.30

Perhaps the high ionic strength of GuHCl destabilizes

the electrostatic network involving the C-terminus of

FIS, thereby decoupling the N2 � I2 and I2 � 2U

transitions. A similar effect with GuHCl was previ-

ously observed for engineered cysteine mutants of

FIS.31 This would also be consistent with the 1.6 and

2.2 kcal/mol higher stability of WT and P61A, respec-

tively, when using urea as the denaturant (Table I).

The denaturation cooperativity of P61A/Y95W

FIS is strongly dependent on protein

concentration
It was expected that having a Trp residue at the

C-terminus would allow clear detection of the P61A

Figure 3. Structural environment around substituted

tryptophan residues: Trp38 (A), Trp69 (B), and Trp95 (C) in

P61A FIS. Replacements of tyrosines were made in silico in

the structure of P61A FIS (1FIP) using the software PyMol.

Residues that are proposed as interacting with tryptophan

residues are labeled. Ribbon backbones of different

subunits are colored differently. Hydrogen bonding in panel

C is represented by a dotted line.
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FIS dimeric intermediate involving disrupted C- and

D-helices, because residue 95 is part of Helix D. At

concentrations of P61A/Y95W FIS ranging from 1.8–

107 lM, the fluorescence denaturation transitions

appear to be two-state with modest concentration-de-

pendence [Fig. 5(A)]. In contrast, when the denatu-

ration of the protein was monitored by far-UV CD,

the beginning of the transition showed little concen-

tration-dependence, whereas the latter part of

the transition was highly concentration-dependent

[Fig. 5(B)]. The CD data is consistent with a denatura-

tion mechanism involving a dimeric intermediate in

which at least one-third of the secondary structure is

lost, followed by dimer dissociation and unfolding of

the rest of the protein. When comparing the fluores-

cence and CD data, it can be seen that at 1.8 lM, the

transitions are not significantly different [Fig. 5(A,B)].

However, at 107 lM, the fluorescence-detected transi-

tion largely matches the first-half of the CD transition,

indicating that this first denaturation step involves

the disruption of the C-terminus [Fig. 5(C)]. As the sec-

ond CD-monitored transition is concentration-depend-

ent, the Cm moves to the right with increasing protein

concentration, thereby decoupling it from the concen-

tration-independent transition.

Global fit of the P61A/Y95W fluorescence and

CD data to a three-state model (N2 � I2 � 2U)

yielded a total DG of 15.1 kcal/mol, which is slightly

lower than the 16.4 kcal/mol obtained for P61A FIS

(Table I). Most of the destabilizing effect is related

to the first transition (i.e., C-terminus), which might

explain why the CD data of P61A/Y95W is more

biphasic than that of P61A (Fig. 4). This destabiliz-

ing effect is consistent with prior observations

involving Y95F13 and Y95W (unpublished results)

mutations in WT FIS and appears to be caused by

the loss of the tyrosine side chain hydroxyl group,

which is optimally positioned to participate in the

electrostatic network present in the C-terminus.30

The Trp69 probe is in a strategic location

to monitor both denaturation events
in P61A/Y69W FIS

In contrast to P61A/Y95W, the fluorescence-detected

denaturation of P61A/Y69W exhibited a clear con-

centration-independent transition, followed by a con-

centration-dependent transition, indicating that

Trp69 is strategically positioned to separately moni-

tor the disruption of the native state and the subse-

quent unfolding of the dimeric intermediate [Fig.

6(A)]. The P61A/Y95W CD data show that the con-

formational change occurring at the C-terminus is

accompanied by the loss of secondary structure, yet

P61A/Y69W FIS more effectively decoupled the CD-

monitored transitions at high protein concentration

[Fig. 6(B)]. This may be caused by a higher stability

of the dimeric intermediate of P61A/Y69W FIS

Figure 4. Representative GuHCl-induced denaturation data

of P61A FIS monitored by far-UV CD. The solid line curve

fits were generated by global fitting the data using Excel

and are based on the N2 � I2 � 2U denaturation

mechanism (Table I). The data are displayed as fraction

unfolded, which is defined by Eq. (2). These denaturation

experiments were all performed in 10 mM PB at pH 7.4

with 0.1M NaCl at 20�C.

