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Time-Resolved Circular Dichroism Studies of Protein Folding Intermediates of
Cytochromec?

Eefei Chen, Matthew J. Wood, Anthony L. Fink, and David S. Kliger*
Department of Chemistry and Biochemistry, bsity of California, Santa Cruz, California 95064
Receied September 24, 1997; Rged Manuscript Receéd January 21, 1998

ABSTRACT. The circular dichroism spectra of cytochromécytc) in 4.6 M guanidine hydrochloride (pH

6.5) indicate that the secondary structure in reducedisytear-native, whereas in the CO-bound species
(COCyr) it is substantially unfolded. Photolysis of CO€whould thus induce large changes in the
secondary structure, which can be probed with time-resolved circular dichroism (TRCD) spectroscopy in
the far-UV region. Time-resolved absorption (TROA) and TRCD methods were used to study the
photolysis reaction of COCgiin efforts to identify structural intermediates in cyolding on time scales

from nanoseconds to seconds. TROA data from the Soret region, similar to previous studies, showed
four intermediates with lifetimes of 2, 50, 225, and 838 The 24s process is proposed to involve
Fe(I)—Met80 coordination. Approximately 7% of the native CD signal was observed in the TRCD signal
at 220 nm within 500 ns, with no significant additional secondary structure formation observed. Further
folding after 2us may be inhibited by ligation of His26/His33 with Fe(ll), which is suggested to be
associated with the 50s phase. The two slowest components; 225 and 88Qs, are attributed to CO
rebinding on the basis of mixed-gas experiments. CO rebinding is expected to compete with protein
folding and favor the unfolded state. However, when the two CO rebinding lifetimes are extended into
milliseconds by reducing the CO concentration, there is still no significant increase in CD signal at 220
nm.

The dynamics of protein folding have been shrouded in  With the above techniques, attempts to capture the
controversy that focuses on whether the dominant folding different stages of protein folding are limited to the mil-
force is hydrogen bonding or hydrophobic interactions. This lisecond regime, during which time a large fraction of
argument dates back to the 1950s, when Kauzmdin ( secondary structure has already formédLQ, 11). By using
suggested that protein folding is driven by hydrophobic fast laser spectroscopy coupled with structure-sensitive
collapse because hydrogen bond formation with water would probes, such as infrared, CD, and fluorescence, it is possible
strongly favor the unfolded state. This is opposed to the to obtain the time resolution necessary for the study of sub-
hydrogen bond facilitated folding mechanism that was millisecond folding events. Studies using laser temperature
proposed by Mirsky and Paulin@)( To date, this debate  jump (T-jump), electric field jump, and resonant ultrasound
remains unsettled, although there have been many effortstechniques, all of which have a time resolution of several
toward understanding whether secondary structure formationnanoseconds, have already observed helix to coil relaxation
or hydrophobic collapse comes first in protein folding. One lifetimes in the range of 20 ns to }& for homopolymers
common approach to this question tries to identify and (12—19). Recently, nanosecond folding transients were
characterize structural intermediates and subdomains ofobserved in temperature-induced perturbations of a 21-
protein folding processes by using a wide variety of residue alanine-based pepti@®,(21), apomyoglobin (apoMb)
techniques, including pulsed H-exchange labeling coupled (22—24), barstar 25), and ribonuclease A26).
with proton nuclear magnetic resonance, fluorescence, (ypiike laser T-jump experiments, time-resolved ligand
s_teady-state circular dichroism (CD), multifrequency _calo- photolysis studies of protein folding have been limited by
rimetry, and stopped-flow CD methods<9). These studies  the availability of biomolecules with chromophores where
have foc.used on folding processes in mtact_protems as We"unfolding or refolding can be triggered by a photoevent. A
as protein fragments and synthesized peptides. biochemical system based on cytochrooeytc) has been
developed where folding can be optically triggered through
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Grant MCB-9507280 (A.L.F.), and in part by a University of California  electron shuttle of the mitochondrial electron transport chain,
President’s Postdoctoral Fellowship (E.C.). . 4
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1 Abbreviations: CD, circular dichroism; ApoMb, apomyoglobin; 110N under phyS|oIoglcaI conditions. Unlike heme proteins
cyte, cytochromec; GdnHCI, guanidine hydrochloride; CO, carbon  such as myoglobin (Mb), which can undergo ligand dis-

monoxide; redCyt, reduced form of cy; COCytt, CO-bound cwt; it i

TROA, time-resolved absorption; TRCD, time-resolved circular dichro- sociation, both the reduc.ed (red.@yan.d oxidized (OXC.)G)

ism; NaP, sodium phosphate; ox€ybxidized form of cye: TRFL, forms of cyt are 6-coordinate with His18 and Met80 in t.h(_—:‘
time-resolved fluorescence. axial positions. In the presence of the denaturant guanidine
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hydrochloride (GdnHCI), carbon monoxide (CO) can bind oxCytc and sodium dithionite were separately deoxygenated
to redCyt at the native Met80 position to form a photolabile in dry sealed flasks for approximately 30 and 15 min,
iron—CO [Fe(I)-CO] bond. As demonstrated by steady- respectively, before addition of oxygen-free buffer. The
state fluorescence and CD studi@3)( the presence of CO  COCyt solution was then transferred to a deoxygenated flow
favors a relatively unfolded protein conformation of €yt  apparatus that was maintained under CO gas pressure
Thus, at appropriate denaturant concentrations, the redCyt throughout the experiment.

