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ABSTRACT: Bacterial luciferase is a heterodimerig) enzyme composed of homologous subunits. When

the Vibrio harveyi luxAgene is expressed EBscherichia coli the o subunit accumulates to high levels.
Thea subunit has a well-defined near-UV circular dichroism spectrum and a higher intrinsic fluorescence
than the heterodimer, demonstrating fluorescence quenching in the enzyme which is reduced in the free
subunit [Sinclair, J. F., Waddle, J. J., Waddill, W. F., and Baldwin, T. O. (189%3hemistry 325036~

5044]. Analytical ultracentrifugation of the. subunit has revealed a reversible monomer to dimer
equilibrium with a dissociation constant of 14494.0 uM at 18 °C in 50 mM phosphate and 100 mM

NaCl, pH 7.0. Thex subunit unfolded and refolded reversibly in urea-containing buffers by a three-state
mechanism. The first transition occurred over the range-&2 01 urea with an associated free-energy
change of 2.24+ 0.25 kcal/mol at 18C in 50 mM phosphate buffer, pH 7.0. The second, occurring
between 2.5 and 3.5 M urea, comprised a cooperative transition with a free-energy changeto0&.50
kcal/mol. The intermediate species, populated maximally aPdd urea, has defined near-UV circular
dichroism spectral properties distinct from either the native or the denatured states. The intrinsic fluorescence
of the intermediate suggested that, although the quantum yield had decreased, the tryptophanyl residues
remained largely buried. The far-UV circular dichroism spectrum of the intermediate indicated that it had
lost ca. 40% of its native secondary structure. N-Terminal sequencing of the products of limited proteolysis
of the intermediate showed that the C-terminal region ofatsubunit became protease labile over the
urea concentration range at which the intermediate was maximally populated. These observations have
led us to propose an unfolding model in which the first transition is the unfolding of a C-terminal subdomain
and the second transition represents the unfolding of a more stable N-terminal subdomain. Comparison
of the structural properties of the unfolding intermediate using spectroscopic probes and limited proteolysis
of the a subunit with those of the,3 heterodimer suggested that the unfolding pathway obtlsebunit

is the same, whether it is in the form of the free subunit or in the heterodimer.

The classical investigations of Anfinsen and colleagues appears obvious that they need not be at a global minimum
clearly documented the principle that the information that of free energy.
dictates the correct three-dimensional fold of a protein resides Bacterial luciferase is a flavin monooxygenase that
in the sequence of amino acids that comprise the polypeptidecatalyzes the reaction of FMNHO,, and an aliphatic
(1). In the intervening years, much evidence has been aldehyde to yield oxidized flavin, the carboxylic acid, and
accumulated that supports the so-called thermodynamicblue green light (see ref for a review). The enzyme is a
hypothesis, and it seems clear today that many, if not most, heterodimer consisting of two homologous suburfis ¢
small globular proteins reside at a global minimum of free and 3, with molecular weights of 40 153 and 36 349,
energy. Wetlaufer has suggested that larger proteins, manyespectively 6, 7). Even though the subunits are homologous
of which have domains that fold independently, also reside (5) and both can independently support a very low quantum
at global minima of free energy, differing from smaller vyield bioluminescence reactio®,(45, 46), it is clear that
proteins only in that they are assemblies of the independentlythe active center resides on thesubunit @, 8). The high
folding domains 2). However, it is also apparent today that quantum yield bioluminescence reaction requires formation
for some, and perhaps many, large, more complex proteins,of the heterodimer4).
kinetic factors play a critical role in dictating the final The subunits fold into the well-knowrB{a)s motif (see
structure ). Native structures obviously must have sufficient Figure 1) and pack together through an extensive interface
kinetic stability to exist on a biological time scale, but it that has at its core a novel sort of parallel 4-helix bundle
(10). The S subunit self-associates very slowly to yield the
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Folding of the Luciferase. Subunit

FiGure 1: (A) Structure of thea subunit of bacterial luciferase
from the 1.5 A heterodimer crystal structurd0f. Secondary
structural elements are shown to illustrate the overAlblg
architecture of thex subunit. Theo carbon trace of thet subunit
was generated using MOLESCRIPAL. The locations of residues
261 and 291 which define the limits of the disordered loop are
indicated. (B) Topographic diagram of the secondary structure of
the a subunit of luciferase (from re42, reproduced with permis-
sion).

resolution (2). The 8 subunits in the homodimer are very
similar to each other and to tiflesubunit in the heterodimer,
yet both subunits of the heterodimer appear to unfold
virtually completely n 5 M urea, while the homodimer
appears to be insensitive 5 M urea (0—12).