Table I. Global Analysis of Equilibrium Denaturation Data of WT, P61A, and P61A/Y(38, 69, or 95)W FIS
Mutantsa

Protein Denaturant
DGN2

� I2

(kcal/mol)
mN2

� I2

[kcal/(mol M)]
DGI2 � 2U

(kcal/mol)
mI2 � 2U

[kcal/(mol M)]
DGN2

� 2U

(kcal/mol)
mN2

� 2U

[kcal/(mol M)]

WTb GuHCl 13.1 6 0.2 4.7 6 0.2
WTb Urea 14.7 6 1.7 2.4 6 0.1
P61Ac GuHCl 4.9 6 0.2 1.9 6 0.08 11.5 6 0.2 1.9 6 0.07 16.4 6 0.3 3.8 6 0.1
P61Ab Urea 6.1 6 0.3 1.03 6 0.05 12.5 6 0.4 1.10 6 0.06 18.6 6 0.5 2.13 6 0.08
P61A/Y38Wc GuHCl 6.5 6 0.1 2.5 6 0.05 15.8 6 0.2 2.9 6 0.05 22.3 6 0.2 5.4 6 0.07
P61A/Y69W GuHCl 4.4 6 0.1 2.3 6 0.06 13.3 6 0.1 2.1 6 0.03 17.7 6 0.1 4.4 6 0.07
P61A/Y95W GuHCl 4.0 6 0.1 1.5 6 0.03 11.1 6 0.1 1.7 6 0.3 15.1 6 0.1 3.2 6 0.3

a Denaturation curves of WT and P61A were fit to a N2 ¢ 2U denaturation mechanism. Denaturation curves of P61A and
P61A/Y#W mutants were fit to a N2 ¢ I2 ¢ 2U denaturation mechanism. Most FIS variants were analyzed by CD and flu-
orescence spectroscopy, except P61A FIS, which was not amenable to fluorescence experiments due to its low Tyr
fluorescence.
b Data and fitting of WT (GuHCl), WT (urea), and P61A (urea) denaturation are described in references 31, 28 and 30,
respectively.
c Global analysis was performed on the P61A/Y#W mutants using Excel and parameter error was calculated using
SOLVER-AID as described in Materials and Methods and references 40 and 41.
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(Table I). That is, although the DG of the first tran-

sition of P61A/Y69W is between that of P61A and

P61A/Y95W, the dimeric intermediate structure is

about 2.0 kcal/mol more stable than in P61A and

P61A/Y95W. This results in a higher Cm for the sec-

ond transition of P61A/Y69W, and therefore, a better

decoupling of the N2 � I2 and I2 � 2U transitions

compared with P61A/Y95W and P61A. This implies

that the intermolecular ring stacking interaction of

Trp69 with Phe39 is more favorable compared with

Tyr69 in WT FIS.

The shape of the fluorescence and CD data for

P61A/Y69W are similar, suggesting that both meth-

ods are able to monitor each denaturing event [Fig.

6(C)]. At 107 lM FIS, both denaturation curves are

biphasic with a plateau at �3.0M GuHCl. However,

the curves do not fully superimpose because the loss

of fluorescence (�50%) associated with the formation

of the dimeric intermediate (I2) is much higher than

the corresponding loss of CD signal (�30%). Thus,

despite its position on the surface of the protein,

Figure 5. Representative GuHCl-induced denaturation data

of P61A/Y95W FIS monitored by fluorescence (A) and far-

UV CD (B). An overlay of the highest and lowest

concentration used in both methods are shown in (C). The

solid line curve fits were generated by global fitting the data

using Excel and are based on the N2 � I2 � 2U

denaturation mechanism (Table I). The data are displayed

as fraction unfolded, which is defined by Eq. (2). These

denaturation experiments were all performed in 10 mM PB

at pH 7.4 with 0.1M NaCl at 20�C.

Figure 6. Representative GuHCl-induced denaturation data

of P61A/Y69W FIS monitored by fluorescence (A) and far-

UV CD (B). An overlay of the highest and lowest

concentration used for both methods are shown in (C). The

solid line curve fits were generated by global fitting the data

using Excel and are based on the N2 � I2 � 2U

denaturation mechanism (Table I). The data are displayed

as fraction unfolded, which is defined by Eq. (2). These

denaturation experiments were all performed in 10 mM PB

at pH 7.4 with 0.1M NaCl at 20�C.
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Trp69 turns out to be an excellent probe for both

transitions even at low FIS concentrations, provid-

ing data that is consistent with and complementary

to the Trp95 data.

