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ABSTRACT. We report the application of our newly developed dielectric resonator-based flow and stopped-
flow kinetic EPR systematically to probe protein folding in yeast iso-1-cytochroatecysteine-directed
spin-labeled locations. The locations studied have not been previously directly probed by other techniques,
and we observe them on a time scale stretching from$t seconds. On the basis of crystal structure

and homology information, the following mutation-tolerant, externally located cysteine labeling sites were
chosen (in helices, T8C, E66C, and N92C; in loops, E21C, V28C, H39C, D50C, and K79C), and labeling
at these sites was not destabilizing. Dilution of denaturant was used to induce folding and thereby to
cause a change in the spin label EPR signal as folding altered the motion of the spin label. Under folding
conditions, including the presence of imidazole to eliminate kinetic trapping due to heme misligation, a
phase of folding on the 2630 ms time scale was found. This phase occurred not only at the T8C and
N92C labeling sites in the N- and C-terminal helices, where such a phase has been associated with folding
in these helices, but overall at labeling sites throughout the protein. In the absence of imidazole the 20
30 ms phase disappeared, and another phase having the timefscalampeared throughout the protein.
There was evidence under all conditions for a burst phase on a scale of less than several milliseconds
which occurred at labeling positions V28C, H39C, D50C, E66C, and K79C in the middle of the protein
sequence. At spin-labeled D50C rapid-mix flow EPR indicated a very shbft us phase possibly
associated with the prefolding or compaction of the loop to which D50 belongs. Spin labels have been
criticized as perturbing the phenomena which they measure, but our spin labeling strategy has reported
common kinetic themes and not perturbed, disconnected kinetic events.

As a probe for protein structure and function, the nitroxide be expected from attachment at a particular site. Crystal
spin label was originally developed to measure change in studies of T4 lysozyme derivatives separately spin labeled
local protein conformationl). The spin label sensitively  at external helical sites and at a point of tertiary contact have
reports local mobility in the vicinity of its attachment site  shown how the protein environment, both nearby and more
and impediment to that mobility from the surroundings. distant, establishes hydrophobic interactions and hydrogen
Theoretical ) or empirical 8) line shape analysis provides bonds with the spin label that stabilize the conformation of
information on the 0.2100 ns time scale and on restriction its disulfide linkage and nitroxide ringl(). The crystal
of the motion. The utility of spin labeling was markedly structure has provided a link between the dynamics of the
improved by the pioneering work of Hubbell and co-workers, spin label side chain, reflected in the EP$pectrum, and
who combined site-directed cysteine mutagenesis and cysocal protein structurel). Cysteine-directed spin labeling
teine-specific spin labeling to attach site-directed spin labels has opened a valuable area for following, predicting, and
in new locations throughout proteind<7). The position of  characterizing the fold of a protein, but it has so far been
cysteine mutation was notably scanned throughout T4 done under equilibrium conditions.
lysozyme 8, 9), and characteristic line shape signatures from
labels at surface helix sites, tertiary contact sites, buried sites;

; ; ; ; 1 Abbreviations: EPR, electron paramagnetic resonance; DR, di-
and |00p sites were determined. Such studies prOVIded aelectric resonator; CW, continuous wave (as opposed to transient); ns,

background of empirical evidence on the type of signal to nanosecond;s, microsecond; ms, millisecond; mw, milliwatt, EPR
frequency; MTSSL, methanethiosulfonate spin label; GdnHCI, guani-
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Our goal has been to combine the power of site-directed T8
spin labeling with rapid-mix flow and stopped-flow EPR to
follow the time variation of probe immobilization and to N-terminal helix ____
characterize protein substructures as they kinetically fold.
This has required major technological advances in EPR,
notably of mini microwave resonators tightly integrated to
low dead volume, low dead time mixing devices. These Loop A —
devices must have high EPR sensitivity but low sensitivity
to flow and stopped-flow induced noise. The major initial
advance was a mini dielectric resonator (30-fold higher EPR
sensitivity than commercial metallized EPR cavities) con-
nected to a grid mixer to provide a fluid-flow structure with
~5 uL dead volume and-1.5uL sample volumeX1). The
dead time was-7 ms, and the initial application was to the
folding of 100uM spin-labeled iso-1-cytochront(12). Two LoopcC
orders of magnitude improvement in kinetic resolution was

C-terminal helix

V28

. 3 . L. D50
later achieved when the dielectric resonator was intimately FicURe 1: Ribbon diagram of yeast iso-1-oyishowing loop and

integrated to a mi(,:ro ball mixer with ;ubmicroliter dead helical substructural regions and residues where cysteine mutations
volume and dead times in the 108 regime (3). were made and where labeling was done. (Loop D happens to be
Our choice for study has been cytochromigecause itis  in the back in this presentation.)

a protein for which there is a large inventory of folding
information, albeit generally not information on the particular Table 1: Summary of Amino Acids That Have Been Mutated to
sites and side chains where we attach labels. Its folding wasCYSteine

initially followed from optical changes at the heme and from labeled secondary

heme-induced tryptophan fluorescence quenching which residué variant  structur® substructure  substitution$
reports overall compacting of the cytochrome structaire( Thr8 T8C-SL  N-helix I KTNRDS

16). The refolding kinetics for yeast and horse heart S{';fzzé %égg'[ I'ggg : |||I EP\%SANQK
cytochromec have been deconvoluted' into at least three |} .39 H39C-SL loop B i KQTHAV
exponential phases observable for times longer than a aspso  D50C-SL loop C n TDEANK
millisecond (5—17): a fast phase in the-5100 ms range, Glu66 E66C-SL  60's helix I EADNGQKS

an intermediate phase in the 6.5 s range, and a minor kYS7992 EZ)%(C:%L_ Igor?llj' I|V -RT\I CEVKDIL
slow phase in the 525 s range. The fast-5.00 ms phase sn - nelix Q

has been a major focus of deuterittimydrogen exchange aName and number of the residue to be replaced in the C102S