species has near-native protein secondary structure and the The flow apparatus was connected to either 0.3, 0.5, or 2
CO-bound cyt (COCyt) has a denatured conformation. mm path length cells for experiments in the Soret and far-

The COCyt refolding reaction can be initiated by pho- and near-UV regions. These path lengths gave absorbances
tolysis of the CO ligand, which preferentially binds to the Of approximately 1 at 412, 222, and 272 nm, respectively,
heme iron at the sixth axial coordination position that is for the sample concentration used. The cells employed fused
occupied by Met80 in the native protein. Photolysis of the Silica windows and a heating/cooling jacket for temperature
CO bond leads to an equilibrium between refolding, when control. All experiments were performed with the sample
CO s deligated, and unfolding, as the ligand rebinds. Time- stabilized at 40°C. Since fluctuations in the temperature
resolved optical absorption (TROA) methods have been usedof the cell windows result in birefringence artifacts that mask
by Jones et al.27) to study ligand rebinding and protein the CD signal, it was necessary to equilibrate the temperature
folding in the COCyt system. Kinetic modeling of their ~ Of the cell at 40°C for at leas 1 h before collecting TRCD
data suggests that transient binding of non-native ligandsdata. The COCytsample was flowed through the cell for
(His26, His33, and Met65) and the native Met80 ligand to approximately 36-45 min to allow the sample temperature
the heme occurs on a microsecond time scale prior to proteint0 reach equilibrium. The results of experiments performed
folding. With further investigations of this system, Hagen With and without flowing the sample showed no differences.
et al. 28, 29) suggested that interactions of the heme with For most TROA experiments the sample was flowed to avoid
Met80 or Met65 and His26 and/or His33 are formed with the buildup of photodegradative products. To be certain that
time constants of 34 and 120us, respectively. Similar ~ the laser photolyzed undegraded COCgach time, the
experimental conditions were reported under which folding €arliest delay time (140 ns) was measured after every(6
can be initiated in unfolded ferricytochroneeby electron  time points and compared to the 140-ns difference TROA
transfer 80, 31). In these electron injection studies, a 40- Spectrum obtained at the beginning of the experiment.
us process was reported and associated with the formationBecause continuous flow during TRCD experiments can
of a molten globule intermediate. Since the molten globule introduce artifacts to the spectrum, new sample was flowed
species has been described as having near-native Secondai’?to the cell Only after each scan. Data collection alternated
structure content, a Significant increase in the CD Signa| at between a time-resolved measurement and an initial-state CD
220 nm should be observed if there is such a refolding measurement of COGyto verify that the sample had not
intermediate. Using sample conditions similar to those degraded. In addition, a steady-state absorption spectrum
reported by Jones et aR7), we present here the results of 0f COCyt was measured periodically on a Shimadzu UV-
near- and far-UV time-resolved circular dichroism (TRCD) 2101PC spectrophotometer (Columbia, MD) during each
investigations. This structurally sensitive technique was used€Xperiment to ensure sample integrity.
to probe the global protein secondary structural changes that Steady-State Circular Dichroism ExperimentSteady-
occur upon photolysis of COQyto test hypotheses which ~ state CD measurements were performed on an AVIV 62 DS
have been proposed for folding intermediates ot diat circular dichroism spectrometer (AVIV Associates, Lake-

are based on less structurally sensitive measurements. ~ Wood, NJ). The cyt samples were allowed to temperature
equilibrate for~15 min at 40°C before data were collected.

MATERIALS AND METHODS The CD data were accumulated f8 s every 1 nm, with a
_ 1.5-nm bandwidth.
Sample PreparationHorse heart and tuna eybf >99% Photolysis ExperimentsPhotolysis of the sample was

purity, purchased from Sigma Chemical Co., and sodium jnitiated by a Q-switched DCR-1 Nd:YAG laser that gener-
hydrosulfite (dithionite), from both Sigma Chemical Co. and ates~7-ns (full width at half-maximum), 2627-mJ, 532-
Fluka, were used without further purification. Ultrapure nm pulses with a repetition rate of 1 or 2 Hz. The unfocused
GdnHCI was obtained from ICN Biomedicals Inc.; sodium laser beam was approximateiy 8 mm in diameter and entered
chloride (NaCl) and monobasic (BtéPO,) and dibasic  the cell at a 30angle relative to the probe beam propagation
(NaH,PQ,) sodium phosphates were purchased from Fisher axis, which is normal to the face of the sample cell. Changes
Scientific. in the sample that are induced by photoexcitation were
Samples were prepared with final concentrations 6f 40 probed with a xenon flash lamp.
106 uM cytc; 4.6, 5.5, ® 6 M GdnHCI; and 0.1 M sodium For TRCD experiments the initially unpolarized probe
phosphate (NaP) and a final pH of either 6.5, 4.1, or 1.7. At beam is collimated before it is linearly polarized by a MgF
pH 1.7 the cyt samples were prepared in the presence of Rochon polarizer, P1. The linearly polarized light is
1 M NaCl. The final concentration of sodium dithionite converted to highly eccentric elliptical light by passing the
was never more than 5 times the concentration ot,cyt probe beam through a birefringent, fused silica strain plate
because sodium dithionite has an absorption band at ca. 314SP). The SP introduces a retardationpf approximately
nm that can interfere with studies in the far- and near-UV 1—2° along an axis oriented:45° relative to the linear
regions. These solutions were deoxygenated with either Ar polarization axis, and rotation of SP by E8froduces left
(for the CO-unbound reduced form, red€ybr CO (for (—45°) and right (-45°) elliptically polarized (LEP and REP,
COCyr) gas for several hours before the experiment. Solid respectively) light. Changes in the ellipticity of LEP and
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Table 1: Kinetics of Horse Heart COQyPhotolysi$