Trp38 is an excellent probe for the formation of

the dimeric intermediate, but is insensitive to

dimer dissociation
The position of the Tyr38 side chain in a hydropho-

bic pocket within the dimer and without direct inter-

actions with the C-terminus supported the hypothe-

sis that the fluorescence of Trp38 would be

exclusively sensitive to the dissociation of the

dimeric intermediate. Surprisingly, the fluorescence-

monitored denaturation transition of P61A/Y38W

exhibited a two-state cooperative transition that was

independent of protein concentration [Fig. 7(A)]. The

lack of protein concentration dependence of the fluo-

rescence transition, and its occurrence in the 2–3M

GuHCl range is consistent with the formation of the

dimeric intermediate observed for P61A/Y95W and

P61A/Y69W FIS. Remarkably, the cooperative and

two-state nature of this transition suggests that it is

exclusively monitoring the formation of the dimeric

intermediate and not its dissociation.

The CD data of P61A/Y38W FIS is similar to

that of P61A/Y95W and P61A/Y69W FIS in that the

first part of the transition is less concentration-

dependent than the second part, but the P61A/Y38W

curves appear to be more two-state-like [Fig. 7(B)].

This difference is likely caused by a stabilizing effect

of the Y38W mutation. Global analysis of the P61A/

Y38W data shows that this variant is �9, 7, 6, and

4.5 kcal/mol more stable than WT, P61A/Y95W,

P61A, and P61A/Y69W FIS, respectively (Table I).

Trp38 not only lacks a hydroxyl group but also is

able to reach deeper than Tyr into the hydrophobic

pocket. These added interactions combined with the

stabilizing effect of the P61A mutation (�3.6 kcal/mol)

further stabilize the A- and B-helices that make up

most of the hydrophobic core of the FIS protein.

However, the stabilizing effect of the Y38W mutation

propagates throughout the protein affecting both the

N and I2 states (Table I). Consistent with this observa-

tion, the fluorescence and CD transitions of P61A/

Y38W FIS begin above 2M GuHCl, whereas those of

P61A/Y95W and P61A/Y69W FIS begin at a lower

GuHCl concentration. This might explain the more

cooperative N2 � I2 transition and higher m-value for

P61A/Y38W (Table I).

Interestingly, an overlay of the fluorescence and

CD data shows an almost complete decoupling of the

first (N2 � I2) and second (I2 � 2U) transitions at

107 lM FIS [Fig. 7(C)], facilitated by the enhanced

stability of the dimeric intermediate in P61A/Y38W

FIS (Table I). This information, together with the

lack of protein concentration dependence of the fluo-

rescence-monitored titrations of P61A/Y38W, show

that the formation of the dimeric intermediate not

only involves a major disruption of the C-terminus

but is also accompanied by a conformational change

in the environment of Trp38 that results in the

quenching of its fluorescence. As the dimeric inter-

mediate of P61A/Y38W is more stable than the

native state of WT FIS (Table I), it is likely that the

conformational change is small, but significant

enough to expose Trp38 to the solvent or polar

Figure 7. Representative GuHCl-induced denaturation data

of P61A/Y38W FIS monitored by fluorescence (A) and far-

UV CD (B). An overlay of the highest and lowest

concentration used for both methods are shown in (C). The

solid line curve fits were generated by global fitting the data

using Excel and are based on the N2 � I2 � 2U

denaturation mechanism (Table I). The data are displayed

as fraction unfolded, which is defined by Eq. (2). These

denaturation experiments were all performed in 10 mM PB

at pH 7.4 with 0.1M NaCl at 20�C.
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quenching groups within the protein. One possibility

is that breakage of the K94-E52 salt-bridge disrupts

the N-terminus of Helix-B (res 50–70), propagating

the effect to the preceding A-B loop (res 42–49) and

the C-terminus of Helix A (res 26–41). The tremen-

dous importance of this salt-bridge interaction to the

stability and conformation of FIS was demonstrated

by a K94A FIS mutant, which exhibited a 16�

decrease in Tm
27 and a high tendency to aggregate

during purification (unpublished results). Another

scenario is that the conformational changes near

Tyr69, as demonstrated by the P61A/Y69W mutant,

might propagate to its ring-stacking partner Phe39,

thereby also affecting the environment of Trp38.

Furthermore, it is conceivable that the larger Trp

residue might also make direct contact with residues

of the C-helix, such as Met80, which is less than 6 Å

apart from Tyr38.