; ; protein, where the wild-type Cys102 is replaced by Ser. Numbering is
of amide protons, a technique developed by Englander andbased on alignment of other eukaryotic cytochromes that residues

co-workers {8), and is thought to reflect the critical rate- j, yeast are numbered froms to +103." The secondary structure in
determining step of cytochrome folding due to nucleation which the residue is found.The partially unfolded substructure from
collapse associated with the N- and C-terminal helid&s-( native state H-exchang@3) in which the particular residue is found.
21). Native state deuteriurrhydrogen exchange at various The wodrk of Bai et al. predicts th_at the _order of folding shoqlq bg 1,10,
low concentrations of denaturant was extrapolated to pr'edictL”u’ngyotrchgjgggfotgzgther amino acids found at this position in 106
a folding pathway whereby the N- and C-terminal helices

(substructure 1) folded first, the 60’s helix and loop A ] ] o

(substructure 11) folded second, loops B and C (substructure Of intense investigation; see réb. For cytochromec the
I11) folded third, and loop D (substructure IV) folded last bursthas been sensed by tryptophan fluorescence quenching,
(22, 23). (See Figure 1 and Table 1 for positions of the Which reports a rapidly diminished heme iron-to-Trp59
relevant helices and loops.) The intermediate-A.% phase ~ Separation 30, 31) and by heme-centered spectroscopies
was attributed to states trapped with improper heme Monitoring heme-centered ligatiodi4 33); folding/compac-
histidine ligation that will convert into properly folded protein  tion may start as early as 56 after initiation of folding.
following dissociation of the non-native histidine iron ligands. Submillisecond small-angle X-ray scattering showed that
Recent work of Nall and co-workerg4, 25) altered such ~ Cytochromec collapses to a compact structure before folding
misligation by mutating the relevant histidines, and folding 1o its final state 84). A fundamental question is whether
methods which replaced histidine by excess imidazole or €arly folding is simply a response of a polymer to change in
lowered the pH eliminate this misligation phasis,(20). solvent quality 21) or whether it represents an early folding
The slowest phase is most likely due to cis/trans isomeriza- €vent with a specific energy barrier and activation energy
tion of prolyl peptide bonds2). These foregoing kinetic (30, 39) that precedes the critical millisecond, rate-limiting
phases were determined from rapid-mix and/or stopped-flow Step of cytochrome folding.

techniques with millisecond or longer dead times. There also  Following the development of dielectric resonator-based
were changes occurring within the dead time, too early stopped-flow EPR1), we monitored the kinetics of protein
explicitly to be measured. What was initially called a “burst” folding as the folding altered the mobility of a cysteine-
stage of folding (decay timez5 ms) was suggested to be specific spin label, methanethiosulfonate spin label, MTSSL
formation of a compact state with incompletely defined (12). The spin label for this initial study was attached at the
helical structure17, 27, 28). The explicit elucidation of very  sole cysteine (Cys102) occurring within the C-terminal helix
early submillisecond folding/compaction has been the subjectof yeast iso-1-cyt. Showing behavior which has generally
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been true for our subsequent cysteine-directed spin labelsing new labeling sites was to pick those sites which, when
the spin label attached to unfolded protein demonstrated mutated to cysteine and spin labeled, were less perturbing
subnanosecond mobility and sharp, intense derivative EPRto folding. In Table 1 we list the positions for labeling and
features, whereas the label on the folded protein was moreindicate the diversity of substitutions that are tolerated at
encumbered by its environment and showed broader and lesgach labeling position from the inventory of 106 eukaryotic
intense derivative EPR features indicating nanosecond orcytochromesc (38). In Figure 1 we show those positions
longer tumbling times. The spin label on the folded protein within the iso-1-cytc molecule where mutations were
generally does retain some limited mobility with respect to separately created for the present work. Those sites which
the tumbling protein. (See, for example, Figure 2 of Qu et were intended to be nonperturbing happened primarily to
al. (12) or Figure 3A here.) Folding, observed following be at external, solvent-accessible positions, either in loop
dilution of denaturant, was reported by the spin label at 2 regions or in the hydrophilic external regions of helices. To
°C as a 66-100 ms exponential process compatible with obtain these sites and the subsequent protein in sufficient
previously reported C-terminal helical formatioh8( 20). amount for stopped-flow and flow kinetic studies, a reliable
At pH 6 the spin label sensed a slower misligation step method was developed for creating site-directed mutants of
occurring on the orderfd s aswell as a phase with 100 ms  jso-1-cytc. In contrast to our former yeaSiaccharomyces
time. This work established the principle that dielectric cerejisiae expression system, large quantities of mutant
resonator-based stopped-flow EPR could measure rapidprotein were obtained using aBscherichia coliplasmid
kinetics of protein folding/helix formation reported by a spin - expression system originally developed by Mauk and co-
label monitoring local motion in the vicinity of Cys102. workers 69) and then modified by P|e|a|40) and Bowler
Although this work (2) monitored the EPR signal at a single  (41) (personal communication). We now provide a detailed
field, it was possible to monitor the entire EPR spectrum of comparison, both between different labels and with preexist-
the folding protein at various times after the start of folding  ing findings from other technques, of kinetic folding behavior
by a combination of rapid magnetic field scanning and reported by the cysteine-directed spin labels at locations not
variable velocity flow EPR6). In the course of work of  previously probed. In addition, we present the expression
Qu et al. (2) there was evidence of a faster probe gsystem, the mutagenesis strategy, and the characterization
immobilization and an incipient "ourst” of folding that  of cysteine-directed mutants by CD and EPR spectroscopies.
occurred in a time less than the7 ms dead time of the
original stopped-flow apparatus. To resolve such a faster ExPERIMENTAL PROCEDURES
refolding process, a micro ball mixer with submicroliter dead
volume was integrated with the dielectric resonatbB)(
Then by monitoring the spin label signal at different flow
velocities, the kinetics of probe immobilization of the
Cys102-labeled iso-1-cyt were followed to times as short ~ denaturation, DNA purification, and DNA sequencing were
as 10Qus following the start of folding. This work provided ~Obtained according to details found in the Supporting
direct evidence for a burst of folding or protein compacting Information. Because of the comparatively low yield from
as monitored by the spin label at C102 that occurred within growing mutant yeast iso-1-cyt in yeast, anE. coli
150us of mixing at 20°C and within 500us of mixing at expression system, which contains both the yeast iso-1-cyt
7 °C. There clearly was a temperature dependence to thisC gene and the heme lyase gene that attaches the heme to
burst, which may well imply a specific energy barrier and the cytochrome, was investigate@9( 40). The relevant
an activation energy to the early submillisecond folding plasmid was kindly provided by Professor Bruce Bowler,
process. University of Denver, and this plasmid had the naturally
The position of a cysteine-bound label has provided EPR occurring Cys102 of yeast iso-1-cgtmutated to serine to
signals that vary with local structure and mobility under Prevent confusion when we were inserting and labeling other
equilibrium conditions §). Following our technical improve- ~ non-native mutant cysteines. C102S was the starting point
ments to flow and stopped-flow EPR, we recognized that for further cysteine mutation at locations indicated in Table
kinetic folding events could likewise be monitored in the 1 and Figure 1. The properties of C102S are extremely
vicinity of the labeling site, and then throughout a protein, similar to those of native proteid{, 42), andwe routinely
if site-directed cysteine mutants could be made and mutantrefer to C102S aswild typ€'. Site-directed mutagenesis
protein generated. The idea was that cysteine-specific spinaimed at creating new cysteine mutations of the CYC1 gene
labeling at different amino acid locations would probe for was performed using a PCR-based megaprimer procedure
the formation of localized structures and would distinguish (43—46) given in the Supporting Information. Cultures of
widespread global folding phenomena if probes throughout E. coli having a liquid volume of 10 L and harboring the
the protein happened to report a common time phase to theirmutated CYC1 gene were grown overnight in a Brunswick
folding. It happened that wild-type Cys102 had deficiencies fermentor and purified according to previous methotis|
as a labeling site. Characterization carried out in Qu et al. 49) which are elaborated in the Supporting Information.
(12) made us aware that labeling the Cys102 position had Quantities (100 mg) of purified mutant protein were obtained
led to a 20°C lower melting temperature than that of from such an overnight fermentor growth. The purity of the