time constantsus)/amplitudes

method (1) 7(2) 7(3) 7(4)

time-resolved absorption spectroscopy

Soret 2/0.08 50/0.30 225/0.25 880/0.35

3:1, Ar:CO 2/0.09 70/0.30 640/0.26 2200/0.34

tuna heart 2/0.09 40/0.11 250/0.56 710/0.24

near UV 2.5/0.17 75/0.18 745/0.54
time-resolved circular dichroism spectroscopy

near UV 2.5/0.14 65/0.15 745/0.63

a Experimental conditions: 4.6 M GdnHCI, pH 6.5, and 4D (1 atm CO) for horse cgtunless otherwise noted.

REP that are induced by a circularly dichroic sample are decomposed into mathematically independent spedtfal (
measured by passing the probe beam through an analyzingand temporal {) components, each of which is weighted
linear polarizer (P2) that is oriented 900 P1. The with a singular value %) that defines its importance to the
transmitted signal is focused onto the slit of a spectrograph data,A = USV'.
that is coupled to an optical multichannel analyzer. The time course oN spectral intermediates is followed
The TROA apparatus is a modification of the TRCD with global kinetic analysis. Using this method, the data
configuration, where P1, P2 and SP are removed. Furthercan be expressed as a function of the difference extinction
details of the TROA and TRCD apparatus can be found in coefficients of the intermediates and final product relative
previous publications32—35). to the unphotolyzed species and the concentration of the
Time-Resaled MeasurementsTROA data were collected  intermediates and final produét(,t) = €(A)C(t). The time-
at approximately 5 logarithmic delay times per decade dependent intermediate concentrations can be writte® as
between 140 ns ands, at 10 logarithmic delay times per = C,KT, whereCy is the concentration of the unphotolyzed
decade between s and 10 ms, and then at 20, 50, 80, speciesC = {Cy(t), C(t), ..., Cn(t), Cn+1(t)} T; andK is an
100, 200, 500, 800, and 1000 ms. The time resolution of (N + 1) x (N + 1) matrix that is determined by the reaction
the TROA system was 140 ns. Approximately 46 time points mechanism and the apparent rate constents, ..., ky. As
were measured for each TROA experiment. Spectra wereg result, the data can be expressed as Coe(4)KT (t). Using
measured at a repetition rate of 2 Hz for time delays betweenglobal kinetic methods, the intermediate speck) the
140 ns and 200 ms after photolysis, and at 1 Hz for time corresponding decay rate constanty, (and the reaction
delays longer than 200 ms. Using these repetition rates andmechanism K) can be identified. WherB, the spectral
flowing the sample during the experiment helped ensure thatcomponents ort-spectra”, is defined a€e(1)K, the raw
each laser shot photolyzed only COCYfTROA data were  data can be fit to a product of tim&) and spectral B)
analyzed in the form of difference spectidt) — A(t)), where  componentsA = BT, that are identified with each inter-
t represents the time delay after photolysis, aftd) is the mediate.

spectrum of the unphotolyzed sample. SVD and global analysis were performed with the

Near-UV TRCD data were collected at 420 and 630 ns; mathematical software package Matlab (Pro-Matlab, The
1,2,5, 10, 20, 32, 40, 50, 63, 100, 200, 320, 400, 500, 630, path Works, Inc., South Natick, MA).

and 800Qus; and 1, 2, 5, 10, and 20 ms after photoinitiation

of the reaction. Approximately 2000 scans were averaged RESULTS

at each time delay. Data were analyzed in the form of

difference spectra &(t) — St,), whereS(t) is the CD signal Because the partially unfolded cygystem is sensitive to

at various time delays after photolysis, &&{t}) is the initial- pH, temperature, and GdnHCI concentration, the Soret
state CD signal. Far-UV TRCD data were collected at 500 TROA experiments reported by Jones et &7)(were

ns; 2, 10, 100, and 5Q@; and 1, 5, and 10 ms after initiation repeated to provide a point of reference for the TROA
of folding, with approximately 10 000 averages accumulated €xperiments in the near-UV and visible regions and the

at each time delay. Data in both regions were collected with TRCD studies in the near- and far-UV regions. The results
a 2-Hz repetition rate because the TRCD Signa| returns to of these studies are summarized in Table 1. The data in the