General insight into using engineered Trp
residues to probe protein denaturation

Trp residues are often engineered into proteins by

replacing Tyr or Phe residues because Trp yields

higher fluorescence efficiency.3,5,32–34 This type of

mutation preserves the aromatic ring and usually

has minor effects on the overall structure of the pro-

tein. As Trp fluorescence is highly sensitive to the

environment, the location of Trp residues within the

protein needs to be carefully considered before engi-

neering them into a protein. The polarity of the Trp

environment is mostly responsible for its fluorescent

intensity. If the Trp residue is partially or mostly

solvent exposed in the native state, there will be lit-

tle difference in fluorescence intensity and kmax [e.g.

P61A/Y69W, Fig. 2(B)] between the folded and

unfolded states due to solvent quenching in the

native state. For this reason, buried Trp residues

shielded from the solvent are usually efficient probes

for conformational changes in protein [e.g. P61A/

Y38W, Fig. 2(A)]. Another factor that affects Trp flu-

orescence is the presence of nearby quencher resi-

dues. It has been shown that certain residues such

as lysine, histidine, cysteine, glutamic acid, and

tyrosine can act as quenchers with varying degrees of

efficiency through electron transfer over a distance of

10 Å.1 Hence, the close proximity of quencher resi-

dues might decrease the fluorescence signal of the

native state, resulting in an increase in fluorescence

upon unfolding [e.g. P61A/Y95W, Fig. 2(C)].

Besides affecting the fluorescence, the environ-

ment of a Trp residue can also affect the local or

global protein stability. For instance, hydrogen

bonds have been shown to contribute to the overall

stability of a protein.35–37 Moreover, their stabilizing

effects may be synergistic in the context of complex

networks of hydrogen bonds and salt bridges. If the

hydroxyl group of a Tyr residue is involved in hydro-

gen bonding, its replacement for Trp will result in

the loss of this interaction, which may lead to a

destabilizing effect. This appears to be the case for

P61A/Y95W, because Y95 interacts intramolecularly

with K94 and E59, and a Y95F mutation was shown

to decrease the stability of FIS by �1.8 kcal/mol.13

The engineering of Trp residues may also be destabi-

lizing if the space is not large enough to accommo-

date the bulkier side chain. When this happens, the

stability and denaturation pathway may be altered,

perhaps causing an intermediate to become popu-

lated.38 In an extreme case, the destabilizing effect

may cause aggregation and not allow the protein to

fold. This scenario was encountered for the P61A/

Y51W FIS mutant, which we were not able to purify

due to its aggregation.

It is interesting that in this set of mutants, the

following trend was observed for the efficiency of the

Trp residues at detecting the dimeric intermediate:

P61A/Y38W > P61A/Y69W > P61A/Y95W. This

trend is the opposite of what was expected when

simply considering the location of each mutant and

the proposed role of the C-terminus. Although our

study has shown that it is often difficult to predict

the optimum location to engineer a Trp residue to

serve as a conformational probe, it has shown some

important factors to consider. The degree of Trp

solvent exposure and the relative position of nearby

fluorescence-quenching moieties are the main deter-

mining factors in the change of fluorescence signal

upon unfolding. The position of the Trp with respect

to the domains or cooperative units determines the

degree of sensitivity to local or global unfolding

events. Our results also show that the effect of the

introduced Trp on protein stability should be care-

fully considered, as the mutation could preferentially

affect a region, thereby altering the denaturation

cooperativity compared with the wild type protein.

Therefore, selecting multiple sterically allowable

locations, including the interior, the solvent accessi-

ble surface, or a highly charged region might be a

better strategy than attempting to predict a single

best location. Thus, even for small proteins, the

engineering of at least three fluorescence probes in

different chemical environments and monitoring

various regions of the native state is likely to pro-

vide a more comprehensive picture of the presence

and structure of denaturation intermediates.

Materials and Methods

Protein expression, purification, and sample

preparation
The P61A/Y#W FIS mutants were made by a two-

step megaprimer PCR method as previously

described.30 All these mutants were overexpressed

in Escherichia coli and purified by passing them

twice through a SP-Sepharose cation-exchange
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column. Two NaCl gradients of 0.3 to 1M and 0.3 to

0.7M were used for the first and second separation

steps, respectively. The resulting FIS protein was

found to be 95% pure based on sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS-PAGE)

analysis. The concentration of the FIS mutants were

determined using ultraviolet (UV) spectroscopy by

measuring the absorbance at 276 nm in 8M GuHCl

and using extinction coefficient of 9800 M�1 cm�1

for all P61A/Y#W FIS mutants.39 All the chemical

denaturation experiments were performed in 10 mM

phosphate buffer (PB) at pH 7.4 with 0.1M NaCl at

20�C.

