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ABSTRACT: The four-helix-bundle protein fold can be constructed from a wide variety of primary amino
acid sequences. Proteins with this structure are excellent candidates for investigations of the relationship
between folding mechanism and topology. The folding of cytochrwag a four-helix-bundle heme
protein, is hampered by heme dissociation. To overcome this complication, we have engineered a variant
of cytochromebsg, (cyt c-bsgp) featuring ac-type linkage between the heme and the polypeptide chain.
The replacement of the native dyis, leader sequence in this protein with that of-&ype cytochrome

(cyt csse) led to high yields of fully matured and correctly folded atbsso. We have determined the

X-ray crystal structure of cyt-bsgzat 2.25 A and characterized its physical, chemical, and folding properties.
These measurements reveal thatdtigpe linkage does not perturb the protein fold or reduction potential

of the heme group. The covalent attachment of the porphyrin to the polypeptide does, however, produce
a substantial change in protein stability and folding kinetics.

Both experimental and theoretical work suggests a strong Our interest has focused on a family of four-helix-bundle
correlation between topology and folding time for small cytochromes that displays substantial variations in folding
monomeric proteinsl—4). The topology of a protein fold  behavior. For instance, electron-transfer-triggered folding of
can be characterized by its contact order, a measure of the=e?"-cyt bsg, has been found to yield folded protein on a
average number of residues separating secondary and tertiargubmillisecond time scale, whereas cytrequires several
contact sites ). Inasmuch as the topology of a protein is seconds to fold completelyL(—12). Part of this difference
largely defined by the conformation of the polypeptide can be ascribed to differences in the porphyipolypeptide
backbone, contact-order models point to a relatively minor linkage (L0, 13). Four-helix-bundle cytochromes contain one
role for primary amino acid sequence in determining folding or more heme (Feprotoporphyrin IX) groups, and their
kinetics. Nevertheless, there are examples of topologically structural topology is almost perfectly conserved3(A
similar proteins that exhibit widely divergent folding time rmsd) (4—16), despite variation in the attachment and
scales, suggesting that the amino acid sequence can be aoordination of the heme group. In thetype cytochromes
determinant of folding dynamic2{5). (e.g., cytbsgy), the heme is attached to the polypeptide only

Four-helix-bundle proteins provide an excellent opportu- through axial Fe ligation, whereas in the case ofdHgpe
nity to address the folding-topology riddle, since they exhibit cytochromes, theo-carbons of the protoporphyrin vinyl
a strongly conserved structural motif with wide variations 9groups form thioether linkages to the two cysteines found
in primary amino acid sequence and, in some cases, foldingin @ strongly conserved CXXCH motif (e.g., ayt Cyt Csse).
times that approach the time scale accessible by computer! he evolutionary advantages arising from covalent attach-
simulations. Four-helix bundles are found in numerous ment of the heme to the polypeptide chain have not been
evolutionarily unrelated proteins, such as interleukire ( clearly elucidated(7), and the question whether the different
apolipoprotein 7), human growth hormone8), and Heli- cytochrome heme linkages are the consequence of convergent
cobacter pylori neutrophil activating protein9j. These  Or divergent evolution remains opeh7.
proteins perform a diverse array of functions, ranging from  In the case of cybse, featuring a noncovalently bound
RNA binding to polysaccharide cleavage in T4 lysozyme protoporphyrin, we found that the kinetics of heme dissocia-
and electron transfer in cytochrome (Gyso. tion from the polypeptideliss~ (2—7) x 10° s 1] compete

with refolding dynamics, limiting the yield of the folding
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with the protoporphyrin cofactor covalently linked to the was available in our laboratory?2§). The cytochromec

polypeptide chain. maturation gene cassettec(nor pEC86) was provided by
Barker and co-workers first reported the conversion of cyt L. Thony-Meyer @1).
bse, to a c-type cytochromeX8). In this work, single Cys Molecular GeneticsOligonucleotides were obtained from

mutations at positions 98 (R98C) and 101 (Y101C), as well Invitrogen. PCR was performed using a QuickChange muta-
as a double mutation (R98C/Y101C), were introduced into genesis kit. Amersham Biosciences DNA purification kits
the cytbse, polypeptide sequence. Holoproteins wittype were used to purify PCR products and to isolate restriction
thioether linkages between the protoporphyrin were isolated fragments from agarose gels. DNA sequencing was per-
with all three mutant proteins. The yield of holoprotein with formed by the Caltech DNA Sequencing Core Facility.

