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ABSTRACT. Thea subunit of bacterial luciferase unfolds and refolds reversibly by a three-state mechanism
in urea-containing buffer. It has been proposed that the three-state unfoldingoosthm®init arises from

a stepwise unfolding of a C-terminal folding domain at lower concentrations of urea, followed by unfolding
of the N-terminal domain at higher concentrations of urea (Noland, B. W., Dangott, L. J., and Baldwin,
T. O. (1999)Biochemistry 3816136-16145). The location of an anion binding site in the proposed
N-terminal folding domain allowed the folding mechanism to be probed in the context of the intact
polypeptide. Anions preferentially stabilized the N-terminal domain in a concentration-dependent manner.
The polyvalent anions sulfate and phosphate were found to be more stabilizing than monovalent chloride
ion. Cations did not show a similar stabilizing effect, demonstrating that the stabilization was due to the
anions alone. The purified N-terminal domain prepared by limited proteolysis and anion exchange
chromatography was found to refold cooperatively with a midpoint approximately that of the second
unfolding transition of thex subunit. Phosphate ion stabilized this fragment to roughly the same extent
as it did thea subunit. The results presented are consistent with the proposed two-domain folding model
and demonstrate that anion binding to the N-terminal folding domain stabilizesghbunit of bacterial
luciferase.

The study of protein folding, stability, and structure has characterizing the folding behavior of the fragments in
intrigued protein biochemists for over a half-century and isolation (see refl for a review).

today comprises a major component of research in the field.  Bacterial luciferase is an/3 heterodimeric enzyme that
Despite many advances in our understanding of the thermo-catalyzes the light-producing reaction in bioluminescent
dynamic and kinetic processes involved in protein folding marine bacteria. The subunits are homologous and both adopt
in recent years, a general solution to the protein folding the (3/a)s or TIM barrel fold @, 3). The refolding behavior
problem remains elusive. Many of the small single-domain of |yciferase and its subunits has been investigated by
proteins often studied as folding models unfold and refold monitoring activity recovery following dilution out of urea
by apparent two-state mechanisms demonstrating a lack ofcontaining buffers and also by direct spectroscopic measure-
detectable intermediate states. The folding of large, multi- ments 4—6). From these studies it was learned that the
domain or multisubunit proteins is in general more compli- fo|ding of bacterial luciferase is a multistep process involving
cated than folding of small single-domain proteins. A solution jsomerizations as well as second-order processes. In equi-
to the protein folding problem will require an understanding |iprium studies, bacterial luciferase was shown to unfold and
of folding and assembly of large, complicated proteins, as refold reversibly by a three-state mechanism maximally
small 2-state folding proteins comprise a minor subset of populating a folding intermediate at ca. 2.1 M uré. (
all proteins. Protein concentration dependence of the second unfolding
Wetlaufer has proposed that the folding of larger proteins transition demonstrates that the equilibrium folding inter-
can be simplified by considering them as collections of mediate is dimeric. The loss of enzyme activity as a function
smaller folding domains1). The folding mechanisms of  of the urea concentration follows the first unfolding transi-
several multidomain proteins have been explored by prepar-tion, demonstrating that the dimeric intermediate is inactive
ing fragments believed to act as folding domains and (7).

In the absence of the subunit, the3 subunit can slowly
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Ficure 1. Proposed unfolding mechanism for thesubunit of £
bacterial luciferase. The unfolding scheme shown is based on a § L
previously proposed modell?). In this model the native to = N
intermediate transition is characterized by the unfolding of a :
C-terminal domain of thea subunit. The second step is the
unfolding of an N-terminal domain. The plot shown at the bottom

is the calculated fraction of each species at equilibrium using a
three-state unfolding mechanism and the previously determined free
energy parameterd?). [urea]

. . FiGure 2: Predicted effects of ligand binding linked to the folding
being a somewhat reduced solvent accessible channel at thgg the o subunit of bacterial luciferase. Panel A shows the predicted

subunit interface {0, 11). The structure of the kinetically  effect of increasing ligand concentration on the folding of ¢he
stable 3, species thus offers little to explain the unusual subunit if the ligand binds the C-terminal domain. The cartoon to
kinetic folding behavior. the right of the graph shows the ligand binding the C-terminal