Preparations

Materials for protein purification, spin labeling, protein

unlabeled wild-type protein. The location of the Cys102
sulfur prior to labeling is a region of hydrophobic packing
(37), and so Cys102 labeling from within that region had
destabilized the protein, probably by distorting the hydro-

protein was confirmed by SDSPAGE @9) and by mass
spectroscopic measurements. The general procedure for
making MTSSL-labeled cysteine derivatives of iso-1-cyt
followed the procedure of Qu et allZ?). Spin-labeled

phobic packing. Thus, a subsequent consideration in design-variants are given the ending “SL".
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Physical Methods Sienkiewicz et al. 11) and which has been significantly
modified by Grigoryants et al.1@). In stopped-flow mode

Mass SpectroscopyProtein molecular weights were o nresent system allowed us to achieve 60 shots per mL
obtained from mass deconvoluted electrospray ionization of reactant.

spectra. Spectra were obtained on either a Finnigan TSQ 700 In contrast, a different ball mixer system developed

or a Finnigan LCQ DECA ion trap mass spectrometer (San e - o
Jose, CA) by infusion from a 49/49/2 water/acetonitrile/acetic specifically for flow EPR hada m.|n|mal EPR active volume
of ~0.36uL and a minimal dead time when used with fastest

aCIL?VS_O\IﬁtIOg' 1 . flow rate of 65us. The flow system with such a ball mixer
Is Spectroscopyiso-1-cytc concentrations were requires separate measurement of the signal intensity for each

determined beforehand at room temperature by absorptionﬂow velocity. It was appli : ;

. . pplied for this present work to elucidate
spectroscopy at 410 nm on the Shimadzu Model CN 1601PCyo 1y ¢ Kinetics of D50C-SL, a mutant which exhibits a
spectrophotometer using a heme extinction coefficient of large, but very fast, burst phaée.

106.1> 10°L M cm * (50). Heme spectra of cysteine Folding for flow and stopped-flow measurements was
mutants were indistinguishable from those of wild type. The outinely induced by mixing GdnHCl-denatured protein in

samples used were in the ferricytochrome state as determine 1 fashion with folding buffer. The Update Instrument

from their visible 500-600 nm spectra (re38, p 51). . .
CD Spect ic Ch terizatio®D dat | (Madison, WI) programmable ram driver was used to stop
pectroscopic Lharacterizatio ata were Col-  anq start microliter volumes of fluid in the stopped-flow

lected from iso-1-cyt at a concentration of 16M in 100 . ; .