the R98C mutant was reported to be comparable to that of Chimeric Gene Encoding Engineered Cybsg,. A chi-
wild-type cytbse, but holoprotein production with either the meric gene was constructed by ligating a fragment of
Y101C mutant or the R98C/Y101C double mutant was Rhodopseudomonas palustagt csss encoding the N-ter-
substantially reduced. Nevertheless, a fraction of the holo- minal signal sequence in-frame to an engineered fragment
protein isolated with the R98C/Y101C double mutant Of E. colicytbss;encoding the R98C/Y101C cigts, mutant
sequence appeared to have tesype thioether linkages.  (C-bse2) necessary foc-type linkage of the heme group to
Barker noted that constructs with the R98C mutation would the polypeptide chain through two thioether bonds.
produce blue-green-colored protein if periplasmic extracts A foreign restriction siteBSTEI, was introduced by site-
were not kept under anaerobic conditiod8)( and he later ~ directed mutagenesis into pETc556, located after the N-signal
reported the isolation of a biliverdin-containing construct of peptide encoding region. The plasmid was then linearized
cyt bss, with a covalently attached heméd. Structural with BSTHI and Ndd restriction enzymes to excise the
characterization of the R98C mutant by NMR spectroscopy region encoding mature Cytss (PETC-).

confirmed the presence of the singype thioether linkage The coding sequence (without leader) of maturelgyi

(18, 20). Chemical denaturation studies of the R98C holo- was lifted by PCR from the original construct (p0NS2070b562).
protein revealed a 5.6 kJ mdlincrease in folding sta- Primers 1 and 2 were used to introdu¢&d and 3 BSTHI

bility relative to wild-type cytbse, (20). In an effort to sites, which introduce the A1V/D2T mutations in the first
improve the yield of cytbss; with two c-type thioether  two residues of the mature cyke. sequence. The PCR
linkages, a new expression system was developed whichproduct was then restricted witNdd and BSTHI and
incorporated the plasmid for the cytochromenaturation ~ subsequently cloned into the pETc- vector carrying the leader
(Ccm) system Z1—23). This approach led to increased sequence from cytsse The uniqueBSTHI site was then
homogeneity of holoprotein with two-type thioether link- removed, reverting the A1V/D2T mutation, and a tryptophan
ages, although the yield of isolated protein did not in- residue (Y59W) was introduced (for use as a fluorescent
crease over that obtained in the absence of the Ccm systenprobe) by site-directed mutagenesis. We denote the plasmid

(0.3-1.8 mg/g of wet cells)Z2). thus obfcained as pETc-b562.

Using the cytbss, plasmid available in our laboratory Protein ExpressionPlasmid (pETc-b562) was cotrans-
[PNS207b562 24)], the cytochromec maturation gene formed with PECS6 irE. coli strain _BL21(DE3). Transfor-
cassette [pEC862()], and a commercially availabl&s- mants were initially grown overnight on LB agar plates

cherichia coli strain [BL21(DE3)], we were not able to containing ampicillin (6Q:g/mL) and chloramphenicol (34
prepare holoprotein with twa-type thioether linkages, ~49/mL). Approximately 4 in 10 colonies were visibly red,
isolating instead green-colored proteins suggesting hemelndlcatln_g cytochrome overexpression. After moc_ula’uon in
oxidation (L9). Subsequently, we developed a protocol that LB medium, cells were subjected to rotary shaking at 110
has enabled us to overexpressss; reproducibly and in high ~ "PM at 37°C and_ grown overnight. Cells were haryested
yield. In this paper we provide experimental details of our after the cell density reached an €pof ~1.8. No induction