L . . domain. Panel B shows the predicted effect of increasing ligand
Equilibrium denaturation experiments have revealed that concentration on the folding of the subunit if the ligand binds

the free o subunit unfolds and refolds by a three-state the N-terminal domain. The cartoon to the right of the graph shows
mechanism, maximally populating a folding intermediate in the ligand bound to the N-terminal domain.

ca. 2 M urea (Figure 1)1Q). Far-UV circular dichroism
analysis of thex subunit intermediateni2 M urea has shown  basis of the two-domain folding model, the effect of
that the protein loses approximately 40% of the native increasing the ligand concentration would be to stabilize the
secondary structure in the intermediate state. dlsebunit C-terminal domain and thus cause the midpoint of the first
in 2 M urea has decreased intrinsic fluorescence with respecttransition to shift to higher urea concentrations (Figure 2A).
to that in buffer without a corresponding red-shift of the In this scenario, the second transition would not be affected.
emission maximum, revealing that in the intermediate state Alternatively, consider the case in which the ligand specif-
the tryptophan residues remain largely shielded from solvent. ically binds the N-terminal folding domain. In this case, the
Near-UV circular dichroism studies of the intermediate show midpoint of the second transition would shift to higher urea
that the environment of the aromatic residues changes withconcentrations with increasing ligand concentration (Figure
respect to the native state but that the core of the protein2B) and the first transition would not be affected.
retains asymmetry. The results of limited proteolysis of the  The location of an anion binding site on bacterial luciferase
oo subunit h 2 M urea combined with the spectroscopic was apparent from the structure determined by X-ray
analysis led to the proposal that thesubunit unfolds by a  diffraction from crystals grown in the presence of phosphate
stepwise unfolding of a C-terminal domain at low concentra- buffered ammonium sulfate). The existence of the anion
tions of urea, followed by the N-terminal domain at higher binding site had previously been suggested on the basis of
concentrations of urea (Figure 1)3). The folding behavior  solution studies{4—16). The multivalent anion appears to
of fragments that approximate the proposed N- and C- interact with Arg107 2), which also may be the binding site
terminal folding domains of thex subunit of bacterial  for the phosphate group of the flavin substrate. This binding
luciferase is consistent with such a mod&B)( site appears to be entirely within the proposed N-terminal
To test our proposed folding/unfolding mechanism for the domain of theo subunit (Figure 3). On the basis of the
o subunit, we have studied the effects of ligand binding on prediction outlined in Figure 2B, the effect of increasing the
the urea-induced unfolding transitions. Figure 2 outlines the concentration of phosphate or sulfate would be to shift the
predicted effects of ligand binding on the proposed N- and midpoint of the second folding transition to higher urea
C-terminal folding domains of the subunit. Assume there  concentrations. According to the prediction, the first transi-
is a ligand that specifically binds the C-terminal folding tion should be unaffected by the increased salt concentration
domain of theo subunit (cartoon beside Figure 2A). On the (Figure 2B).
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o subunit (the~28 kDay fragment) and the C-terminal
fragment. They fragment was used in these studies as the
model for the N-terminal domain of thee subunit. Bacterial
luciferase fromV. harveyiwas expressed froi. coli strain
IGC1 and purified as previously describeld®(20). Prior to
digestion, 300 mg of luciferase was incubated at’C8in
30 mL of 50 mM phosphate buffer, pH 7.00, 1 mM DTT.
Chymotrypsin was added from a 10 mg/mL stock so that
the molar ratio of luciferase to chymotrypsin was 100:1. The
progress of the digestion was monitored by the loss in
bioluminescence activity as a function of time. When 1% of
the activity remained, PMSHn 2-propanol was added to
give a ~100-fold molar excess over the chymotrypsin
concentration to quench the reaction. The digest was then
diluted 1:1 with 10 M urea to bring the urea concentration
to 5 M. The digest was dialyzed against three changes of
. 20-fold excess 10 mM phosphate buffer contagrtnM urea
FIGURE 3: a subunit of bacterial luciferase with bound anion. The at 4°C. The dialyzed sample was then loaded onto a 75 mL
a subunit is rendered in ribbon diagram from the 2.4 A luciferase Q-sepharose (Pharmacia) column equilibrated with 10 mMm
heterodimer crystal structur@)( The proposed N- and C-terminal phosphate buffer pi5 M urea at pH 7.00. The fragments
domains are colored light and dark gray, respectively. The N- and - . .
C-terminal portions of the protease labile loop are connected by a Were €luted using a linear gradient from 10 to 200 mM
straight dotted line to indicate the disordered portion of the structure phosphate over-510 column volumes and fractionated for
from Phe272 to Thr288. The anion is annotated and shown boundanalysis and pooling. Fractions containing théragment
to the proposed N-terminal domain. The guanido group of arginine \yare pooled on the basis of SDBAGE! analysis of the
107 is shown in black ball-and-stick model and is assumed to be .
the only side chain ligand bound to the ani@). (The image was Q-sepharose column fractions, concgnt_rated to between 5 and
created using SPOCIEB) and MOLESCRIPT §4). 10 mg/mL and flash frozen under liquid,N
Equilibrium Denaturation Experiment&quilibrium de-