It has been demonstrated by Clark et dl3)(that the
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ties of the freeo. subunit are similar to those of thes
heterodimer, suggesting that thesubunit structure is similar

to that of theo. subunit in the heterodime®). Thea subunit

in its native state is competent to associate with refolging
subunit to yield active enzyme. Therefore, theubunit may

be considered a folding intermediate in the heterodimer
folding reaction. Understanding of a folding pathway requires
knowledge of the structures of intermediates. The purpose
of the work described here was to begin to develop an
understanding of the structure of tle subunit and the
differences in structure between the free subunit and the
heterodimer imposed by interactions with fheubunit. In

the course of these investigations, we discovered thad the
subunit, like thes subunit, can form a homodimer. However,
unlike thep subunit homodimer, the. subunit homodimer
was only weakly associating and in rapid equilibrium with
the monomer. As with the heterodimer, tle subunit
unfolded at 18C, pH 7.0, by a three-state mechanism, with
an intermediate that was well populated at 2.0 M urea. The
o subunit intermediate, like the heterodimeric intermediate,
had a reduced CD signal at 222 nm and an altered intrinsic
fluorescence quantum yield. By limited proteolysis of both
the heterodimeric intermediate and theubunit intermedi-
ate, we found that a C-terminal subdomain of thsubunit
was partially unfoldedri 2 M urea, both as the free subunit
and in the heterodimer; association with tflesubunit
afforded the C-terminal subdomain of tlesubunit ca. 2
kcal/mol additional stability.

MATERIALS AND METHODS

Materials. Ultrapure urea was purchased from ICN.
TLCK-treated chymotrypsin was obtained from Worthington
Enzymes. Dithiothreitol (DTT) and 10% Tween 20 were
purchased from Boehringer Mannheim, N&@, and Ko-
HPO, from J. T. Baker, and chromatographic media from
Pharmacia Biotech. All other chemicals were of reagent grade
or better.

Stock Solutions and BuffelBuffers designated phosphate
buffer were made at the indicated concentrations by mixing

luciferase heterodimer unfolds by a three-state mechanismgng djluting the appropriate amount DM solutions of

with an intermediate that is maximally populated at 2.1 M

NaH,PO, and KHPO,. Phosphate buffers used in purifica-

urea. This intermediate is dimeric, with a reduced CD signal tjon procedures were pH 7.0 and contained 0.5 mM DTT
at 222 nm and an increased intrinsic fluorescence quantumang 1 mm EDTA. Solutions of 10 M urea were prepared as
yield relative to the protein in the absence of urea. The gescribed by Pace et all4) in 50 mM phosphate, 1 mM
change in free energy associated with the first transition is pTT and 0.005% Tween 20, pH 7.0. Solutions were
about 4.52 kcal/mol and that of the second is about 19.7 prepared fresh daily and filtered through a 022 filter
kcal/mol in 50 mM phosphate, pH 7.0 at 18. prior to use. The buffer used for the CD measurements was
The B subunit folding behavior, independent of the 25mM phosphate, 1 mM EDTA, and 0.1 mM DTT, pH 7.0.
heterodimer, has been described by Sinclair etld). As a Limited proteolysis was carried out in 50 mM phosphate and
result of the extraordinary kinetic stability of tifesubunit 1 mM DTT, pH 7.0. The buffer used in analytical ultracen-
homodimer, the folding and unfolding transitions are non- trifugation was 50 mM phosphate, 100 mM NaCl, and 1.0
coincident. This hysteresis in the denaturation and renatur-mmM DTT, pH 7.0.
ation data was interpreted as evidence for a high kinetic Expression and Protein PurificationProtein was ex-
barrier between the folded and unfolded states. Thermody-pressed irEscherichia colistrain ALF1 that was prepared
namically, 5, would prefer to be in the unfolded state in 5 by transformingE. coli strain GYR1 with the pBN1 plasmid.
M urea, but because of the high activation barrier between Plasmid pBN1 is a derivative of the pJHD500 plasniié)(
the folded and unfolded state8; remains folded in 5 M from which most of theluxB gene, which encodes th#
urea. subunit, had been removed. The plasmid pBN1 was con-
Relatively little has been described about the folding or structed by excising the region in pJHD500 from 2560 to
structure of the freex subunit. In previous spectroscopic 3398 using standard recombinant DNA methods. Protein
studies of thea subunit, which contains most of the expression from ALF1 was performed as described by
tryptophanyl residues, it was shown that the spectral proper-Thomas and van Tilburdlg). The crude lysate was brought
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to 40% saturation with (NEJ,SQO,, then centrifuged at 10 000  presence of SDS9) transferred electrophoretically to PVDF

rpm for 45 min. The resulting supernatant was adjusted to membranes by the method of Matsudeit8)( The protein

75% saturation with (NgJ.SO,, then centrifuged at 10 000 bands were visualized using Coomassie blue R-250, excised

rpm for 45 min. This pellet was suspended in 200 mM from the membrane, and subjected to automated Edman

phosphate buffer and dialyzed against three changes of a 20sequencing on a Hewlett-Packard G1005A Protein Sequencer

fold excess of the same buffer. Dialyzed protein was applied with an in-line Hewlett-Packard 1090 LC for amino acid

to a DEAE-Sepharose column equilibrated in 200 mM analysis. All blotting and microsequencing procedures were

phosphate buffer. Protein was eluted by a linear gradient of performed by the Protein Chemistry Laboratory at Texas

three column volumes from 200 to 700 mM phosphate. A&M University.