cyt c-bsg2 expression system, as well as the X-ray crystal Was necessary. o

structure (2.25 A resolution) and physical, chemical, and ~ Protein Purification and Characterizatioiyt c-bse, was
folding properties of this protein. We find that the presence Purified by ion-exchange chromatography on a Q-Sepharose
of two c-type thioether linkages does not substantially per- Fast Flow column, followed by a second purification step
turb the wild-type fold but, like the R98C mutant with one ©N @ Mono S column (Pharmacia FPLC). The purity of
c-type thioether linkage20), does have a substantial impact Protein samples was assessed by SPBGE gel electro-

on protein folding stability. We also report the folding Phoresis and by mass spectroscopy. Electrospray mass
kinetics of F&*-cyt c-bss, and compare them to those of ~SPectroscopy and N-terminal amino acid sequencing were
Fe*-cyt c-bss, (25) as well as other four-helix-bundle heme performed by the Protein/Peptide Microanalytical Laboratory

proteins. in the Beckman Institute.
Equilibrium Unfolding.Guanidine hydrochloride (GuHCI,
MATERIALS AND METHODS ultrapure grade; Sigma) was used as received. Circular

dichroism (CD) and fluorescence spectra were recorded using

Bacterial Strains and Plasmid. E. coditrain XL1-blue  an Aviv 62ADS spectropolarimeter and a Jobin Yvon SPEX
from Stratagene was used for the ligation and sequencingFluorolog-3 spectrofluorometefid 290 nm;Aem 300—-500
stepsE. coliBL21(DE3) from Novagen was used for protein  nm), respectively. Steady-state absorption spectra were
expression. measured on HP-8453 and HP-8452 diode array spectrom-

The plasmid carrying the compleEe coli cyt bss, gene, eters. GUHCI concentrations in the samples were determined
pNS207b562, was kindly provided by S. G. Sligad) The from refractive indices measured on an Abbe-3L refracto-
plasmid encoding the complete gene for cyg, pETc556, meter (Milton Roy, Rochester, NYRD).
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Folding Kinetics. The refolding kinetics of F&-cyt mM sodium acetate, 20 mM NacCl, pH 5) withy2. of the
c-bss, were measured using a BioLogic SFM-4S stopped- reservoir solution. Crystald$@;2,2;, 63.861 Ax 68.158 A
flow mixer coupled via an optical fiber to a 200 W mercury/ x 90.440 A) typically appeared within 1 day and were
xenon arc lamp excitation source. For absorbance-monitoredgrown for at least a week until they reached a size of 00
folding kinetics measurements, transmitted probe light was 200 x 100um. X-ray diffraction data were collected at 100
directed by the optical fiber through a monochromator to a K using an R-Axis IV imaging plate area detector and
nine-stage photomultiplier tube (Hamamatsu R928); observa-monochromatized CuKo. radiation (1.54 A) produced by
tion wavelengths were 398 and 418 nm. For fluorescence-a Rigaku RU 200 rotating anode generator operated at 50
probed folding kinetics, the excitation source was filtered kV and 100 mA. The data were processed using DENZO
(260 < Aex = 300 nm), and the fluorescence was detected and SCALEPACK 81) (overall Ryym = 7.9%, overalll/ol
with the monochromator set to 354 nm. Kinetics traces were = 13.3, redundancy= 3.4, completeness- 98.7%). The
collected for time periods up to 3 s, typically at a sampling structure of cyt-bss; was determined at 2.25 A by molecular
rate of 20 kS/s. replacement with MOLREP3Q) using the wild-type cybss