the initial-state CD signal in less than 500 ms. figures presented below were obtained from experiments on
Data Analysis. The TROA and TRCD data were analyzed horse heart cgtunless otherwise noted.
by using singular value decomposition (SVD) and global  Figure 1A shows a typical set of TROA data measured at
analysis methods. Because details of SVD and global 40 °C in the Soret region, which consists of 32 averages at
analysis applied to heme proteins have been publishedeach time delay after photolysis. The difference TROA
elsewhere36, 37), they will only be described briefly here.  spectra show a negative feature that follows the disappear-
Given a set of unimolecular photolysis reactions with ance of the partially unfolded state and a positive feature
spectrally distinguishable intermediates, the time evolution that represents the corresponding appearance of the photo-
of these species can be probed with the spectral changes thairoduct. The spectra show a distinct blue shift of the
occur after photolysis. SVD is a matrix approach that absorbance maximum from ca. 430 to 425 nm as a function
distinguishes the experimental noise from the spectral of time. Using SVD and global analysis methods, the data
information and identifies the minimum number of indepen- were fit reliably to four exponential processes with lifetimes
dent species required to describe spectral variations in theof 2, 50, 225, and 88Qs, and corresponding relative
TROA or TRCD difference data. The data matrik)(is amplitudes of 0.08, 0.30, 0.25, and 0.35 (Table 1). The time-
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) ih (o) FIGURE 2: (A) b-Spectrum associated with theu8-process (thick
FicurRe 1: (A) Soret TROA difference spectra(t) — A(to), were line) compared tob-spectra calculated from Soret TROA data
measured at 46 time delays after initiation of refolding, with each measured for photolysis of COQyin 6 M GdnHCI (pH 4.1, 40
spectrum representing 32 averages per time point. Data sets ofec ; = 2 us, - - -) and redCytin 4.6 M GdnHCI (pH 6.5, 40C,
TROA spectra collected with 32 averages were analyzed separately; = 2 4 ys, thin line). The spectra were obtained using 106

and L_Jsed to CalCuIat.e the aVerage Valu.e for each eXpOnential I|fet|mecytc in a 0.5-mm ﬂOW Ce”. (B) Equ|||br|um difference absorption
and its corresponding standard deviation. A 5-nm blue shift is spectrum of redCyt and COCyt (4.6 M GdnHCI, thick line)
Observed n the WaVelength maximum of the pOSItIVQ abSOI’ptlon Compared to the difference Spectrum Of phot0|yzed C@Cyt
from 430 to 425 nm. These data were collected using ARG measured at 140 ns and unphotolyzed C@Gy4 -). The difference
COCyt with either a 0.5 or a 0.3 mm path length cell, and the  TROA spectrum measured 140 ns after CQpftotolysis can be
temperature was stabilized at 40. (B) b-Spectra corresponding  gverlaid with the equilibrium difference spectrum of red€gnd
to the four exponential components (2, 50, 225, and:&j@etected  COCyt obtained in 5.5 M GdnHCl (thin line). Spectral differences
by SVD and global analysis methods. reveal the presence of red-shifted photoproduct(s), as well as
redCyt, 140 ns after photolysis.
dependent spectral changes that accompany the intermediate
processesh(spectra) are shown in Figure 1B. Analysis of be fit to a single-exponential process with a lifetime of
Soret TROA data measured for tuna COE€afso gives four approximately 2.4us. As shown in Figure 2a, thé-
intermediate species with similar lifetimes, 2, 40, 250, and spectrum associated with this 2:4- component can be
710 us. In tuna cyt the His33 found in horse ogtis overlaid with theb-spectrum of the 2s process obtained
replaced by a Trp residue. Only the Soret TROA results from photolysis of COCyt in 4.6 M GdnHCI (pH 6.5, 40
from tuna COCyt measurements will be discussed in this °C), suggesting that the latter process involves the formation
article. of an Fe(lly-Met80 ligation. In Figure 2A the 2s
Under mixed-gas conditions of 3:1 argon to CO, the b-spectrum from photolysis of COQyin 4.6 M GdnHCI
TROA data are fit to four exponential processes (Table 1), (pH 6.5, 40°C) is also compared to thespectrum associated
but with time constants of 2, 70, and 648 and 2.2 ms.  with a 2us component detected in Soret TROA experiments
The first two exponentials do not appear to be significantly on COCyt in 6 M GdnHCI (pH 4.1, 40°C), under which
affected by the decrease in CO concentration. However, conditions His33 and His26 should be protonatg8-40).
because the last two processes are extended by a factor ofhe results from the above experiments help to eliminate
2.5-3-fold compared to the lifetimes measured under His as the ligand involved in the @2s process. Also
experimental conditions of 1 atm CO, they are assigned to comparable, but not shown, are thespectra for similar
bimolecular CO rebinding processes. processes obtained from photolysis data on COQy#4.6
The b-spectra shown in Figure 1B suggest that the M GdnHClat pH 1.7 (1 M NacCl, 40C, r = 3.5us), where
appearance of the earliest CO€yihotoproduct is rapidly ~ all three His residues should be protonated, and tuna GOCyt
followed by religation within 2us of a small percentage of in 4.6 M GdnHCl at pH 6.5 (40C, 7 = 2 us), where His33
Fe(ll). As suggested by Jones et @7), there are several is replaced by tryptophan.
possible candidates for this religation process, including Figure 2B compares the Soret equilibrium difference
native Met80 and non-native His26, His33, and Met65. absorption spectra of red@Qyand COCyt measured in the
Although it can be concluded through mixed-gas studies thatpresence of 4.6 and 5.5 M GdnHCI at 20 (pH 6.5) with
this bond is not formed with CO, the identity of the ligand the difference TROA spectrum measured 140 ns after
involved in the 2us process is still under investigation. photolysis. In contrast to the equilibrium spectrum measured
However, the results of various TROA studies, designed to in 4.6 M GdnHCI, the 140-ns TROA spectrum can be
eliminate specific ligands as possible candidates for the 2- overlaid with the equilibrium difference spectrum measured
process, provide some idea of which ligand is involved. In in 5.5 M GdnHCI. These results suggest that the environ-
the absence of GdnHCI, red@yshows no product of ment of the heme group in the photoproduct 140 ns after
photolysis. However, when redQyts prepared in the  photolysis is unlike that in redCgtbut is similar to the
presence of 4.6 M GdnHCI (pH 6.5, 4C), a photoproduct  unfolded conditions that are induced in the protein by the
is observed. The resulting Soret TROA data on redCgh presence of 5.5 M GdnHCI. The spectral differences in
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Ficure 3: TROA difference absorption spectid(t) — A(to), in FiGURe 4: Steady-state circular dichroism spectra otdgt4.6 M