; . mode and to provide variable flow rates in the flow mode.
mM Ft)H 5'9[ SO?'&’”& ac?[:]ate l:t)lr:ffer bytuts%of an AI‘V'V ﬁZDS Temperatures from 20 to 8C were maintained by coolant
spetc rome Srl Itted wi : a et:mosC%e satmpt(re] (t: angerprovided by a Neslab Model RTE-9B refrigerated circulating
containing ©.1 ¢m quartz cuvettes. spectra that are any,iy ywhich was flowed about storage syringes, liquid delivery

;ndmz;t(c))(r) t0f2h5eglcal ?ntim W?re_ m?r?lt?rzed ml t;e f?r-Ut\_/ tubes, and the mixer body as the temperature was monitored
rom 0 250 nm. 10 characterize the thermal denaturalion ,, o 1harmocouple mounted on the resonator body.

of mutant proteins with and without spin label, denaturation
studies were carried out as in Qu et d2) by monitoring RESULTS
changes in ellipticity with respect to temperature at 222 nm.
The purpose of these studies was to determine the melting Mass SpectroscopyMass spectroscopic measurements
temperature,T,, at the midpoint of the thermal melting showed that the cysteine mutants differed from wild-type
transition and the enthalpy of melting\Hy,. Far-UV CD C102S only by the expected change of the relevant mutated
measurements were also used to monitor the profile of amino acid. There was no deletion or insertion. For mutant
GdnHCl-induced denaturation as a complement to EPR yeast iso-1-cyic expressed irE. coli the Lys72 was not
monitoring of denaturation. trimethylated as it is in yeast. As shown in Table S-2 of the
Standard CW (Continuous Wea) EPR Spectroscopyhe Supporting Information, all weights were within 5 AMU
EPR system was a Bruker ER-200 D-SRC X-band spec- from the expected weight (out 0¥12500 AMU), and the
trometer which was interfaced to a Compaq 386 PC equippedstandard deviation from the expected weight w@sAMU.
with an IBM analog-to-digital converter and Scientific CD Spectroscopic Characterizationhe spin label modi-
Software Services Systems (Bloomington, IL) EW 2.41A fications at all of the external labeling sites listed in Table 1
software for collecting both CW and transient data. Standard were not destabilizing, as has also been generally noted for
first derivative (¢/''/dH) EPR spectroscopy was performed cysteine-directed mutants of T4 lysozyme located on external
with a small, high-sensitivity dielectric resonator-based EPR loops and helices8]. The stability was indicated both by
probe (L1). Power and modulation were chosen so as not to far-UV CD spectra which show characteristic helical signa-
lead to broadening of the EPR spectrum. Spin-labeled tures for all cysteine-labeled mutants similar to that of wild-
samples had an approximatell volume contained within ~ type C102S (Supporting Information, Figure S-2) and by
a 0.6 mm o.d., 0.8 mm i.d. quartz capillary (VitroCom Inc., melting temperatures that were determined from CD-
Mountain Lakes, NJ). monitored thermal melting curves (Supporting Information,
Rapid-Mix Flow and Stopped-Flow EPRince obtaining ~ Table S-3 and Figure S-3). The melting temperatutas,
and comparing kinetic data for times greater than a mil- of the external mutants when labeled with MTSSL were
lisecond on our series of cysteine-directed mutants was oureéqual to or slightly above the melting temperatures of their
major focus, the rapid ball mixer system developed and respective unlabeled counterparts and within several degrees
calibrated by Grigoyrants et all®) was optimized for high ~ of the melting temperature of C102S.
sensitivity in the EPR stopped-flow mode. This stopped-flow  Chemical and thermal reversibility of unfolding was
EPR system was notably useful for weak signals of some demonstrated for spin-labeled mutants. When denatured to
mutant spin label systems where the difference between80 °C (at least 25°C beyond the unfolding transition) for
folded and unfolded signals was smaller than the difference 20 min and then rapidly cooled to & to refold, all spin-
seen from the originally studied C102-SL. Because of its labeled variants except K79C-SL and N92C-SL showed at
relatively large volume and dead volume, this stopped-flow least 80% recovery of their native CD helical signature, and
system provided a severalfold larger signal than that origi- K79C-SL and N92C-SL showed 50% recovery. All of the
nally used for rapid-flow EPR1Q). The present stopped- GdnHCIl-unfolded cysteine-labeled mutant samples refolded
flow measurements used the ball mixer system with a largerto 100% of their native CD helical signature. At pH 5.0 and
EPR-active volume of 1.zL and a dead time of4 ms. room temperature, where most of the kinetic measurements
This mixer device was intimately integrated to a dielectric were made, the approximate midpoint of the GdnHCI
resonator EPR probe, whose prototype is described inunfolding transition was 1 M GdnHCI; greater than 90%
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FiGURE 2: Comparison of the EPR spectra of labeled mutants in FIGURE 3: Spectra A present a comparison of the EPR spectrum
30% sucrose, pH 5.0, and 0.05 M sodium acetate buffer. Gain  at room temperature from N92C-SL as folded in pH 5.0, 0.05 M
~3 x 10* with the signal normalized to the height of the central sodium acetate buffer with the corresponding GdnHCI-denatured
peak; modulatior= 1.1 G; time constart= 50 ms; power= 0.2 spectrum in pH 5.0, 1.7 M GdnHCI. Spectra B and C provide the
mW. Each spectrum was the result of several 50 s accumulations.corresponding comparison of the EPR spectra from E21C-SL and