For refolding experiments, a stock of unfolded cylbse, structure (PDB ID code 256B)38) as the search model.
(100-200 uM in 7 M GuHCI, pH 5) was diluted with a  Rigid-body, simulated annealing, positional, and thermal
combination of 100 mM sodium acetatedaa 7 M GuHCI refinement with CNS 34), along with manual rebuilding,
solution at pH 5, resulting in final protein concentrations of and water placement with XFIT36), produced the final
7—10 uM and varying GuHCI concentrations (6-2 M). model Reryst = 23.3%, Riee = 27.7%, overallB-factor =
The stopped-flow mixing dead time under these conditions 24.6 A2). The Ramachandran plot calculated with PROCHECK
was ~5 ms. Kinetics traces were fitted using Igor4Pro or (36) indicates 96.9% of the residues to be in the most favored,
Matlab. 2.8% to be in the allowed, and 0.3% to be in the generously

Fluorescence Energy Transfer Kinetidsyptophan fluo- allowed regions. Atomic coordinates and structure factors
rescence decay kinetics measurements were carried out afor cyt c-bse; have been deposited in the Protein Data Bank
previously described1@, 28). Protein samples (35 uM (PDB ID code 2BC5).
unless otherwise stated) were deoxygenated by repeate
evacuation/Ar-fill cycles on a Schlenk line. A polarized laser $ESULTS AND DISCUSSION
pulse (33 from vertical) from the third harmonic (290 nm) Protein Expression.The biosynthesis ofc-type cyto-
of a regeneratively amplified femtosecond Ti:sapphire laser chromes has been achieved aerobicall§ircoli by coex-
(Spectra-Physics) was used as an excitation source, and @ressing the cytochrome with the cgtmaturation gene
picosecond streak camera (Hamamatsu C5680) was used itassetteqcm) developed by Thay-Meyer and co-workers
the photon-counting mode for detection. Tryptophan emission (21) or using heme lyase as first described by Mauk
was selected by an interference filtdr € 355 4+ 5 nm). (37—39). Although heroic efforts have been made in recent
Trp luminescence decay kinetics were modeled with the years to elucidate these biosynthetic mechanisfis41),
function(t) = lo(t) /P(r) exp(—ke(r)t) dr, wherelq(t) is the it is still not clear in atomic detail just how treemproteins
Trp fluorescence decay in the absence of energy transfer toand heme lyase form thetype linkage in cytochromes.
the hemeP(r) is the probability of observing a conformation Initial attempts to form the maturetype linkage inbse;
with donor—acceptor distance, and ke(r) is the rate of were carried out by inserting the conserved CXXCH heme
energy transfer at distanae Distance distributions were  binding motif by site-directed mutagenesis into wild-type cyt
extracted from the decay kinetics by numerical inversion of bsg,. As a start, the pNS207 plasmid harboring the DNA
the Laplace transform describim@). The critical constraint ~ sequence encoding the engineered R98C/Y101Chgyt
for this inversion is the requirement tha¢r) > 0. A linear was cotransformed with the pEC86 plasmid carrying the
least squares MATLAB (Mathworks, Natick, MA) algorithm ccmA—H maturation genes irE. coli BL21(DE3) cells.
with a nonnegativity constraint (LSQNONNEG) was used Transformants were initially grown overnight on LB agar
to project the narrowe$?(k) distributions from the fluores-  plates containing ampicillin and chloramphenicol. After
cence kinetics. A transformation using thérgter equation  inoculation in LB and incubation at 37C for ca. 6 h, all
recasts th€(k) distributions obtained by LSQNONNEG into  colonies produced red pellets, indicating heme protein
distributions over (29) [k(r) = ko(Ro/r)¢, wherek, is the overproduction. Yet, the periplasmic protein obtained by
excited-state decay rate constant of exciddcetyltryp- osmotic shock proved to be unstable, turning green upon
tophanamide ang, is the critical Foster distance for Trp prolonged exposure to air. Similar behavior, indicative of
heme energy transfer]. The value Rf for orientationally heme oxidation, has been reported previouslg, (19).
averaged Trpheme FET is 34 A12); the experimental limit ~ Guanidine or acid treatment resulted in loss of the heme
for distances extracted from this analysis80 A. In folded group, and electrospray mass spectroscopy revealed the
cyt c-bsgy, the Trp side chain is likely to be locked into a apoprotein as the sole product, signaling the absence of
configuration that prevents orientatonal averaging faster thancovalent porphyrin attachment. Thus, we were not able to
the decay of singlet-excited Trp. Using the Fe-cylbse express the holoprotein by simply mutating the DNA
X-ray crystal structure coordinates, and previously deter- sequence encoding for R98C/Y10bgs, and coexpressing
mined transition moment orientatiord0j, we estimate that it with pEC86 in E. coli BL21(DE3). This approach,