Fractions were pooled based on visualization of protein by  Analytical Ultracentrifugation Sedimentation equilibrium

Coomassie blue staining of protein in polyacrylamide gels experiments were carried out using a Beckman XL-A

(17). The pool was dialyzed against a 20-fold excess of 100 analytical ultracentrifuge. Samples were dialyzed overnight

mM phosphate buffer through three changes and then appliedat 4°C against 50 mM phosphate buffer containing 100 mM

to a Q-Sepharose column equilibrated in 100 mM phosphateNaCl and 0.5 mM DTT. Protein samples and dialysate as

buffer. Protein was eluted by a linear gradient consisting of blanks were allowed to come to equilibrium at 15 000,

10 column volumes from 100 to 400 mM phosphate. 18 000, or 25 000 rpm at 1&. Scans of the absorbance at

Fractions were pooled based on analysis by polyacrylamide280 and 252 nm as a function of radial position were taken

gel electrophoresis. Purified protein was dialyzed against aand equilibrium was assumed to be reached when consecutive

20-fold excess of 50 mM phosphate buffer for three changes.scars 4 h apart superimposed.

The dialyzed protein was concentrated to ca. 20 mg/mL using Sedimentation Equilibrium Data AnalysSedimentation

a stirred cell under 30 psijyressure and a YM10 membrane equilibrium data were fit to both a model for a single

(Amicon). Concentrated protein was flash-frozen under liquid sedimenting species, eq 1, and a monoenaémer associating

N and stored at-20 °C. system model, eq 2,

Equilibrium Denaturation Experiment&quilibrium de-

naturation experiments were performed as described by Pace A, = Ajexp{[M(1 — vp)o’/2RT][r, — 1]} + E (1)

et al. (L4). Protein stocks were prepared at 10 times the final

concentration in 50 mM phosphate buffer as described aboveA, = A exp{[M(1 — vp)w’/2RT][r, — r]} +

(13). The final protein solutions in urea were prepared by 2 _ 2 _

mixing appropriate volumes of the protein stock, 10 M urea (Ao) Ko X[ [M(1 = vp)o 12RT][ro — 1} + E (2)

stock in 50 mM phosphate buffer, and 50 mM phosphate where A, is the absorbance at any radial positioris the
radial position,A, is the absorbance at the reference radial

buffer.
position,rg is the reference radial positio, is association

Fluorescence emission was monitored using an SLM-
Aminco 8000C spectrofluorimeter wita 1 cmquartz  .onsianty is partial specific volume of the sedimenting

cuvette. Emission spectra were a_\na_lyzed over the WavelengthspecieSp is solvent densitye is angular velocityR is the
range 306-400 nm with an excitation wavelength of 280 a5 gas constant, arlis the absolute temperature. The
nm. Data reported represent the average of two ,Spe,Ctra'partiaI specific volumey, for the o subunit, 0.731 mL/g,
Spectra were corrected for background signal contribution. .-« ~aiculated based on the amino acid composithag

Samples were maintained at 18 during all measurements.  yocribed by Cohn and Edsalq). The value of, 1.007 42
Circular dichroism measurements at 222 nm for the g/mL, was determined from standard tableg)(

equilibrium denaturation experiments were obtained using Average Emission Walength.Average emission wave-
an Aviv 62DS spectropolarimeter, with samples maintained |gngth (2 fwas calculated from fluorescence emission spectra
at 18°C. Quartz cuvettes of either 1 cm path length (for the jpizined in the emission range 36600 nm with an

10ug/mL sample) or 0.5 cm path length (all other samples) o itation wavelength of 280 nm using eqZ2):
were used for monitoring the equilibrium unfolding transi-

tions. Circular dichroism spectra in the far UV (38250 = (ZFili)/ZFi (3)

nm) were recorded usina 1 mmaquartz cuvette, and those

in the near-UV (256-330 nm) were recorded ugjira 1 cm where F; is the fluorescence intensity at wavelength

cuvette. Each of the spectra presented was the average oAverage emission wavelength, unlike measurements done

five scans. at a single wavelength, reflects not only changes in intensity
Limited ProteolysisSamples of. subunit and of luciferase  but also changes in the spectral envelope. Because average

(1 mg/mL in limited proteolysis buffer) were exposed to emission wavelength is an integral measurement, it is less

chymotrypsin (10xg/mL) for 15 min and the reaction susceptible to noise than single wavelength measurements

quenched by the addition of 10Q of the digest mix to an (22).

equivalent volume of boiling SDSPAGE sample buffer Analysis of Equilibrium Denaturation Datd&quilibrium

(17). Aliquots of samples were applied to a polyacrylamide denaturation data were best described by including an

gel (8 x 10 x 0.05 cm) in SDS-containing buffers, and intermediate in the unfolding model:

fragments were resolved electrophoretically at a constant

voltage of 150 V. The protein bands in the gels were stained N _L_l | _L_z U (4)

with Coomassie brilliant blue or transferred electrophoreti-

cally onto PVDF membranes for N-terminal sequencit®).( N denotes the protein in its native state, | is the intermediate,
N-Terminal Peptide Sequencinhe proteins were sepa- and U is the unfolded state. We can define the mole fraction

rated by electrophoresis in polyacrylamide gels in the of each state by dividing the concentration of each species
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by the total protein concentratid®y:

Pr=I[N] +[I] +[U] (5) 5

fy=[NJ/P; ® <

(0]

fi=[1/Pr (7) §

fu=[UVPy ® 3

The sum of the mole fractions of all species must equal 1. §

fyt+f+f,=1

300 320 340 360 380 400
wavelength (nm)

FiGure 2: Effect of urea on the fluorescence emission spectrum.