Apparatus: Murata-Erie-based DR,= 9.72 GHz, sample size T8C-SL, respectively, where the signal from the folded form is
1 uL, sample concentratiorr 200uM. Features marked by arrows  the more intense. These spectra were taken under room temperature
are evidence of probe immobilization. EPR conditions as in Figure 2, except microwave powet mW

and modulatior= 1.6 G. The sample concentrations and gains for
unfolding was observed both by CD and by EPR peak height each respective sample under folded and unfolded conditions were
ratios (12) at 1.7 M GdnHCI, and less than 10% unfolding trl‘.eﬁ‘?mi: Thehs.‘pﬁcm?‘ ?J Lhe Gd”HE"CO“ta'”'”g der&atureld lprﬁtlelﬂ
bserved at 0.85 M GdnHCI. Accordingly. kinetic slightly shift to higher field because the presence of GdnHCI slightly
was o . : : raingly, > shifts the microwave resonant frequency of the sample.
refolding studies were performed by starting with protein
unfolded in 1.7 M GdnHCI and mixing with buffer to afinal  gpin-jabeled protein in dilute, nonviscous buffer. The reader
GdnHCI concentration of 0.85 M. . should recognize that the kinetic changes which we measure
EPR CharacterizationThe EPR spectra of spm—labeled. at a single field on a particular sample represent the
mutant forms were measured in 30% sucrose to obtain gifference in the absorption first derivativey(tddH) EPR
spectral signatures of local probe motion indicating the gjgnal between folded and unfolded protein. The size of this
degree of immobilization and localization of the prol8, ( gjfference between folded and unfolded signals will vary
and we provide in Figw 2 a comparison of these spectra. from one labeling site to another. For the majority of samples,
According to methods of Mchaourab et &) ,(the purpose  gch as N92C-SL, the derivative EPR line shape for unfolded
of the 30% sucrose is to remove the overall protein tumbling protein is sharper and more intense because it reflects a less
background while not quenching the local motion of the spin jmpeded subnanosecond correlation time, whereas the signal
label. The majority of our labels in loop and external from folded protein is less intense because the label is
hydrophilic helical regions showed a narrow line width, less jnpeded in its motion to the extent that its signal reflects
than 60 _G splltthg of outlying features, and overall ewdenge correlation times approaching those of the protein itseB (
of the high mobility that had been observed from labels in ns) [For example, such correlation times have been estimated
comparable loop and external helical regions of T4 lysozyme. oy c102-SL (2) from the peak height ratio of the three
Although N92C-SL was externally located on the C helix 14y hyperfine features3 51, 52).] In Figure 3A we show
and K79C-SL was externally located on the D loop, they EpR spectra of N92C-SL taken first under folded conditions
both showed distinct outlying spin label features (arrows in anq then under denatured conditions in GdnHCI; the latter
Figure 2) with>60 G splittings which are evidence for genatured EPR derivative spectra are the more intense, as
immobilization of Fhe probe on 'the protein. The splitting e routinely find. The two mutants E21C-SL and T8C-SL
between the outlying arrowed high- and low-field features (rigure 3B,C) presented an unexpected contrast because there
of N92C-SL (Figure 2), which is 66 1 G, corresponds t0 \yas a larger signal amplitude from their folded forms than
a tumbling correlation time of 1% 3 ns?2 This tumbling
time is comparable with the calculate_d 10.4 ns tumblingdime For slow tumbling the empirical relatios7) was used:z{ns] =
of the entire cytochrome molecule in 30% sucrose. a(1 — 9, whereSis the ratio of the splitting between the experimental
In preparation for doing kinetics, comparisons of EPR high-field and low-field derivative extremal features (arrows in Figure

signals were made between folded and GdnHCI-unfolded 2) to twice theA, component of“N hyperfine coupling where& =
74 G (68). a andb are empirical constants depending on the intrinsic
EPR line width. For an intrinsic line widthfa3 G and Brownian
2R = (4atr3y)/(3KT), wheren = solvent viscosity and = Stokes rotation,a = 0.54 ns and = —1.36. Thus, the splitting between the
radius of the rotating molecul&®). For iso-1-cytc, r ~ 15 A andy outlying arrowed high- and low-field features of N92C-SL (Figure 2),
= 0.03 P in 30% sucrose at room temperat&®;(zr is predicted to which is 66+ 1 G, corresponds to a tumbling correlation time of 11
be 10.4 ns. + 3 ns.
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Ficure 4. Comparison of the folding behavior of N92C-SL as
shown @ a 1 stime scale under conditions which lead to slow
refolding (trace a) and faster folding (traces b and c). For trace a,
initially unfolded protein in pH 5.0, 1.7 M GdnHCI was mixed in
a 1:1 fashion with 0.05 M acetate buffer at pH 5.0 to initiate folding
at a final GdnHCI concentration of 0.85 M. For trace b, initially
unfolded protein at pH 2.0, 1.7 M GdnHCI was mixed in a 1:1
fashion with 0.05 M acetate buffer at pH 6.0 to initiate folding at
a final GdnHCI concentration of 0.85 M and pH 5.0. For trace c,
initially unfolded protein in pH 5.0, 1.7 M GdnHCI and 200 mM
imidazole was mixed in a 1:1 fashion with 0.05 M acetate buffer
and 200 mM imidazole at pH 5.0 to initiate folding at a final
GdnHCI concentration of 0.85 M. EPR conditions were as fol-
lows: gain= ~3 x 10% modulation= 1.7 G; time constant 1
ms; power= 2 mW. Each trace required approximately 50 shots
of 20 uL/shot.

0.0 1.0

from their GdnHCIl-unfolded forms, and we address its
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Ficure 5: Refolding behavior as followed by stopped-flow EPR
over a 1 srange under the imidazole conditions which led to fast
folding in the 26-30 ms range for T8C-SL, E21C-SL, D50C-SL,
N92C-SL, K79C-SL, E66C-SL, V28C-SL, and H39C-SL. Initially
unfolded protein in pH 5.0, 1.7 M GdnHCI and 200 mM imidazole
was mixed in a 1:1 fashion with 0.05 M acetate buffer and 200
mM imidazole at pH 5.0 to initiate folding at a final GdnHCI
concentration of 0.85 M. EPR conditions were as follows: gain
~3 x 10% modulation= 1.7 G; time constart= 1 ms; power=

2 mW. K79C-SL and H39C-SL required 100 shots atd@shot

so that the time for flow during a shot was half as long and the
flow stopped sooner for these two samples. The other samples
required approximately 50 shots at20/shot. The traces are shown
normalized to approximately the same amplitude to make a
convenient presentation. It should be noted that the overall

possible causes in the Discussion. At present we primarily amplitudes of the intrinsic recovery signal will vary from one site

use the kinetic variation of the difference between folded

to the next because the signal difference between folded and

and unfolded signals as a kinetic probe, and the sign of theunfolded protein will vary from one labeling site to the next. The

kinetic trace from T8C-SL and E21C-SL will be opposite
to that of other mutants because their folded signal is greate
than their unfolded signal.