R, for this Trp—heme configuration is 38 A. however, has been successful in other laboratories using a

X-ray CrystallographyCrystals of cytc-bse, were grown different cytbse, plasmid ancE. coli strain (L8, 22, 23).
by vapor diffusion in sitting drops. The reservoir solution  Several studies have highlighted the necessity of an
was 500uL of 70% (NH).SO, (pH 5). The crystallization  appropriate N-signal peptide to target the gene product to
drop was prepared by mixing 2. of 1 mM cyt c-bsg, (5 the periplasm where maturation of cytochroméakes place
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(42, 43); the information stored in the N-signal peptide can
be responsible for “errors” during the maturationostype
proteins. We therefore reasoned that replacing the signal
sequence of cyibse, with that of ac-type cytochrome might
lead to successful overexpression of Cylise,.

To this end, we combined the DNA sequence of leyb
with the leader sequence signaling for cyis for which a
successful expression system was already availab)eThe
chimera thus obtained (pETc-b562) was cotransformed with
pEC86 in E. coli BL21(DE3). Approximately 10 mg of
highly purified recombinant-bss, was obtained from 1 L
of cell culture in LB. The periplasmic protein isolated from
the cell by osmotic shock was shown by mass spectrometry
to correspond to the mature holoprotein (12341 amu). No
apoprotein was detected in the cell extract. N-terminal
sequence analysis yielded Ala-Asp-Leu-Glu as the first four
residues of the mature protein. Interestingly, expression of
recombinant-bse; protein lacking the Trp59 mutation (i.e.,
with the wild-type Lys59 residue) resulted in some protein
with oxidized (green) heme groups along with correctly
folded protein.

Structural and Physical Characterizationthe X-ray
structure of cyt-bss; was solved at 2.25 A resolution using
crystals obtained from 70% ammonium sulfate at pH 5
(Figure 1a). The asymmetric unit of the orthorhombic cyt
c-bsgp Crystals contains four nearly identical molecules which
are associated in pairs. This lattice arrangement is quite
distinct from that observed for the triclinic wild-type dys,
crystals (PDB ID code B256) that were obtained under
similar crystallization conditions3@). The pairing of cyt
c-bsg, molecules is largely mediated by an extensive interface
(buried surface arez 775 A?) formed by the antiparallel
alignment of residues 533, leading to pairwise interactions
between helix side chains. This arrangement leads, among
other polar interactions, to close contacts between Asp66 and
Asp73 that would be expected to be destabilizing. The
interface also features hydrophobic interactions between the
highly exposed side chains of Leu76 and Trp89{ 4.0 Ficure 1: Structural details from the 2.25 A crystal structure of
A), the latter engineered in place of a lysine for fluorescence cyt c-bse> (a) Backbone ribbon showing one of the two dimers in
studies. Under the high-ionic-strength crystallization condi- theé asymmetric unit. Monomers are colored gray and cyan,

. - S : ; respectively. The dimer interface involves largely the third helices,
tions, this hydrophobic interaction is apparently SoONg gjigned in an antiparallel fashion; the interfacial contacts include

enough to negate the destabilizing effect of Agp pairing the pairwise hydrophobic interaction between the Trp59 and Leu76
and yield a crystal lattice that is quite disparate from that of side chains. The Trp5%heme FET pair center-to-center distance