The equilibrium constant for each step can be defined in
terms of mole fractions as

K, =f/fy 9 Each sample was prepared in 50 mM phosphate buffer, 1.0 mM
DTT, 0.005% Tween 20, and the indicated concentration of urea.
K, = f /f, (10) The concentration ofx subunit was 25:g/mL. Fluorescence

emission data were collected from 300 to 400 nm with an excitation
and likewise, mole fractions can be expressed in terms of wavelength of 280 nm. The solid line is the protein under native
the equilibrium constants: conditions equilibrated in 50 mM phosphate buffer in the absence
) of urea. Protein equilibratechi2 M urea is shown in the dashed
trace. Protein unfoldechi6é M urea is shown in the dotted trace.

fy = (1 + K, + KKy (11) Each spectrum represents the average of two 1 min scans. All
fl _ K1/(1 + K, + K1K2) (12) spectra were corrected for background signal contribution.
f, = KKJ(1+ Ky + K Ky) (13) Software, Reading, PA). Equilibrium denaturation data were

analyzed using the program IGOR PRO (WaveMetrics, Lake

The change in Gibbs free energyG, can be assumed to  Oswego, OR) using eqs—4.8.
be a linear function of urea concentration so that the change

in free energy at any urea concentration can be obtained usindQESULTS
_ Effect of Urea on the Fluorescence Emission Spectrum
= + . . Lo ;
AG, = AGy 0,1+ myfured] (14) The existence of an intermediate in the urea-induced unfold-
AG, = AGy, ,, + my[urea] (15) ing of thea subunit of bacterial luciferase was apparent from
0,

the fluorescence emission spectra recorded in various

where AGu,o.. and AGu,0.2 are defined as the free energy concgptrations of urea (Figu_re 2). Under nondenaturing
conditions, the spectral maximum was at 335 nm when

changes in the absence of denaturantmpdndm, are the ited 280 n th 66 M h
slopes of the line used to extrapolate these free energiesicelxc'te at 280 nm. In the p(rjesercljcb gr(‘)e; t Z h
The contributions of all states to the total amplitude are nJorescence intensity was reduced by ca. 50% and the

assumed to be additive, such that the total observed signal€MiSSion maximum was red-shifted to about 355 nm,
Yors iS suggesting that the tryptophanyl residues were exposed to

solvent water. However,ni2 M urea, the fluorescence
Yoo= Ynfn Y i + Y, fy (16) intensity was reduced by ca. 30%, but the emission maximum
had red-shifted only 2 nm, suggesting that the tryptophanyl
whereYy, Y;, andYy represent the amplitude associated with residues in this intermediate were buried within the protein.
each species. It was assumed that the amplitudes attributed Effect of Urea on the Circular Dichroism Spectrudnder
to the native and unfolded states varied linearly with nondenaturing conditions, thesubunit had a CD spectrum
denaturant or (Figure 3) consistent with a folded nativelike structure, as
described by Sinclair et al9). In 6 M urea, the CD spectrum
Y= YN mpre[urea] (17) suggested that the protein was unfolded. However, in 2 M
urea, the near-UV CD spectrum showed substantial rear-
rangement of the aromatic side chains, but the far-Uv CD
Yy = Y, + mygurea] (18) spectrum suggested only partial loss of secondary structure.
Analytical Ultracentrifugation The solution molecular
where Yy and Yy are the amplitudes of the signals of the weight of the oo subunit was determined by analytical
native and unfolded states in the absence of urea. The slopesltracentrifugation (Figure 4). When the sedimentation
of the pre- and posttransition baselines,e andmy.g; are equilibrium data were fit to the equation for a single
proportional to the dependence of the magnitude of the sedimenting species (eq 1, Figure 4A) an apparent molecular
spectroscopic signal of the native and denatured statesweight of about 60 400 was obtained, whereas the sum of
respectively, on denaturant concentration. the molecular weights of the constituent amino acid residues
Data Fitting ProceduresSedimentation equilibrium data is 40 153 6). Furthermore, the residuals from this analysis
were analyzed using eqs 1 and 2 with the nonlinear least- (Figure 4A, top) were nonrandom. The same data fit to a
squares fitting engine in the program Kaleidagraph (Synergy monometr-dimer equilibrium (eq 2) with molecular weights

and
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Ficure 3: Effect of urea on the circular dichroism spectrum.
Samples were equilibrated in 50 mM phosphate buffer, 1.0 mM
DTT, 0.005% Tween 20, and the indicated concentration of urea.
The concentration of protein for the far-UV spectrum (32%0

nm) was 8.2«g/mL (A). The concentration of protein used for the
near-UV spectrum (256320 nm) was 0.82 mg/mL (B). Native
protein, equilibrated in 50 mM phosphate buffer, is shown in the
solid traces. Protein in buffer contaigil2 M urea, where the
intermediate is highly populated, is shown in the dashed lines.
Spectra of unfolded proteimié M urea are shown in the dotted
lines. Each spectrum represents the average of five scans.