Kinetic ResultsKinetic studies were generally carried out
with the magnetic field on the peak of the central derivative

traces which show the most noise are actually the ones from sites
where the difference between folded and unfolded EPR signals was

lthe smallest.

4c) with 200 mM imidazole provided a 20 ms refolding phase

EPR feature because EPR signal intensities were largeswhile the latter pH-dependent procedure (Figure 4b) provided

there, but for a given sample similar kinetics could be
obtained from the other derivative features. Our kinetic work
on iso-1-cytc at its naturally occurring C102-SL had been

carried out at pH 5.0, where we rapidly changed the GdnHCI
concentration to induce foldindl®, 13). For times longer

a 50 ms phase. The kinetic traces indicating the 20 ms
phases are shown for all mutant samples folded in the
presence of 200 mM imidazole in the compendia of traces
in Figure 5 taken over a time of 1 s. All samples had a minor
phase with a decay time in the 435 s range which we

than a millisecond, such conditions had led to a transient show for N92C-SL in Figure 6. (In the Supporting Informa-

signal from C102-SL which at 20C had a decay time in
the 6 ms range attributed to fast folding in the C-terminal
helical region £3). For all of our spin-labeled mutant samples

tion we provide a comparison, Figure S-5A versus Figure
S-5B, taken over a time of 10 s to show the slower folding
for all mutants in the absence of imidazole versus the faster

(Table 1) the stopped-flow EPR study at pH 5 (in the absencefolding in the presence of imidazole.) Table 2 provides the
of procedures to reduce potential heme misligation) showedphases and decay constants of folding processes in the

a folding phase like that shown in Figure 4a for N92C-SL
which occurred mostly with a decay time of about 1 s. A 1
s refolding time scale is 2 orders of magnitude longer than
expected for the critical process of cytochrome folding
associated with the formation of the N- and C-terminal
helices (8—21). Using procedures reported in the literature
to eliminate misligation, we folded N92C-SL in the presence
of a high concentration of imidazolel, 20) or we used
protein unfolded in GdnHCI at low pH5@) and initiated
folding by mixing with high pH buffer to restore the pH to
5.0. As shown for N92C-SL, the former procedure (Figure

presence of imidazole. (The corresponding times and phases
in the absence of imidazole are give in Table S-5 of the
Supporting Information.) The 2630 ms recovery phase
(phaseA,, 71, Table 2) occurred not only at T8C-SL and
N92C-SL, which are in the N- and C-terminal helices, but
with the possible exception of K79C-SL for which the
overwhelming majority of signal change is over during the
burst, all mutants showed this phase in the-30 ms regime,
regardless of their location. There was a phase of lesser
amplitude A, 75, Table 2) in the 150 ms time scale. The
majority of labels reported the minor £25 s phaseAg, 73,
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T L T ; MTSSL labeling had destabilized the wild-type cysteine site
041 . (12), whereas with our present externally located mutants,
the MTSSL labeling left unperturbed or even slightly
restabilized the cysteine mutant.

EPR Spectroscopic Informatiomhe EPR signal of folded
protein in 30% sucrose is an indicator of residual probe
motion, and the overall line shape and central feature line
width have been correlated with probe location by the
systematic study of cysteine-directed spin labels in T4
lysozyme B). As inferred from EPR data8( 9), and as
| explicitly determined from X-ray study of spin-labeled T4
7 lysozyme, solvent-exposed labels on a helix may experience
g ——— immobilizing interaction with nearby residues, notably the
0 10 20 30 40 50 : ) .

Time. s fo.urth. res_ldug removed frpm the Iabehng sﬂe,_andlthe
’ nitroxide ring itself may be fixed by tertiary interaction with

Ficure 6: Slow refolding behavior as followed by stopped-flow i i i
EPR over a time of 50 s for the sample N92C-SL. Initially unfolded nezrtl)y S|d|e cha_mi()). ﬁ'sr? t%road ﬁgnheral lstatement, he.g.clz.al
protein in pH 5.0, 1.7 M GdnHCI and 200 mM imidazole was mixed 210 100p locations which have high solvent accessibility

in a 1:1 fashion with 0.05 M acetate buffer and 200 mM imidazole Provide labeling sites with high mobility, and as indicated
at pH 5.0 to initiate folding at a final GdnHCI concentration of in Table S-4, Supporting Information, the iso-1-cgt