In the studies reported here, the equilibrium unfolding and naturation experiments were performed as previous|y de-
refolding of thea subunit was investigated in the presence g¢ribed (2) but in 50 mM MOPS}, pH 7.00, 1 mM DTT,
of various ionic ligands. Multivalent anions dramatically ang the indicated concentration and type of salt. Fluorescence
shifted the position of the second transition to higher gmission was monitored using an SLM-Aminco 8000C
denaturant concentrations. The results presented are CO”Si%‘pectroﬂuorometer usipa 1 cmquartz cuvette thermostated
tent with stabilization arising from specific ion binding rather i, 1g°c by a circulating water bath. Emission spectra were
than nonspecific salt effects. Cations did not show a similar analyzed over the wavelength range of 3#30 nm using
stabilizing eﬁeqt sugge;ting that the obser\_/(_ed_ stabilization 5, excitation wavelength of 295 nm. Spectra were corrected
was due to anion blnd_mg alone. .The.sta}b|l|z|ng effect of or background signal contribution. Center of mass wave-
the salts appeared to arise from anion binding to the proposec{ength (CMW) was measured from fluorescence emission

N-terminal folding domain of thet subunit. These studies spectra. The CMW was calculated using ec@1){ where
further provide furt_her evi_dence in support of the pre_zviously F is thé fluorescence intensity at wavelength Unlike
propo;ed 2-.doma|n folding model for the subunit of fluorescence measured at a single wavelength, CMW is an
bacterial luciferase. . ; X ) .
integral measurement and is less susceptible to intensity-
MATERIALS AND METHODS dependent n_oiseZ(L). Urea denat.uratio_n .midpoir?t_s:{_ﬂd)
were determined for thet subunit by fitting equilibrium

Materials. The o subunit of bacterial luciferase from denaturation to a three-state unfolding model as previously
Vibrio harveyiwas expressed and purified frdgscherichia described 12). Urea denaturation midpoints for the
coli strain ALF1 as previously describetid). Ultrapure urea  fragment refolding data were determined by fitting the data
was purchased from ICN. TLCKrreated chymotrypsin was  to a two-state unfolding model as previously descritg). (
purchased from Worthington Enzymes. Dithiothreitol (DTT)
was purchased from Boehringer Mannheim, and Nr(®] CMW = (SFA)/ZF, (1)
and KHPO, from J. T. Baker. All other chemicals were
reagent grade or better.