of 40 153 and 80 306 for the two species yielded random
residuals (Figure 4B, top). The dissociation constants for
sedimentation equilibrium analyses at various protein con-
centrations and rotor speeds are shown in Table 2.Kghe
determined from these data was 14:%.0 uM.

Determination of the Conformational Stability of the
Subunit. Titration of the o subunit with urea (Figure 5)
demonstrated an intermediate that was well-populated in the
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FIGURE 4: Analytical ultracentrifugation. Protein at 1.77 mg/mL

71

“”.‘”ge 1.2-2.8 M urea, consistent with th_e spectr_a shown in was dialyzed against 50 mM phosphate buffer, 100 mM NacCl, and
Figures 2 and 3. When samples equilibrated in the urea-1 o mm DTT, pH 7.0, and then centrifuged at 15 000 rpm until

containing buffers at 18C for 18—-24 h were analyzed by  equilibrium was achieved, approximately 20 h. Absorbance scans
fluorescence or circular dichroism, a non-two-state unfolding were taken at a radial step size of 0.001 cm, blanking at each step
transition was observed. The solid lines in Figure 5 representagainst dialysate. The data shown represent the average of 5 such

] : P scans. Panel A shows the data fit to a model assuming a single
the best fit to the data of a model that includes an equilibrium sedimenting species, eq 1. This fit results in a molecular weight of

intermediate. The change in Gibbs free energy in buffer at g9 400. The residuals for this fit are shown above panel A. Panel
18 °C for the native to intermediate transition was 2224 B shows the same data set fit to a model assuming a monomer to

0.25 kcal/mol, and for the intermediate to unfolded transition,
it was 6.50+ 0.75 kcal/mol. Thenm values for the first and
second transitions were 2.440.22 and 2.2°7A- 0.16 kcal/
mol/M, respectively. The pretransition baseline for the first

dimer equilibrium, eq 2. The fit yields a dissociation constant of

20.7 uM; data from similar experiments at different protein
concentrations and rotor speeds yieldgdvalues shown in Table
1. The residuals associated with this fit are shown above panel B.

transition (see Figure 5) was not sufficiently long to define
the slope I, in €gq 17) with confidence, suggesting the
possibility that, under native conditions, the protein was

Table 1: Dissociation Constants Obtained from Fits to the
Sedimentation Equilibrium Analysis of thee Subunit of Bacterial

Luciferase

partially unfolded. To better define the confidence in the speed protein concentration A Kg
value for AGp,01 (eq 14), the value of the slope of the (rpm) (ug/mL) (nm) (M)
pretransition baseline was varied above and below the best 15 000 1.06 280 12.7
fit value and fixed, with the other parameters allowed to float, ig 888 %‘7"% %gg %g-?
and the effect on the value ®Gy,0,1 determined. It was 15 000 200 252 16.4
found that the value oAGy,01 Was not strongly dependent 18 000 0.99 252 9.13
on the value of the pretransition baseling;. could be varied 18 000 2.00 252 16.0
by £20% while the value 0AAGyi; did not d th 18 000 0050 s Y
y 0 W -| e- e value o -HZO']_ Id NO eXC-ee e 25 000 0.496 252 17.8
standard deviation of the best fit values shown in Table 2. avg+ std deviation 14.9- 4.0

Therefore, while the determination of the thermodynamic
parameters by this method was complicated by the minimal

well defined by the data.

The effect of protein concentration for these processes was
stability of the native form, the best fit values appear to be investigated. Panels-AE of Figure 5 present the unfolding
titrations with theo. subunit at 10 to 3@&g/mL in 5 ug/mL
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Table 2: Thermodynamic Parameters Obtained from Equilibrium Denaturation of Swbunit of Bacterial Luciferase

protein concentration spectroscopic AGh20.1 m AGhz0,2 my

(«g/mL) probé (kcal/mol) (kcal/mol/M) (kcal/mol) (kcal/mol/M)

10 CD 2.36 2.26 6.04 2.18

10 AEW 2.25 2.47 7.19 2.47

15 CD 2.59 2.74 5.66 2.06

15 AEW 2.44 2.39 6.66 2.33

20 CD 2.05 2.03 5.60 2.22

20 AEW 2.33 2.69 6.34 2.25

25 CD 2.30 2.46 5.84 2.06

25 AEW 2.09 2.63 7.17 2.38

30 CD 1.68 2.25 6.59 2.20

30 AEW 2.27 2.44 7.90 2.55
mean std dev 2.24+0.25 2.44+0.22 6.50+ 0.75 2.27+0.16

a CD = circular dichroism at 222 nm, AEW average emission wavelength calculated from eq 3 using fluorescence emission from 300 to 400
nm with excitation at 280 nm.