wild-type cyt bsz In addition, the Trp59 indole interacts is ~19 A. (b) &, — F. electron density map of the heme
with the guanidinium group of Arg62d(~ 3.1 A, Figure gnvuronm%ntr(]wheat, 1@5hpurple, d‘t’%ShOW'.”g thegtgpeglgkageg 101
1a). Suchz—cation interactions have been calculated to be |o%t;\{ggnotn ?heergﬁeemﬁaﬂyeﬁ?_ the engineered Cys38 and Cys
stabilizing by up to 23 kJ mot (44), although model systems
based on helical peptides show this effect to be a more third helices, to 0.2 A for residues within the helical regions
modest 1.78.4 kJ mof?! (45, 46). The Trp59-Arg62 (Figure 2a). As expected from the differences in amino acid
interaction could nevertheless contribute to the improved sequence and porphyripeptide bonding, structural varia-
expression of this-bse, variant over its pseudo-wild-type tions between cyt-bsg,, wild-type cyt bss, (33), and the
counterpart, which contains a Lys in the 59 position (vide R98C mutant with a single-type thioether linkage20) are
infra). apparent in the vicinity of the heme. In particular, the plane
Cyt c-bsg; electron density maps clearly demonstrate the of the His102 imidazole ring in cyt-bse; is rotated~17°
presence of thioether linkages between Cys98 and Cys101from its position in the wild-type protein and approximately
and the heme group (Figure 1b) (average bond distance 30° from its position in the R98C mutangQ).
1.83 A); these maps also show that the heme environment The absorption spectrum of cgtbss; iS consistent with
and the Fe coordination are not significantly perturbed from the introduction of ac-type heme: the Soret and tiig,o
those in the wild-type protein (Figure 2b). The average rmsd maxima for the F& (415 and 527 nm) and Fe proteins
in C, positions between cyt-bss, and wild-type cytbse; is (421 and 556 nm) are quite similar to those in ¢y (Fig-
0.42 A, ranging from 0.9 A for residues in the loops ure 3) @5). Extinction coefficients for Soret bands were
connecting the first and second, as well as the second anddetermined using the pyridine hemochrome methé9): (
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a

Ficure 2: Comparison of the structures of wild-type &y, and
c-bsgz. (2) Superposition of the structures where the diameter of
the tube is proportional to the root-mean-square deviation (rmsd)
between the two. (b) Comparison of the structures in the vicinity
of the heme of wild-type cybse, (gray) and cytc-bsg, (red).

1 T T 1

1.6 x10°

1.2x10°

8.0 x 10%
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Ficure 3: Absorption spectra of four-helix-bundle heme proteins
(pH 7): wild-type F&T-cyt bse, (dotted line); Fé&"-cyt c-bse, (solid
line); and Fé&"-cyt csse (dashed line).

Fngr-Cyt C-bse, €415 = 0.148/1'\/'71 Cmﬁl; Fe'”-cyt C-bseo,
€421=0.162uM~1 cm™1. Interestingly, the reduction potential
of nativec-bsg; measured at a gold electrode modified with
a cysteine-rich hexapeptide (KCTCCA) is identical with that
reported for the wild-type proteire¢ = 189 mV vs NHE)
(48). This finding is somewhat surprising given the differ-

Faranone-Mennella et al.
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Ficure 4: Denaturant-induced unfolding of ¥ecyt c-bsg, (pH

5) probed using absorption (circles), CD (squares), and Trp59
fluorescence (triangles) spectra. The solid line is a fit to a two-
state folding model [[GuHCl}, = 4.3(1) M].

far-UV CD, and tryptophan fluorescence (Figure 4), is fully
reversible. The oxidized protein has a stability maximum at
pH 5, where the midpoint for unfolding ((GUHGH) is 4.2

£+ 0.05M (m=10.1£ 0.1 kJ mot* M~1). The folding free
energy change for cyd-bsg,, extrapolated to [GUHCHE= O,

is —42 + 4 kJ mol; this value is substantially greater than
that estimated for the wild-typé-type protein (30 kJ
mol™1) (20) and three times greater than that of the apoprotein
(—13 kJ motY) (13). The stability of the R98C mutant of
cyt bse,, featuring a single-type thioether link between the
polypeptide and the protoporphyrin-85.6(8) kJ mot!, m