Preparation and Purification of Proteolytic Fragments
The limited proteolysis of bacterial luciferase has been
studied in detail; the initial cleavage with chymotrypsin
occurs at 2 sites, the peptide bonds following residues 280
and 282 17, 18), producing an N-terminal fragment of the

Analytical Ultracentrifugation Sedimentation equilibrium
experiments were carried out using Beckman XL-I analytical
ultracentrifuge. Samples were dialyzed through three changes
at 4°C against 50 mM MOPS buffer, pH 7.00, 1 mM DTT,
and 100 mM or 500 mM NapPO,, N& SO, or NaCl. The
dialyzed samples were spun at 15 000 rpm at’C8until
equilibrium was achieved (approximately 20 h). At equilib-

! Abbreviations: TLCK, 1-chloro-3-(tosylamido)-7-amino-2-hep- ;
tanone; PMSF, phenylmethanesufonyl fluoride; SIPRAGE, sodium fium the absorbance at 280 nm was measured as a function

dodecy! sulfate polyacrylamide gel electrophoresis; MOPSN-3-(  Of radial position with a radial step size of 0.001 cm. The
morpholino)propanesulfonic acid; CMW, center of mass wavelength. resulting data were analyzed using eq 2, which describes




3108 Biochemistry, Vol. 42, No. 10, 2003

the behavior of a monomedimer associating system:

A = Agexp{[M(1 — vp)w*/2RT][r* — r 7]} +
(A) K, exp{ [2M(L — vp)w2RT][r* — 1]} + E (2)

Here A, = the absorbance at any radial positigm = the
radial position,A; = the absorbance at the reference radial
positionry, ro = reference radial positiorK, = association
equilibrium constanty = partial specific volume of the
sedimenting species = solvent density,w = angular
velocity, R = the ideal gas constant, ard = absolute
temperature. The partial specific volumefor thea subunit,
0.731 mL/g, was calculated on the basis of the amino acid
composition 17) as described by Cohn and Eds&B). The
value of p was calculated from standard table24)
Sedimentation equilibrium data were analyzed using eq 2
with the nonlinear least-squares fitting engine in the program
Kaleidagraph (Synergy Software, Reading, PA). The value
of M, 40 153 Da calculated from the amino acid composition
of the protein, was held constant in the fitting process.
Chymotrypsin Proteolysid.imited proteolysis of thex
subunit of bacterial luciferase was performed as described
previously (2) but in 50 mM MOPS, pH 7.00, 1 mM DTT,
and the indicated salt conditions. SBBAGE gels were
digitized at a resolution of 200 dpi, and the density associated
with each protein band was measured with Scion Image, a
modified form of NIHimage for the PC (Scion Corp.,
Frederick, MD). The pseudo-first-order rate constant for the
initial chymotrypsin cleavage event of the subunit was
obtained from a nonlinear least-squares fit of eq 3 to the
density associated with tleesubunit as a function of digest
time, whereDy is the protein density at tinte Dy is the initial
density,D., is the density at infinite timek is the first-order
rate constant in reciprocal minutes, and the digestion
time in minutes. Nonlinear regression was performed with
Kaleidagraph (Synergy Software, Reading, PA).

Dt = (DO - Doo)eikt + Doo (3)

RESULTS

Effect of Different Anions on the Folding Behar of the
o Subunit Figure 4A shows unfolding transitions monitored
by fluorescence in the presence of 0 to 400 mM sodium
phosphate in 100 mM increments. The first transition was
largely unaffected, but there was a considerable effect on
the second transition. Panel B of Figure 4 shows the
unfolding in buffer and 200 and 400 mM B&O,. Again,
the first transition was salt independent but the second
transition was affected even more than with sodium phos-
phate. Figure 4C shows unfolding curves for theubunit
in buffer and 200 and 400 mM NaCl. The first unfolding
transition was unaffected, as in panels A and B, and there
was only a slight effect on the second transition. There was
a striking difference in the ability of the multivalent anions
to stabilize the second transition compared with monovalent
chloride ion. Figure 5A shows the effect of salt concentration
on the observed midpoint of the second unfolding transition
for the various sodium salts tested. Sulfate was most
stabilizing, followed by phosphate and chloride. If the same

Noland and Baldwin
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Ficure 4: Effect of sodium salts on the equilibrium denaturation
behavior of theo subunit. The three panels above show the
equilibrium denaturation of the subunit with increasing concen-
trations of various sodium salts monitored by fluorescence CMW
with excitation at 295 nm. Panel A showes subunit unfolding
curves in buffer @), 100 mM phosphateX), 200 mM phosphate
(¥), 300 mM phosphateT), and 400 mM phosphat@j. Panel B

is the unfolding of thea subunit in buffer @), 200 mM sulfate
(©), and 400 mM sulfatex). Panel C showe. subunit denaturation
curves collected in buffel®), 200 mM chloride ©), and 400 mM
chloride (). The curves were fully reversible in every salt
concentration shown, but these controls are not shown for the sake
of clarity.

tained (Figure 5B). The observed effect on the second
unfolding transition was not simply an ionic strength effect
but likely arose from specific ion binding.