0.85 M. EPR conditions were as follows: gain ~5 x 10% positions with high solvent accessibility (E21, T8C, D50,
{P:cdemraet;)?g:e}ftz S&é'rgfcﬁ?;‘jf;rifn? ms; power=2mW. The  \/28) have high mobility. The evidence from outlying EPR
features of N92C-SL was that the spin label on N92C, where
N92 does not have high solvent accessibility, was thoroughly
Table 2). Except for N92C-SL,T8C-SL, and E21C-SL of the immobilized with respect to the protef. The additional
N- and C-terminal region, the remainder of the mutants both implication was that there are no aggregates larger than a
in the presence of imidazole and in its absence gave evidencesingle cytochrome molecule which contribute to the EPR
of a sizable burst phaséd, Table 2) which occurred within  line shape of N92C-SL within folded iso-1-cgt K79C-SL
the several millisecond dead time of the stopped-flow device. also gave EPR evidence for a large probe immobilization.
The burst is not directly visible in the transient stopped- Examination of the iso-1-cyt c crystal structuB)indicates
flow mode with a mixer whose dead time is greater than closeness<3.2 A proximity) and tertiary interaction of the
several milliseconds; rather it is inferred from a difference N92 side chain, which we replaced by spin-labeled C, to
in the signal between the completely unfolded protein signal the sequentially distant Phe8) ring and of the K79 side
and the signal during flow. An interesting detail of the folding chain, which we replaced by spin-labeled C, to sequentially
of D50C-SL in the presence of imidazole was that the sign distant Ser47. The implication is that tertiary interaction of
of the ~20 ms and subsequent phases after the burst wassequentially distant regions may aid in the immobilization
reversed from that expected (i.e., the signal of D50C-SL of the spin label.

increased in Figure 5). The majority of our spin labels show a signal that is

Both in the presence and in the absence of imidazole, thenarrower and Sharper when denatured by GdnHCI because
mutants showing a burst phase are located toward the middlethe probe becomes more mobile when attached to denatured
of the protein sequence. Although it is not the intent of this protein. A simple explanation is that the unfolded protein
paper to characterize in great detail the time behavior of the provides less defined structure to impede local probe motion.
burst, we did focus on DS0C-SL, which had a particularly The comparison of folded and unfolded N92C-SL shows the
large burst phase signal, and we compared its burst phase texpected behavior where the label signal is broad and less
the previously measured burst from C102-SL. Using a rapid jntense from the folded protein and narrower and sharper
65 us minimal dead time ball mixer and flow EPR, we put  from the folded protein. Contrasting behavior occurred for
limits on the time dependence of the very rapidly decreasing g21c-SL and T8C-SL whose EPR signals were smaller from
signal from D50C-SL at 3C (Figure 7) and compared itt0  protein in denatured form. The positions of the label
the previously reportedl@) submillisecond signals at room  attachment for E21C-SL and T8C-SL happen to be close in
temperature and 7C from C102-SL. For DS0C-SL there is  sequence to the position of the paramagnetic heme, which
extremely rapid probe immobilization occurring by the first g coupled to the protein at Cys14, Cys17, and His18. Thus,
time point at 6%:s so that we can say that the immobilization - ¢5r E21C-SL and T8C-SL it is possible that remaining native
occurred on the 5@s time scale even at . structure near the heme may more severely restrict tumbling

of a nearby spin label under unfolded conditions than when

DISCUSSION the label is on the exterior of the protein under folded

Characterization of Mutant ProteinThe mass spectro- conditions. Ratios of derivative peak heightsg1, 52) failed
scopic information directly indicated the purity of the protein. to indicate that the spin label was more mobile in the folded
Unlike cysteine labeling of the naturally occurring Cys102, forms of E21C-SL or T8C-SL than in the GdnHCI-denatured
the cysteine-directed spin labeling at the external amino acidforms of E21C-SL or T8C-SL. It is also possible that the
locations in Table 1 caused little perturbation to the far-UV spin label of E21C-SL or T8C-SL can more closely approach
CD helical signature (Figure S-3) or to the melting temper- the heme in unfolded protein and experience greater dipolar
ature and enthalpy of folding (Table S-3). For C102-SL, the broadening from the paramagnetic heie.

o o
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Table 2: Observed Times and Percentage Amplitudes of Folding Phases for Spin-Labeled Isgptdy5.0, plus 200 mM Imidazole

sample Ao (tr <5ms), % A, % 71, MS Az, % T2, MS As, % T3, S
T8C-SL 0 50+ 1.7 33.8+2.2 32+1.8 168+ 8 17.8+1 14+ 0.3
E21C-SL 0 5MH 2.8 33.1+£ 15 313+ 1.5 139+ 6 13.5+ 0.6 17.5£ 0.8
V28C-SL 26+ 2 48.9+ 2.2 19.4+ 0.4 9.6+ 0.4 230+ 2 15.4+ 0.9 20.5+ 0.8
H39C-SL 79+ 4 214+1 16.7£ 0.4 0 —-35+02 15+0.2
D50C-SL 100 —55.54+ 2.8 29.5+25 -18.94+ 0.9 2344+ 20 -15.24+ 0.8 13.7+ 0.7
E66C-SL 33t 3 42+ 4 21.5+£0.5 15.3+ 0.1 149+ 7 9.7+ 0.6 23.4+ 0.8
K79C-SL 84+ 8 ND 156+ 1 94+ 35 —9.44+ 0.4 2.8+0.2
N92C-SL 3+ 2 58+ 4.7 19.2+ 0.5 24+ 2.3 140+ 15 17.6+ 0.2 16.6+ 0.2

aTime constants and percentage amplitudes of three kinetic phases plus the burst phase from EPR-detected folding expericaeht€at 21
Refolding conditions were pH 5.0, 0.85 M GdnHCI, 0.05 M sodium acetate, and 200 mM imidazole. Signal percentages were calculated with
respect to the difference between folded and unfolded EPR signals at equiliBflima.negative sign indicates reversal of phase from the sign of
the difference between folded and unfolded EPR signals at equilibrium.