the near-UV region. Near-UV spectra, each comprising 32 averages,GdnHCI. CD spectra were measured for ox€y€OCyt, and
were collected at 40C usirg a 2 mmpath length flow cell and redCyt in 4.6 M GdnHCI at 40°C. These spectra emphasize the
106 uM COCytc. All data sets include measurements at 46 time potential that COCyt has for studying protein folding, initiated
delays after photolysis of COQytThe TROA data were analyzed by photolysis of the Fe(ltyCO bond, using time-resolved methods.
by focusing on each band alone in the wavelength regions 0220 Each spectrum was collected wib s integration time every 1 nm
290 and 296-350 nm, as well as including both bands. Only three using a bandwidth of 1.50 nm. The samples were allowed to
exponential processes (2.5, 75, and 74% were detectable. temperature equilibrate for approximately 15 min before data
collection. These CD spectra were measuredgugirlk mmpath

Figure 2B are expected because the interactions between th&"9th cell and a sample concentration of 108.

heme group and an unfolded versus a folded protein structure 0.03
are likely to be different, and they can be reflected in the
absorption spectra.

Figure 3 shows difference TROA data collected in the
near-UV region. Each spectrum represents an average of
32 scans at each time delay after photolysis. The absorbance
minimum shows a similar time-dependent 5-nm blue shift
that is observed in the Soret region, while the positive feature -002
is unusual in that the absorbance first increases and then 003 R
decreases as the time delay progresses from 140 nsto 1 s. 250 260 270 280 290 300 310 320
The time dependence of the spectral changes was determined 0.005
by analyzing the entire wavelength range measured-(220
360 nm) as well as the 260-nm (22290 nm) and 320-nm
(290-360 nm) bands separately. SVD and global analysis
generate similar three exponential fits for all three wavelength
ranges (Table 1). The lifetimes associated with each of the
three exponential processes, 2.5, 75, and #45 were
obtained by averaging the results from 7 experiments. Wavelength (nm)

Attempts to fit an additional exponential generate either fgyre 5: TRCD spectra of COCyt[S(t;)] and COCyt photo-
irreproducible lifetimes or two lifetimes with the same value. products §t;)] measured in the near-UV region. Near-UV TRCD

In 4.6 M GdnHCI the fraction of unfolded protein in Specgg &rs Shg(‘t"’)q ?Ig)aT%SéO:ju;tea%D asritgf\fﬁo(vﬁ\)saggrii \?é‘;faerzgce
COCyt is approxmatgly_ 0.95, whereas for r?dcymly (S)E)/g(r: ca’. 2(|)00 sc;ns at each of the 23 time delayps after photglysis.
about 10% of the protein is unfolded. These differences are gjnce the experiments were performed using an absorbance value
reflected clearly in the equilibrium CD spectra of CO€yt  of ~1 at 260 nm, there is large sample absorption at wavelengths
and redCyt. As demonstrated in Figure 4, there is an shorter than 250 nm that lead to slightdistorti_ons of the CD signals
approximately 4-fold arger CD signal at 220 nm for the CO- 12 250, nm. Conseauenty, cnly data n e 2300.m
unbound re_dCy,I species. This result is thg basis for the UV TROA results, the analysis revealed three exponential com-
TRCD studies in the near- and far-UV regions. The CD ponents with time constants of 2.5, 65, and 745 These spectra
spectra are cut off at 210 nm because the 4.6 M GdnHCI were measured ugina 2 mmpath length flow cell and 106M
present in the cytsample absorbs too much of the light sample.
below 210 nm for accurate measurements. This is also theof 2.5, 65, and 74%s (Table 1). The time resolution of
case for the TRCD data. these experiments was 420 ns, which allows detection of