Effect of Different Cations on the Folding of theSubunit.
The effect of various cations on the folding behavior of the
o subunit was tested under conditions of constant sulfate
concentration (Figure 6). Denaturation curves in 200 mM
(NH4)2:SOy, N&SOy, or K;SOy overlay indicating roughly
the same stabilizing effect for ammonium, sodium, and
potassium ions. The denaturation curve for 200 mM MgSO
showed no change for the first transition and a more shallow
second transition with a midpoint at a slightly lower
concentration of urea. The shallowed second transition
observed with MgS® might indicate a change in the
unfolding mechanism. These results suggest that the observed
salt effect on the second unfolding transition does not depend
appreciably upon the cation.

Effect of Phosphate on the Folding of the N-Terminal
Folding Domain.The y fragment was prepared by limited
chymotryptic proteolysis of the free subunit of luciferase
and well-approximates the proposed N-terminal folding
domain (the light gray portion of the protein in Figure 3).

data were plotted against ionic strength rather than salt The equilibrium denaturation of thefragment in buffer and

concentration, the same stabilization distribution was ob-

buffer supplemented with 400 mM sodium phosphate is
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the a subunit. Panel A: Equilibrium refolding of the fragment

at a protein concentration of 2@/mL from buffer ©) and from
buffer with 400 mM sodium phosphat®). The lines through the
data represent fits to a two-state unfolding function for the
determination of the midpoint of denaturation. Panel B: The
midpoint of the refolding curves for the fragment @) and the
midpoint of the second: subunit unfolding transition{) as a

Ficure 5: Midpoint of the second: subunit unfolding transition

as a function of salt concentration. Panel A shows the midpoint of
the seconda subunit unfolding transition as a function of salt
concentration for sodium sulfat@®), sodium phosphated), and
sodium chloride 4). Panel B shows the same data plotted as a
function of the ionic strength.
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Ficure 8: Rates of chymotrypsin digestion as a function of salt
concentration and type. Plotted are the pseudo-first-order rate
: constants for the initial chymotrypsin cleavage event in ¢he
mM NaSQ, (a), and 200 mM MgS@ (v). Denaturation was &) \it'in 50 mM MOPS, pH 7.00, 1 mM DTT, and the indicated

monitored by fluorescence CMW with excitation at 295 nm. ; : !
Refolding controls show that the presence of the salts does not aﬁectconcentranon of sodium sulfate®}, sodium phosphatd), and

o sodium chloride 4). Each point represents the rate constant
gr;ri@versmlllty of the process but are not shown for the sake of determined from the best fit of a time course of chymotrypsin

proteolysis to eq 3.

Ficure 6: Effect of cations on the equilibrium denaturation
behavior of theo. subunit. Shown above are equilibrium denatur-
ation curves in 200 mM ESO, (@), 200 mM (NH,),SO, (O), 200

shown in Figure 7A. As would be predicted from the

proposed folding mechanism, elimination of the C-terminal as the observed stabilization of the subunit second
folding domain causes apparent two-state unfolding with a unfolding transition (Figure 7B).

midpoint that corresponds to the second unfolding transition  Effect of Salts on the Nag State of thex Subunit.The
midpoint of thea subunit (Figures 4 and 7). Because the rate of digestion of thet subunit by chymotrypsin decreased
N-terminal domain contains the anion binding site, it would as the salt concentration was increased. Figure 8 shows the
be predicted that the fragment would also be stabilized in  observed pseudo-first-order rate constant for the first chy-
the presence of increasing concentration of anions. Asmotrypsin cleavage event of tlesubunit as a function of
predicted, they fragment was stabilized by the addition of increasing concentrations of PO, sodium phosphate, and
400 mM sodium phosphate. The observed stabilization of NaCl. The order of effectiveness of the sodium salts in
the y fragment by phosphate was approximately the same decreasing the rate of proteolysis followed the same order
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as was observed for the stabilization observed in the that of thea subunit second unfolding transition as would
equilibrium denaturation experiments (Figures 4 and 5).  be predicted from the model proposed by Noland etl&). (