' ' ' * ' 1 s phase that disappears in the presence of imidazole or

o 10 F.' ] folding from low pH is heme misligation in both proteins.
5 09 e C102-8L,7°C Thus we were able to perform a detailed comparison, as
5 o8l ™ ¢ T e o shown in Figure 5, of the folding of all of our mutants in

e b e ; the presence of imidazole which eliminated the apparent
horn Tha T misligation step. A large percentage change attributed to the
S o6l ".C102 SL.RT ] 20—30 ms phase did occur for T8C-SL and N92C-SL which
’g \ o o = are respectively on the hydrophilic sides of the N-terminal
g 050 ] and C-terminal helices. These are the N- and C-helical
S 04F ‘\A g regions which hydrogen exchange measurements would have
.§ [ ay, . DSOC-SL, 5°C identified as the location of early helix formatiof§ 20,

8 03r Fo i Sl 4 ] 21). However, all regions of the protein experienced the
[

o
ol
or—

: : ' . ' phase with 26-30 ms recovery time. The interesting reversal

02 04 0.6 0.8 of sign for the 26-30 ms phase of D50C-SL may indicate
Time, ms a decreased probe immobilization and plausibly a local

Ficure 7. Comparison of the ultrarapid submillisecond folding/  unfolding following the compaction of the burst. As reported

compacting as measured by rapid flow ERR)(of D50C-SL at 5 by spin labels, the important 20 ms folding phase is more
°C with that of C102-SL at room temperature andC. For the Y Sp ' b gp

D50C-SL sample 40@M spin-labeled protein in 1.7 M GdnHCI global in its natur(_a than j_ust the N- and C-terminal Iogale_.
was mixed 1:1 with dilute 0.1 M sodium acetate to obtain a 0.85 1here was no ObY'OUS evidence for a sequence of folding in
M GdnHCI concentration in which the protein was approximately the order of partially unfolded forms (PUFS) I, II, I, IV

90% refolded, and for the C102-SL sample refolding was initiated (Table 1) as had been predicted from native state hydrogen
by mixing unfolded protein in 0.8 M GdnHCI, pH 5.0, with pH
5.0, 0.05 M sodium acetate buffer to obtain a 0.4 M GdnHCI exchange1, 22). The global nature of the 230 ms phase,

concentration in which the protein was70% refolded. The ~ Which our site-directed spin labels report, is a simple yet
decrease of the fractional signal intendfty from the central EPR  important finding for the folding of cytochrome &.major
feature of folding protein is shown as a function of the calibrated criticism of spin labels has been that they perturb the

delivering time between the mixer and the center of the DR nhenomena they measure: the general evidence of our stud
observation EPR zone. The decay time for folding/compaction of P y ' g y

D50C-SL was estimated at 4. Details of the corresponding is that our spin Iabe]s are reportln.g common themes and not
longer times for C102-SL (a resolved 37% burst signal with an highly perturbed, disconnected kinetic events.

exponential time constant of 12 at 20°C and a resolved 25% There were also minority phases with longer decay times
burst change with an exponential time constant of B8@t 7°C)

: : ; observed. The phase with decay time in the-25 s regime

are provided in Grigoryants et al. (Figure 6) is most likely due to recovery from cis/trans

Kinetics.The major goal of this work was to probe kinetics 1Somerization of prolyl peptide bond2§). There is also a
at numerous specific labeling sites throughout a folding Minority phase with decay time 0#150 ms, and we do not
protein. The methods reported previously that remove the Know the cause of this phase.
kinetic trap of heme misligation either by added imidazole = The ultrafast component reported by flow EPR from
(15, 20) or by folding from low pH 63) clearly worked to D50C-SL showed probe immobilization on the &8 time
remove tle 1 s folding phase. The work in these foregoing scale even at 8C, which was an order of magnitude faster
references was carried out on horse cytochrabbe20, 53). immobilization than C102-SL showed-600us at 7°C) at
Although it may be that horse and yeast cytochromes fold a comparable temperaturg3d. It is possible that D50 lies
by slightly different mechanisms, there is no doubt that the in or near an initiation site where a loop rapidly forms on
the 50us time scale §4); the region where D50 is located

4The dipolar broadening effect is subtle because, as Leigh showed!S notone Wher_e earl_y hel'ca_l structure O_CCUIrS)(nor IS it
(59), the dipolar interaction with a protein-bound paramagnetic metal in @ hydrophobic region, as is the cysteine sulfur of C102.

will broaden a nearby spin label signal at most orientations of the spin C102-SL, whose cysteine attachment site originated in the
label except those orientations near the magic angle defined by the ; ; i ;
metal-to-nitroxide vector and the direction of the applied magnetic field. hydrophobic core of the C terminus, definitely did report a

For these orientations the line remains narrow, albeit diminished in Purst (L3), but we find that T8C-SL, E21C-SL, and N92C-
intensity. SL, whose spin labels are respectively attached to the
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hydrophilic regions of the N- and C-terminal helices, do not

show the burst. Other sites (V28, H39, E66, and K79 as well
as D50) exist where stopped-flow EPR indicates a substantial
percentage of burst. It would appear that the external labels =
in regions away from the ends of the sequence are ones 16,

enfolded in the initial submillisecond folding or prefolding
event.
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detail the method of megaprimer mutagenesis for making
cysteine-directed mutants of iso-1-cyt-c, for expressing the

iso-1-cytc in E. coli, for purifying the recombinant protein,
and for spin labeling the protein; Table S-2 providing a

summary of molecular weights of mutant proteins determined
by mass spectroscopy; Table S-3 presenting thermodynamic 2g.

folding parameters for all mutants; Table S-4 listing the
mobility of cysteine-directed spin labels and correlation with

solvent accessibility; Table S-5 listing times and percentage
amplitudes of refolding phases in the absence of imidazole;
Figure S-3 presenting a comparison of CD-monitored thermal
denaturation of N92C, N92C-SL, and C102S; Figure S-4
presenting a CD-detected thermal melting curve for C102S,
N92C, and N92C-SL; and Figures S-5A and S-5B respec-

tively showing refolding kinetics over a 10 s time range in

the absence and the presence of imidazole. This material is
available free of charge via the Internet at http://pubs.acs.org.
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