increments. Over this concentration range (6-:255uM) proteins have the same three-dimensional fdaid).(In the
and under nondenaturing conditions, the expected amountbiologically active structure, thes heterodimer, the subunit
of dimer ranged between ca. 1.7 and 5.1%. Titration of the interface is extremely highly conserved, giving rise to a
protein with urea would be expected to shift the monomer pseudo-2-fold rotation axis of symmetry at the interface. It
dimer equilibrium toward the monomer, thereby further was therefore not surprising to find that iesubunit self-
decreasing the small fraction of dimer present under non- associates, forming a very stalle homodimer 11). The
denaturing conditions. As can be seen from the data in Figurestructure of thef, homodimer has been solved to high
5 and Table 2, there is experimental variation in the measuredresolution (2, 25) demonstrating that the positions of the
unfolding transitions, but there is no systematic variation with amino acid side chains of th8 subunit are essentially
concentration, as expected based on the small fraction ofidentical in both complexes. That is, the structure of ghe
dimer under initial conditions. As shown in Table 2, the best subunit of bacterial luciferase is the same whether it is self-
fit parameters show no consistent variation with protein associated in the homodimer or associated withotsabunit
concentration. in the heterodimer.

Limited Proteolysiswe have employed limited proteolysis |, e folding and assembly of the bacterial luciferase
to probe the structure of the intermediate formed in 2 M poteragimer, ther subunit has been shown to behave as a
urea and to compare that structure with the native structuré g, p\e monomer. Native subunit can interact with refolding
of thea subunit. Primarily on the basis of spectroscopic data, / subunit to yield the heterodime2). However, the native

Sincla!r et al. §) qoncluded that the structure qf the free S subunit, which is homodimeric, does not associate with
subunit is very similar to that of the subunit in theas refoldinga subunit due to the exquisitely slow dissociation

hectjerodlr_nter. \hoer; the hettﬁrodlmer |s_exp0§de|d to atr_ly (t)fc?of the homodimer under nondenaturing conditioh®) (The
wide variely of proteases, Ine enzyme IS rapicly inactivate ability of the a subunit to form a homodimer was first

due to cleavage at one or more sites within the d'sordereddemonstrated by Sinclair2{). We have repeated and

loop of thea. subunit (residues 262290; refs23 and 24), expanded those experiments and report the results here.

\fgg f:?iﬁqgfepﬁagyggzlzﬁ:f g;f bsn?égéhz:iiz'guoisﬁés Indeed, theo subunit homodimer is weakly associated and
9 L P appears to be in rapid equilibrium with the monomeric

I|m|ted_ proteolysis patterns of_the fre;esubumF a_nd thex . subunit. It remains to be determined whether the structure
subunit of the heterodimer using chymotrypsin is shown in o S o .
of the a subunit is altered significantly by association with

Figure 6 A and panel B, lanes 1 and 2. The similarity in the . .
. or by formation of the homodimer. However, the results
patterns of fragmentation suggested that the structure of th .
of our experiments, reported here, suggest that the structure

o. subunit was the same or very similar between the free the freea subunit is essentially the same as that of ¢the

subunit and that in the complex with tifesubunit. Ssubunit component of the heterodimer
The changes in structure of tlesubunit resulting from P '

equilibration in 1 ad 2 M urea were investigated using ~ Equilibrium unfolding studies of the/s heterodimer have
Chymotrypsin as a probe (Figure GB) In the presence of urea,ShOWn both the existence of a Well-populated intermediate
a large proteolytic fragment was generated that was notand a strong protein concentration dependence of the second
generated when th@ subunit was exposed to Chymotrypsin transition 0.3) The intermediate observed in unfolding of
in buffer with no urea. The size of the fragment suggested the heterodimer has a reduced far-UV circular dichroism
that, in the presence of urea, one of the termini was exposedsignal and an increased intrinsic fluorescence. The intermedi-
and sensitive to attack by the protease. Amino acid sequencedte is heterodimeric; the equilibrium between the native
analysis of the large fragment yielded the sequence Met-enzyme and the intermediate is not protein concentration
Lys-Phe-Gly-Asn-, the sequence of the amino terminus of dependent. The second step in the unfolding of the het-
thea subunit, demonstrating that the new protease-sensitiveerodimer is strongly concentration dependent, indicative of
region was near the C-terminus of the protein. subunit association/dissociation. The urea-induced unfolding
of thea subunit was also three-state, and the well-populated
DISCUSSION intermediate was formed over approximately the same urea
The o andS subunits of bacterial luciferase are homolo- concentration range as the intermediate observed in the
gous b), and, as expected based on the homology, these twounfolding of the heterodimer (Figure 7). However, unlike
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T os FiGUrE 6: Limited proteolysis. Samples (20Q.) of 1 mg/mL o
5 subunit and separate samplesifluciferase, prepared in 50 mM
I phosphate buffer, 1.0 mM DTT, pH 7.0, and the indicated
3 concentration of urea, were incubated for 20 h at@8Proteolysis
N . was initiated by the addition of 16L of 1 mg/mL chymotrypsin.
g The proteolysis reaction was quenched after 15 min by adding 100
5 o2 uL of the reaction mix to 10@L of boiling SDS-PAGE buffer.
2 Samples were boiled for an additional 5 min following the quench.
0 An aliquot of each sample was applied to a 12% polyacrylamide
gel with a 4.8% stacking gel. Electrophoresis was carried out at a
constant voltage of 150 V for 1.5 h. The SBBAGE gel was then
'r stained with Coomassie brilliant blue. (A) Lane 1, undigested
Ko luciferase; lane 2, native luciferase treated with chymotrypsin; lanes
S °8F 3 and 4, luciferase in 1 @2 M urea, respectively, treated with
17} chymotrypsin. (B) Lane 1, undigestedsubunit; lane 2, native.
3 °°r subunit treated with chymotrypsin; lanes 3 and4subunit in 1
N and 2 M urea, respectively, treated with chymotrypsin. The locations
= 04 1 of the y [residues +280/282 23, 24, 6)] and 6 [C-terminal @3,
5 24, 6)] fragment families are indicated. The location of fragments
z °f resulting from the C-terminal truncations, as determined by Edman
o sequencing, are indicated.