= 8.4+ 0.2 kJ mol't M~1] (20), is greater than that of the
b-type protein but less than that of the protein with wype
linkages. It is important to note that the comparison between
the proteins with one and two thioether links is complicated
by the fact that the amino acid sequence of ourehte,
differs in two locations (Y101C/K59W) from that of the
R98C variant. Unfolding of Fe-cyt c-bss,; at pH 5 is
accompanied by a large blue shift of the Soret maximum
(folded, Amax 415 nm; unfolded}max401 nm), consistent with
the loss of axial ligation to Met7 and formation of a high-
spin Fét—heme center. The protein is less stable at pH 7,
[GUHCI]y, = 3.3+ 0.1 M, and the small blue shift in Soret
absorption upon denaturation (foldégax 415 nm; unfolded,
Amax 408 nm) indicates that the heme remains low spin.
Reasoning by analogy to cytochrorné49, 50), it is likely
that Met7 is replaced by His63 as the axial heme ligand in
the denatured protein.

To determine how changes in heme coordination affect
the ensemble of unfolded protein structures, we examined
fluorescence energy transfer kinetics between Trp59 (donor)
and the heme group (acceptot@( 28). In the folded F&"
protein, at pH 5 and 7, the Trp59 fluorescence decay kinetics
are consistent with a narrow distribution of Trp59-to-heme
distancesr (Figure 5). Assuming that the Trp59 conforma-
tion in solution is the same as that found in the X-ray crystal

ences in electrostatic potential and covalent bonding at thestructure, the FET kinetics suggest Fipeme distances (pH

heme in the two proteins. It is possible that the change in
the His102 imidiazole angle compensates for differences in

5,21.5 A; pH 7, 22.2 A) that are in reasonable agreement
with that determined crystallographically (18.9 A).

electrostatics and bonding, leading to an unchanged reduction Under denaturing conditions, the Trp59 fluorescence decay

potential.

Stability and FoldingGuHCI denaturation of the oxidized
and reduced forms of cyt-bsg,, monitored by absorption,

is slower and nonexponential, consistent with a heteroge-
neous ensemble of unfolded polypeptides. At pH 5, where
protonated His63 does not coordinate td'Fe¢he majority
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Ficure 5: Distributions of Trp59-heme distances extracted
from FET kinetics obtained in native (black) and denaturing
(gray) environments at pH 5 and 7. The area of each bar is
proportional to the probability of finding a tryptophaheme in

the distance range spanned by the width of the bar. The bars
spanning 4750 A represent the probability of finding Trheme 1.0 L L L L L
distances>47 A. 0.0 1.0 2.0 3.0

[GuHCI], M

of the population displays an extended conformatiBia( Ficure 6: Refolding kinetics of cyt-bse,. (a) Time dependence
> 43 A). At pH 7, the unfolded protein retains a large of tryptophan fluorescence intensity at different final GuHCI
fraction of a compact conformatioRga 2~ 19 A) attributable concentrations [[GUHCI= 0.6, 1.4, 1.9, 2.1, 2,47 M (upper to

to His63-Fe misligation (Figure 5). lower); [cytc-bssg = 10u4M]. (b) Dominant refolding rate constants

. e . P for cyt c-bsg, extracted from measurements of tryptophan fluores-
R+ef0|d|ng Kinetics. O\.ng. tp the .reverSIblllty of cence (squares) and Soret absorption (dots) measurements as
Fe*-cyt c-bsez denaturation, it is possible to study the fynctions of denaturant concentration.