Figure 5A shows TRCD data measured for COfgitthe CD changes associated with theu&-process observed in
near-UV region at 23 time delays after photolysis. Each the Soret TROA data.
spectrum represents an average of approximately 2000 scans. Whereas the steady-state CD spectra shown in Figure 4
The TRCD data were analyzed as difference spectra (Figuresuggest that significant changes in the far-UvV CD signal
5B) between the photoproduct spectra and the initial-state should be observed upon cleavage of the Fe@P bond,
spectrum. The time-dependent spectral changes can benly small changes were detected in the far-UV TRCD
described by three exponential components with lifetimes experiments. Figure 6 shows the ground-state CD spectra
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10 ‘ - , , misligation step, appear to compete with protein folding
7, during the early stages of secondary structure formation in
cytc.

We examined the effect of CO deligation on the heme
protein interaction with TROA studies of COCy(4.6 M
GdnHCI, pH 6.5, 40C) in the Soret and near-UV regions.
An immediate observation is that the difference absorption
spectra of redCygtand COCyt measured at equilibrium and
140 ns after photolysis do not overlay. However, the TRCD
spectrum obtained 140 ns after photolysis can be overlaid
with the equilibrium redCyt and COCyt difference spec-

, , trum measured in the presence of 5.5 M GdnHCI (pH 6.5,
210 20 230 240 250 260 270 280 290 40 °C). According to the folding curve for redGytthe
Wavelength (nm) protein in 5.5 M GdnHCI is almost completely unfolded,
FicurRe 6: Far-UV TRCD spectra of COCytind its photoproducts.  whereas it is approximately 10% unfolded in 4.6 M GdnHCI
Approximately 10 000 scans were averaged for the far-UV TRCD (qyr data, not shown; Jones et al., B Figure 1, inset).

spectra, which were measured at 500 ns; 2, 10, 100, ang:&00 .
and 1, 5, and 10 ms after initiation of refolding. Since there are Thus, the TROA difference spectrum measured at 140 ns

only small changes in the magnitude of the TRCD signal, only a Probably reflects a heme surrounded by a denatured protein

few spectra are shown (2, 100, and 380and 5 ms). The spectrum  structure. This is supported by far-UV TRCD data which

measured at 500 ns is not significantly different from that obtained indicate that the protein has not folded to any significant

at 2us. By 1 and 5 ms the TRCD spectra overlay the ground-state aytent at 140 ns

CD spectrum of COCyt These spectra were obtained with 106 Lo . .

M COCytc samples and a 0.5 mm path length flow cell. CO Rebinding ProcessesJsing SVD and'global analysis
methods, the spectral changes observed in the Soret TROA

for COCyt and TRCD spectra measured at 2, 100, and 500 data were fit to four exponential components with lifetimes
us and 5 ms after ligand photolysis. The magnitude of the Of 2, 50, 225, and 88@s. Through mixed-gas experiments
220-nm TRCD signal 500 ns after photolysis (7% of the the 225- and 88(s processes have been assigned to
native CD signal, not shown) is approximately 85% of the bimolecular CO rebinding (Table 1). Analysis of near-UV
magnitude of the CD signal at2s, which corresponds to TROA data generated only three of the four exponential time
8% of the native CD signal. At 5 ms after photolysis the constants (2.5, 75, and 745) observed in the Soret region.
TRCD spectrum overlays the initial-state CO€gpectrum. ~ The absence of a 22z component may be explained in at
As with the steady-state CD spectra, the light is limited at !€ast two ways. First, if the 22Bs transient is spectrally
wavelengths below 210 nm because of GdnHCI absorption. Similar to either the photoproduct or the CO-bound species
Thus, we focus on the results measured at wavelengths longef” the near-UV, it may not be detectable. Alternatively, the

Millidegrees

than 215 nm. lack of a 225us transient could reflect the sensitivities of
the Soret and near-UV absorptions to different types of
DISCUSSION molecular interactions, which would suggest that the CO