[urea] M

Ficure 5: Determination of the conformational stability of the

subunit. Fluorescence average emission wavelength was calculate

using eq 3 over an emission range of 3@M0 nm with an

the heterodimer, the second transition did not show the same
strong concentration dependence over the protein concentra-
tion range used here. Under the conditions of these experi-
Jnents, theo subunit was largely monomeric.

Understanding of the folding of a protein requires knowl-

excitation wavelength of 280 nm, circles. Circular dichroism was edge of the structures of intermediates that form on the
monitored at 222 nm, triangles. The protein concentrations in panelsfolding pathway. In the folding of both the luciferase

A—E were 10, 15, 20, 25, and 3J0g/mL, respectively. Filled  peterodimer and the luciferasesubunit, an intermediate is
symbols represent refolding of protein denatunedsiM urea to

the indicated concentration of urea to show reversibility. Solid lines WeII-popuIaFe_d in ca2 _M urea at 18°C, pH _7.0._F(_)r both .
represent nonlinear least squares best fits of the data to eq 16 a$h€ o subunit intermediate and the heterodimeric intermedi-

described in the Materials and Methods. ate, the environment of the tryptophanyl residues changed
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‘ was exposed, in addition to those that were exposed under
nondenaturing conditions. Ttleesubunit in the heterodimer
equilibrated m 2 M urea showed the same alteration in
protease sensitivity (Figure 6A). Thi2subunit appears to

be insensitive to limited proteolysis under these conditions.
These observations suggest that the structural rearrangements
are the same or very similar in both the freesubunit and

thea subunit in the heterodimer following a shift from buffer

to 2 M urea.

The structural role of thg subunit in theo,8 heterodimer
appears to be to stabilize and to reduce the conformational
fluctuations of then subunit. The first transition in unfolding
of the heterodimer has a Gibbs free-energy change of about

[urea] M 4.5 kcal/mol for the heterodimer and 2.24 kcal/mol for the
FIGURE 7: Theoretical population distribution of subunit species o subunit. The ability of theS subunit to stabilize the
as a function of urea. The fraction of each species as a function of C-terminal domain of the: subunit must be due to through-
urea was calculated using egs—ili3 and the mean best fit , 16in interactions, since the C-terminal domain of the
parameters shown in Table 2. Fraction native, solid line; fraction - ! . .
intermediate, dashed line; fraction unfolded, dotted line. subunit is on the side opposite the subunit interface. Ahe