refolding kinetics of this four-helix-bundle heme protein. The
kinetics of stopped-flow triggered Fecyt c-bse, refolding apocyt bsg, (Rd-apocytbssy) and native state hydrogen
at pH 5 were probed by measurements of heme absorptionexchange methods, Bai and co-workers have formulated a
at wavelengths characteristic of the denatured (398 nm) andsequential folding mechanisr3) in which the rate-limiting
native (418 nm) proteins. We find that formation of native step produces an intermediate (PUF1) with the N-terminal
Fe*t-cyt c-bss; is biphasic. The rate constant for the helix and part of the C-terminal helix unfolded. This species
faster phase varies with denaturant concentration and hasonverts to a second intermediate (PUF2) in which just the
an extrapolated rate constant of 42.0? st at 0 M GuHCI. N-terminal helix is unfolded. It is plausible that a similar
The rate of the slower phase is independent of de- sequential folding mechanism is operative in the holoprotein,
naturant concentratiorkdps ~ 5 s1). When refolding is cyt c-bsg,. Covalent attachment of the porphyrin to the
monitored by Trp59 fluorescence, more than half of the polypeptide in cyt-bss; produces multiple refolding kinetics
signal amplitude is quenched during the mixing dead time phases and an overall rate somewhat lower than that found
(~5 ms) ([GuHCl}na = 0.3 M, 90% loss of Trp59  for the apoprotein. Trp59 lies near the top of helix 3, close
fluorescence intensity; [GUHGHL = 2 M, 60%) (Figure 6). to the helix 2-3 loop. Formation of an intermediate
The remaining signal amplitude decays exponentially with analogous to PUF1, with helices 2 and 3 and the N-terminal
a denaturant-dependent rate constant that corresponds to thgart of helix 4 in near-native conformations, would bring
faster phase observed using heme absorption spectroscop¥rp59 closer to the heme, producing the loss of fluorescence
(Figure 6). observed after the burst phase. Conversion of this species
The NMR structure of apocyiss, suggests that the first  into an intermediate with a fully developed C-terminal helix
three helices fold into a bundle with the final-202 residues  (PUF2) involves positioning the heme adjacent to helices 2
(94—106) in rapid exchange among ordered conformations and 3 and would be expected to produce a measurable change
(51, 52). Further, stability studies of the apoprotein are in heme absorbance as well as a further reduction in Trp59
consistent with the presence of three cooperative folding fluorescence. The barrier to this PUFRUF2 conversion is
units: helices 2 and 3 form the most stable unit; helices 1 likely to be greater in F&-cyt c-bse, than apocybsg,, owing
and 4 represent independent folding unig)( The apopro- to the presence of the covalently attached porphyrin group.
tein folding rate constant ranges frerd0 s* at the midpoint The final slow phasekg,s ~ 5 s1) observed by absorption
denaturant concentration ([urgal= 3.2 4+ 0.1 M) to 2600 spectroscopy could involve formation of the native heme
s 1 in the absence of denaturarit3[. Using a redesigned coordination environment [FeS(Met7)].

log(k,,.. ™)
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The nativeb-type ferric protein has been suggested to
follow a sequential folding pathway in which rapid apopro-
tein folding precedes heme bindintg}, leading to relatively
slow formation of the native structure. Thetype linkage
in cyt c-bse, clearly leads to more efficient delivery of the
heme into the preformed helical bundle. Judged by the
formation of native heme environment, the refolding of
Fe**-cyt c-bse, appears to be considerably slower than that
of the reduced protein(10* s%) (25). The fast folding of
reduced cyt-bsg; was attributed to formation of a persistent
native contact between S(Met7) and thé'Feheme center
during refolding. The early formation of this native con-
tact would create a folding sequence different from that of
Fe*t-cyt c-bsg2. Owing to S(Met7)y-Fe** ligation, the N- and
C-terminal regions of the polypeptide will be held together
such that bundle formation in helices-2 could produce a
protein with a near-native structure.

Finally, it is of interest to contrast the refolding kinetics
of Fe*"-cyt c-bse, With those of Fé"-cyt ¢’, a much slower
folding protein (L1, 12). Although the two proteins have quite
similar folds, the amino acid sequence of cyhas a lower
helix propensity than cybse,. It is possible that the rapid
bundle formation in helices-23 that produces efficient cyt
c-hbse2 folding does not lead the way in FPecyt ¢
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