rebinding associated with the 225-intermediate involves

The presence of GAnHCI in an ox@golution denatures  different structural interactions than in the slower process
the native protein while the heme Fe(lll) maintains a low- of CO rebinding. In near-UV TRCD studies we find that
spin state with both axial sites occupied by strong field the data are also fit to only three processes (2.5, 65, and
ligands 88). Under these denaturing conditions the native 745us). The apparent silence of the 225process in this
Fe(ll)—Met80 bond can be displaced by CO with the region supports the idea that CO rebinds to structurally
introduction of sodium dithionite, which reduces Fe(lll) to different species in the two processes of rebinding. The 225-
Fe(ll). The concentration midpoints for CO€wgnd redCyt us transient reflects CO rebinding to a species that has weak
folding in GdnHCI are considerably different. Therefore, it interactions between the heme group and nearby aromatic
is possible to find a concentration of GAnHCI where in the residues since it is not detectable in the near-UV data. In
presence of CO the fraction of unfolded protein is greater contrast, the 74xs process involves CO rebinding to a
than 0.9 and in the absence of CO the fraction of unfolded species that has detectable heraeomatic group interac-
protein is less than 0.1. In 4.6 M GdnHCI (pH 6.5, 4D) tions. The origin of two different conformational populations
it has been shown that there is an approximately 4-fold largeris discussed further below.
CD signal at 220 nm for redCgtthan for COCyt. This The 2- and 5Qts Processes.In the kinetic model
corresponds to near-native secondary structure in the redCyt described by Jones et a4 several non-native ligands (such
species and significantly unfolded structure in CQCifrom as His26, His33, and Met65) were suggested to compete for
this result it follows that photolysis of Fe(HHCO should transient binding to the heme before displacement by CO.
initiate folding of the partially unfolded protein structure The idea of a transient non-native, six-coordinate heme
found in COCyt until a CO ligand rebinds to Fe(ll), species is consistent with the results of TROA studies on
reforming COCyt and favoring the unfolded protein struc- redCyt and COCyt performed under varying conditions
ture. Therefore, TROA and TRCD methods were used to of GAnHCI concentration and pH. Because we can detect
examine the photolysis reaction of COCyh an effort to only a single-exponential process € 2.4 us) from the
identify structural intermediates that are involved in thecyt redCyt (4.6 M GdnHCI, pH 6.5, 40C) photolysis data, it
folding process between 140 ns and 1 s. In these studiescan be assigned to the recombination of the photolyzed
two bimolecular rebinding processes, along with a possible ligand. In redCyt we expect the photosensitive ligand to
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be Met80, although it is possible that in the presence of 4.6 us component is consistent with the absence of His33 and

M GdnHCI Met65 occupies this site.

The results of several studies, including photolysis of
redCyt, support the suggestion that theu2- process
identified in COCyt photolysis studies is due to ligation of
Fe(ll) with either Met80 or water, rather than to coordination
with the non-native His26 and/or His33 residues, or the
recombination of a photolyzed Fe(tHis18 bond. First,
in TROA studies of COCytin 6 M GdnHCI (pH 4.1, 40
°C), a 2us component is observed. As shown in Figure
2A, the b-spectrum for the 2s process measured from
COCyt (6M GdnHCI, pH 4.1, 40°C) photolysis can be
overlaid with the 2.4+s b-spectrum detected in the redCyt
(4.6 M GdnHCI, pH 6.5, 40C) photolysis and the 2s
b-spectrum observed in COQy{4.6 M GdnHCI, pH 6.5,
40 °C) photolysis. h 6 M GdnHCI (pH 4.1) His26 and
His33 are expected to be protonat&8d38—42) and unable
to form His18-Fe(ll)—His26/33 (bis-His) complexes. There-
fore, detection of a Zs component in COCgt(6 M
GdnHCI, pH 4.1, 40°C) suggests that His26/33 can be
eliminated as candidates for the«2-process observed from
photolysis of COCwtin 4.6 M GdnHCI. Second, when the
pH is dropped from 6.5 to 1.7, the data obtained from
photolysis of COCwt in 4.6 M GdnHCI exhibit a 3.5¢s
process, with &-spectrum that can be overlaid with the
spectra in Figure 2A. Because all His residues, including
the proximal His18, should be protonated at pH 138)(
the recombination of a photolyzed Fe(ijis18 bond can
also be eliminated. Finally, the possibility of a water ligand
in the 2us process is addressed by considering the cyt
acidification studies of Babul and StellwagetB). In these
studies it was shown that the strong field ligands (Met80
and His18), even when oxQyts in 6 M GdnHCI or 9 M
urea, can only be replaced by weak field ligands of the
solvent when the protein solution is acidified. The observa-
tion of a 2us component (with correspondifgspectra that

suggests that His33 is more accessible than His26 to Fe(ll).
His26 is only 8 residues from the proximal His18 at the fifth
axial site, and it is likely to be more sterically hindered from
binding at the sixth axial position than is His33. This is
consistent with recent studies of denaturedcoyariants
which implicate His33 as the dominant sixth axial ligand
(44). The 50us component may be comparable to the bis-
His intermediate that was recently reported in folding studies
of oxCytc in 4.4 M GdnHCI @5). That study monitored
the folding intermediates with resonance Raman techniques
and detected a bis-His species that occurs within thexH00-
dead time of their mixing apparatus.

The assignment of a 2s Fe(ll)-Met80 ligation and a
50-us Fe(Ily-His26/33 coordination is supported by recent
time-resolved magnetic circular dichroism (TRMCD) studies
(unpublished results), which are much more sensitive to the
axial ligation of the iron than TROA or TRCD methodts).

The results of these studies will be reported in a future
publication. These assignments are also supported by TROA
studies of the heme peptide of cy@8, 29), where the time
constants for free methionine and histidine binding to the
heme were reported to be-3 and 12Qus, respectively.