It has previously been shown that thesubunit forms a ~ Apparent two-state refolding behavior of N-terminally
weakly associating homodimer under solution conditions derived fragments has been observed in other TIM barrel
similar to those employed herd2). The effect of salt on  Proteins with similar proposed folding mechanisi@, @2).
the structure and stability of the subunit could be due, at Because they fragment contains the anion binding site
least in part, to the dimerization equilibrium, if there were (Figure 3), it would be expected to show stabilization in the
an effect of salt on the equilibrium. However, sedimentation Presence of anions in a manner similar to the second unfold-
equilibrium experiments in high and low salt concentration INg transition for thea subunit. As predicted from the pro-
revealed that the monomedimer equilibrium was unaf- Posed model, the presence of 400 mM phosphate during

fected by salt concentration or type (data not shown). refolding of they fragment caused roughly the same shift
in the transition midpoint as was observed for the second
DISCUSSION unfolding transition of thex subunit (Figure 7B). The folding

studies on the isolated N-terminal domain thus are consistent
Bacterial luciferase is an unusual flavin monooxygenase with the proposed model (Figures 1 and 2).

because it uses flavin as a substrate rather than a tightly Multivalent anions have been shown to reduce the protease
bound cofactor. The active site of bacterial luciferase is |ability of luciferase as well as protect the enzyme from
believed to reside primarily, if not exclusively, on te  thermal and urea-induced denaturatib, (16). The results
subunit (see reR5 for a review). The anion binding site,  of [imited proteolysis of the free subunit by chymotrypsin
identified in thea subunit in the 2.4 A luciferase crystal in the presence of various salts presented in this study were
structure, is in close proximity to the proposed active site consistent with previously published proteolysis results for
(2). Even though no bacterial luciferase crystal structures o4 (15, 16. The order of effectiveness of the anions éor
have been solved with bound substrates, the location of thesybunit stabilization followed the same order of stabilization
flavin binding site is well supported by both modeling and found for luciferase stabilizatiorlLg). It is interesting that,
mutational studies 26—29). Arginine 107 of thex subunit i the 2.4 A crystal structure, residues 272B8 are not
appears to be the only side chain ligand bound to the aniongpserved in thex subunit electron density map (Figure 3,
(2). Site directed mutations @fR107 to an alanine, serine,  dashed line)Z). This region of thex subunit has been shown
or glutamate all show increasesHh for FMNH; (27, 30). to be labile to a number of different protease activities (see
In a recent study, Lin et al. have clearly shown thatdhe  ref 25 for a review). On the other hand, in the 1.5 A reso-
R107E mutation eliminates the ability of phosphate ion to |ution luciferase crystal structure, residues 2@®2 of the
stimulate light emission when reduced riboflavin is used as o subunit are disordere@®), The crystals used to determine
the flavin substrate(7). However, the conservativeR107K  thjs structure were grown under low salt conditions in the
mutation shows a larger stimulation than does wild 8. absence of phosphate or sulfate salts, and no electron density
Phosphate ion has been shown to compete with the bindingwas observed in the anion binding site. The results suggest
of FMNH; (14). that binding of the anion observed in thever resolution
Observation of an anion bound to thesubunit in the 2.4 luciferase crystal structure) may order an additional 14
A luciferase crystal structure suggested a method for testingresidues of thex subunit protease labile region compared
the proposed two domain folding model in the context of with the higher resolution crystal structure solved using
the entire polypeptidel@). The binding site of the anion is  crystals grown under low salt condition®) ( Alternatively,
located within the proposed N-terminal folding domai) ( the observed difference in the extent of the disordered loop
12). On the basis of the model, the expected effect of increas-in the two crystals could be the result of differences in crystal
ing the anion concentration would be to shift the second packing. Nonetheless, anion-induced ordering of the protease
unfolding transition to higher denaturant concentration due labile loop of thea subunit is likely the reason that the rates
to binding-induced stabilization (Figure 2B). The results of chymotrypsin proteolysis decrease with increasing salt
agreed with the prediction for each anion tested (phosphate,concentration in both luciferase and the feesubunit. Flavin
sulfate, and chloride). Therefore, the effect of salts on the binding has also been shown to decrease the rate of proteo-
folding of theo subunit was consistent with the two-domain Iytic inactivation of bacterial luciferasel, 33).
folding hypothesis, with the second transition representing  Meighen and MacKenzie have demonstrated that salt
the unfolding of the N-terminal domain. The stabilization binding enhances the bioluminescence quantum yield when
did not appear to arise from the increase in ionic strength, neutral flavin analogues of FMN are used as substrates in
as correcting for the valency of the salts did not change the |uciferase assaysl4). lon binding has little effect on the
order of the stabilizing effect. Varying the cation of the binding constants for these uncharged flavin analogues but
sulfate salts tested had minimal effect on stabilization, imply- dramatically improves the efficiency of the bioluminescence
ing that the anions were responsible for the observed stabili-reaction with these substrates. The bioluminescence reaction
zation of thea subunit. Multivalent anions had the largest is optimal when a negative charge is placed approximately
stabilizing effect, as would be predicted on the basis of the 8.4 A away from the N-10 position of the flavin rind4).
observed anion binding site in the crystal structue ( With the neutral flavin analogues as substrates, Meighen and
Removal of the C-terminal folding domain of thesubunit MacKenzie showed that sulfate had the largest stimulatory
by limited chymotrypsin treatment followed by anion effect on light emission, followed by phosphate, while
exchange chromatography resulted in an N-terminal fragmentchloride had very little effectld). This was the same order
of a, they fragment, that refolded cooperatively upon dilu- of effectiveness of the anions observed heredubunit
tion out of urea (Figure 7). The fragment refolded by an  stabilization through anion binding. The binding of anions
apparent two-state mechanism with a midpoint approximating was shown to be competitive with the binding of the
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phosphate moiety of the flavin substratd), consistent with represents the unfolding of the N-terminal domain. A similar
binding at the same site, in good agreement with mutagenesidfragmentation approach has not been conducted on IGPS,
studies aitR107 @7, 30). but equilibrium folding studies suggest that a similar folding