subunit also appears to reduce the conformational flexibility

without becoming exposed to solvent in response to the shift of the o subunit. The subunit has the same protease labile
from buffer © 2 M urea. In addition, the far-UV circular ~ bonds, both as the free subunit and boung télowever,
dichroism signal was reduced consistent with the partial loss the rate of hydrolysis of these exposed bonds is greater for
of secondary structure. To obtain a higher resolution the free subunit, suggesting a higher degree of conformational
understanding of the structural rearrangements that occur inflexibility. Clark (32) has used fluorescence quenching
the native to intermediate transition, we used limited pro- analysis to probe the conformational differences between the
teolysis, a method that has been extensively used to probgreea subunit and the heterodimer. The intrinsic fluorescence
activity-related conformational changes in the enzydje ( of the heterodimer is predominantly from thesubunit @).
Exposure of the native enzyme to chymotrypsin causes rapidWith both iodide and acrylamide as quenchers, Clark found
inactivation of the enzyme and hydrolysis of a limited series that the tryptophan residues of the fresubunit were more
of bonds within the protease labile loop of thesubunit accessible than the tryptophan residues in the heterodimer.
(28—31) and slower hydrolysis at a second site. The However, in the presencd @ M urea, the accessibility of
Phe286-Val281 and Leu282Lys283 bonds seem to be the tryptophan residues to the quenchers was essentially the
cleaved at comparable rates, leading to loss of activity. same for both the heterodimer and thesubunit @2).
Subsequent hydrolysis of the Pheti3ly118 bond com- Folding intermediates have been observed in other TIM
pletes the limited proteolysis of the luciferase heterodimer barrel proteins. The TIM barrel proteins in the tryptophan
(23, 24). Limited proteolysis of thex subunit under similar ~ biosynthetic pathway, phosphoribosyl anthranilate isomerase
conditions resulted in cleavage of the same set of peptide[PRAI (33, 34)], the a subunit of tryptophan synthase-TS
bonds as in the subunit in the heterodimer, the only major (35, 36)], and indolglycerol phosphate synthase [IGB3J
difference being the increased rate of hydrolysis of the all have equilibrium folding intermediates. Organophosphate
Phell7Gly118 bond in the free subunit. When the hydrolase is a highly stable dimeric TIM barrel which has
subunit equilibratedn 2 M urea (Figure 6) was exposed to been shown to have a homodimeric folding intermediate
chymotrypsin, a new set of peptide bonds near the C-terminussimilar to that reported for the bacterial luciferase heterodimer

Fraction

0 [ececsecsascosssses

0 1 2 3 4 5

Native Intermediate Unfolded
C

Ficure 8: Proposed model for unfolding/refolding of thesubunit of bacterial luciferase. The model of the nativeubunit is modified

from the 1.5 A heterodimer crystal structure with the disordered loop, residue2262modeled in the dashed blue lid) The proposed
N-terminal folding domain, which includes residues 235, is shown in red. The proposed C-terminal domain, residues Z35 is

shown in blue. The C-terminal domain in the intermediate becomes unfolded while the N-terminal domain remains folded. In the unfolded
state, both domains are unfolded.
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FiGURe 9: a Subunit of bacterial luciferase showing the N and C
termini. The N-terminal 34 residues are shown in dark gray and
the C-terminal 22 residues are shown in black. The location of the
disordered, protease labile loop, indicated in Figure 1A, is at the
top of this presentation. This figure was created using the programs
SPOCK @3, 449 and MOLESCRIPT 41).

(38). The three-state unfolding behavior observediiS

has been attributed to the sequential unfolding of two
domains 89). The domain which unfolds at lower concentra-
tions of denaturant is located at the C-terminus of the protein,
consisting ofa helices 6, 7, 8, and' &s well ass strands 7
and 8. The more stable N-terminal domain, comprised of
residues 3188, unfolds at higher concentrations of denatur-
ant. Similar domains have been shown to exist in PF34).(

It appears that the. subunit of bacterial luciferase unfolds
in a manner similar to these other TIM-barrel proteins in
that some portion of the C-terminus becomes protease labile
at the urea concentrations in which the equilibrium folding
intermediate is most highly populated. The results reported
here, together with the results of folding studies on the other
TIM barrel proteins, have allowed us to propose an unfolding
model, shown in Figure 8, in which a portion of the
C-terminus of the protein unfolds between Ga&hM urea
followed by the complete unfolding of the remainder of the
protein aboe 4 M urea. Further experimentation will be
required to determine whether these portions of the protein
may behave as independent domains or subdomains.

It was not surprising to learn that the terminal truncations
were occurring from the C-terminal end of tlesubunit
rather than from the N-terminus. From the examination of
the locations of the termini of thex subunit from the
heterodimer crystal structure (Figure 9), it can be seen that
it would require much less structural rearrangement of the
protein to liberate and expose the C-terminus to the action
of proteases than the N-terminus. The N-terminus begins in
close proximity to the C-terminus at the surface of the protein
but then extends deep into the protein’s interior to form the
first strand of theg barrel from residues 2 to 7. It then

emerges as a small surface loop which consists of residues

8—16, which then connects to helix 1. The N-terminal
residues from 1 to 34 are shown in dark gray in Figure 9.
The C-terminal 22 residues are shown in black in Figure 9.
The C-terminal helix consists of residues 332316 and packs

against the outside of the TIM barrel. It is much easier to

Noland et al.

imagine that the unfolding of the subunit begins by the
unraveling of some part of this C-terminal helix than
unfolding from the N-terminus, which would require the
partial unfolding of the beta barrel.

On the basis of the results of this study, we propose the
model for the unfolding of thea subunit of bacterial
luciferase shown in Figure 8. In this model, the protein
unfolds to an intermediate state maximally populated at 2
M urea. This intermediate has lost as much as 40% of its
secondary structure as well as having a disordered C-terminal
region. The intermediate is most likely compact because the
tryptophan residues are largely buried and the intermediate
has a distinct near-UV circular dichroism spectrum indicative
of aromatic groups in a chiral environment. Unfolding from
the native to the intermediate state has an associated free
energy of 2.24 kcal/mol. Unfolding of the rest of the protein
is achieved 6 M urea. Unfolding of the more stable
N-terminal subdomain has an energetic cost of 6.50 kcal/
mol.
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