CD experiments

CD experiments were performed with an OLIS CD

instrument (Bogart, GA) equipped with a dual-beam

optical system. The equilibrium GuHCl denatura-

tion experiments in the far-UV region were moni-

tored at 222 nm to probe the a-helical content; the

signal at 255 nm was used as a baseline correction.

To ensure that enough signal was provided by the

protein sample, different size cuvettes were used

according to the protein concentration: 1-cm cell for

1.8 lM, 0.2-cm cell for 9 lM, 0.1-cm cell for 36 and

107 lM. A codilution titration method was used in

which a volume of native FIS is incubated in the

cuvette, and a small volume was periodically with-

drawn and replaced with the same volume from a

stock solution of unfolded (8M GuHCl) FIS at identi-

cal protein concentration. This resulted in a gradual

increase of GuHCl in the cell and eventual denatu-

ration of FIS. After each withdrawal and addition,

the sample was allowed to reach equilibrium (less

than 1 min) before the CD data was collected. A

sample (60 lL) was removed from the cuvette after

each CD measurement and placed on an Abbe re-

fractometer to measure the refractive index, which

was used to calculate the exact concentration of

GuHCl at each point.

Fluorescence experiments

The equilibrium denaturation studies were done on

a Hitachi F-4500 spectrophotometer (Tokyo, Japan).

An excitation (EX) wavelength of 295 nm was used

to selectively excite the tryptophan probe. Full wave-

length scans from 300 to 400 nm were recorded for

each mutant to determine the wavelength of maxi-

mum emission for each mutant. The denaturation of

the P61A/Y#W FIS mutants was monitored at the

wavelength that showed the maximum difference in

signal between the native and unfolded states.

Analysis of denaturation data

The equilibrium denaturation data of the P61A/Y#W

FIS mutants demonstrated a clear decoupling

between two separate transitions; therefore, the

data was fit to a three-state (N2 � I2 � 2U) denatu-

ration mechanism. The instrument signal (Y) is a

function of this equation

Y ¼ YN2
FN2

þ YI2FI2 þ Y2UF2U (1)

where FN2
, FI2, and F2u are the fraction of the

native, intermediate, and unfolded states, respec-

tively. YX represents the instrumental signal of the

native (YN2
), intermediate (YI2), and unfolded (Y2U)

states and is a linear function of denaturant concen-

tration, where the slope and ordinate intercept are

allowed to vary for the N and U states, and the slope

for the intermediate is fixed to zero. When FN2
is

defined as 1 � F2U � FI2, the F2U for this three-state

mechanism can be defined as

�K1K2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2ð Þ2þ8 1þK1ð Þ K1K2ð ÞPt

q
4Pt 1þK1ð Þ (2)

where K1 and K2 are equilibrium constants for N2 �
I2 and I2 � 2U, respectively, and Pt is the total pro-

tein concentration. These equilibrium constants can

be defined in terms of the linear free energy model

for protein unfolding, DG ¼ DGH2O � m[denaturant],

and the Gibbs free energy equation, DG ¼
�RTLn(Keq). DGH2O represents the stability of the

protein in the absence of denaturant. This yields the

following expression for the equilibrium constant:

Kx ¼ exp
DGH2O �mx denaturant½ �

�RT

� �
(3)

This expression defines K1 and K2 in terms of

their own DGH2O and m-values. Each equilibrium

constant has a distinct m-value, which is propor-

tional to the amount of surface area exposed upon

protein unfolding.

Global fitting of the denaturation data was per-

formed using Microsoft Excel Solver, which uses the

generalized reduced gradient method to solve nonlin-

ear optimization problems.40,41 For all protein con-

centrations of a given mutant, the sum of squared

differences between the data and model was mini-

mized by adjusting a single set of global (m-value

and DG) and local parameters, which define the

slope and intercepts of the denaturant dependent

signal for each state. The data from both CD and

fluorescence detection methods were fit simultane-

ously to the same set of global parameters. The fit-

ting routine was restarted multiple times from a va-

riety of initial parameters to find the global

minimum and test the robustness of the solution.

The curves in Figures 4–7 represent the modeled ex-

perimental signal calculated from the parameters

that yield the best global fit as expressed in Table I.

The open source SOLVER-AID Excel macro was

used to calculate standard deviations on the fitting
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parameters by numerically determining partial dif-

ferentials within the global model using the central

difference method.40,41
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