Salts are thought to stabilize proteins by several different mechanism may give rise to the observed three-state unfold-
mechanisms including specific and nonspecific binding and ing (51). o-TS, PRAI, and IGPS all bind phosphate-
through changing water structui@4j. The Hofmeister series ~ containing substrates, and the phosphate binding sites lie in
is a ranking of various salts on the basis of the ability of the the proposed C-terminal folding domains. Therefore, increas-
ions to decrease the solubility of proteins while stabilizing ing the anion concentration would be expected to stabilize
the native state35). Hofmeister ion interactions are thought the C-terminal folding domains of these TIM barrel proteins.
to occur by the weak interaction model and not through For o-TS, PRAI, and possibly IGPS the predicted effect of
specific ion binding 86). For proteins observed to be increasing phosphate or sulfate ion concentration would be
stabilized by salts, binding versus Hofmeister stabilization a shift of the first unfolding transition to higher urea
is typically determined by the rank ordering of the salts with concentrations as diagrammed in Figure 2A.
respect to stabilizatior37—39). Binding is assumed when On the basis of the studies reported here and the results
the rank order of most to least stabilizing salt follows the of others, discussed above, it would appear that the proposal
electroselectivity series for binding to ion-exchange resins of Wetlaufer () to dissect the study of folding of large
and not the Hofmeister serie35). Thea subunit of bacterial multidomain proteins into smaller, more manageable, efforts
luciferase represents a case where using the rank orderindo understand the folding and stability of the domains was
of most to least stabilizing ions could lead to an incorrect well founded. At least in the cases described here, individual
interpretation regarding the mechanism of salt stabilization. folding domains are stabilized specifically by binding of
The order of anions from most to least stabilizing was found ligands to the specific domain.
to be SQ > PO, > CI, which follows the Hofmeister series;
however, on the basis of the observation of a phosphate orACKNOWLEDGMENT
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