Secondary Structure Changeshe results of the far-Uv
TRCD studies, with support from time-resolved fluorescence
(TRFL) studies 47), indicate that the 5@s process is not a
transient molten globule intermediate whose secondary
structure is similar to that in the native formg). The far-

UV TRCD data show only 7% of the near-native CD signal
at 220 nm within 500 ns and 8% at& (Figure 6), after
which there is no further increase in the magnitude of the
signal. In TRFL studies of COCgtno detectable changes
in the Trp59 fluorescence signal were observed from 10 ns
to 10 ms after photolysigly). The detection of some signal

in TRCD experiments and none in TRFL studies may reflect

can be overlaid) at pH 1.7 and 4.1, as well as pH 6.5, suggestéhe sensitivity of CD. measurements to global str.uctural
that water cannot yet be completely excluded as a possiblefeatures and the sensitivity of fluorescence to local interac-

transient ligand.
The 50us process has a lifetime that is similar in value

tions
According to Bushnell et al4Q), the high-resolution three-

to the 40us component that was observed upon reduction dimensional structure of horse heart ox€stiows the native

of oxCytc (30). In those electron-transfer experiments the

40us process was interpreted as a molten globule intermedi-

ate. Different identities for the processes in these two

protein secondary structure with three major [residue$%
(N-helix), 60-69 (60’s helix), and 8#102 (C-helix)] and
two minor (residues 4954 and 76-75) helical sections that

experimental systems are possible because of the differeninteract to form some tertiary structure. The results of

forms of cyt studied (oxCyt versus redCy), the different
methods used to initiate folding (ligand photolysis versus
electron transfer), and the sensitivity of cy experimental

H-exchange labeling and proton NMR studies, which char-
acterized the structure of folding intermediates in oxCyt
(50), suggest that in the early stages of folding20 ms)

conditions such as pH, temperature, and the concentrationthe N- and C-terminati-helical segments are present and

of GAnHCI. However, the results of our experiments do not
support the formation of a molten globule intermediate on
that time scale, but suggest that the ;8)-component is
associated with coordination of His26/33 with Fe(ll).
Evidence for a transient (50s) Fe(ll)-His26/33 ligation
comes from the results of Soret TROA studies on C@Cyt
from tuna, which differs from horse COQy substitution
of His33 with tryptophan. These data could be fit with four

are stabilized by helixhelix contacts. Thus, secondary
structure formation at the N- and C-terminal helices may
account for the observed 8% increase in TRCD signal of
COCyt at 2us, as was suggested for thd5% of secondary
structure observed in the 4-ms dead time of stopped-flow
CD experiments on oxCgt(10). Because the heme group
is involved in the contact between the N- and C-terminal
regions of the folded proteir, 51), it is expected to play

exponential decays having lifetimes of 2, 40, 250, and 710 a role in the helix-helix association during the early stages

us. The amplitude of the 40s process is approximately
33—43% of the magnitude of the 50s process observed in
photolysis studies of horse COQyivhile that for the 2us

of folding in oxCyt. In fact, early interaction between the
two terminal helices of oxCygtis suggested to be ac-
companied by a polypeptide condensation (collapse) that

species is unaffected. The decrease in intensity of the 40-leads to a~35% decrease of the initial Trp59 fluorescence
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intensity within 4 ms 10) and an additional-30% decrease  ns was assigned to the formation of solvated structure in
within 20 ms §0). Therefore, contrary to the results of either the C, D, or F helices in apoMb.
TRFL studies47), some changes in the Trp59 fluorescence  The offset of larger negative TRCD signals with positive
intensity on a sub-millisecond time scale would be expected. TRCD features having similar kinetics to give the observed
On the basis of the above NMR, stopped-flow CD, and small CD changes was also considered. This situation can
fluorescence studies, the absence of changes in the TRFLarise from contributions of aromatic residues in the far UV,
measurements and the 8% change in TRCD signal within 2 which are particularly significant if the content of helix is
us have several implications for CO@yblding. First, the low. Because the secondary structure ofccgt 4.6 M
TRCD, as well as the TRFL4{), studies of COCyt GdnHCl is partly unfolded, aromatic residues may influence
emphasize that the experimental conditions used in thesethe far-UV TRCD signal with positive bands in the region
studies destabilize the folding intermediates, as well as thebetween 215 and 235 nnd%). However, if this were the
native state, and favor the unfolded state of the protein. case, the TRCD spectra should reflect the convolution of
Evidence that the unfolded state is favored under thesepositive bands around 23230 nm.
experimental conditions comes from photolysis of the It is also important to consider the influence of heme
COCyt sample using a repetition rate of 5 Hz. CO€iyt protein interactions in the far-UV region because a corre-
4.6 M GdnHCI (40°C, pH 6.5) exhibited less than 20% of sponding increase in this coupling is expected as the protein
the native redCyt CD signal at 220 nm upon photolysis, folds. If we can draw parallels between folding around the
whereas the same experiments performed at room temperheme and insertion of a heme group into a protein, then we
ature show the appearance of 40% of the native redCyt can look to early studies of the Cotton effect in apoMb versus
Second, the 8% increase of the TRCD signal withips2 metmyoglobin (metMb)%3) to understand the hemgrotein
may be due to formation of structure at the N- and C-terminal interaction in the far-UV region. Addition of heme to apoMb
helical segment. If we consider this result in terms of the results in a larger CD signal at 222 nm, which is comparable
total a-helix content, which is approximately 45%9), then to the signal for native metMb. The increase in CD signal
the two extreme interpretations of these results are that withinfor metMb was attributed to a change in helix content that
2-us either 100% of thex-helix is present one-fifth of the is induced by the presence of the heme, rather than to
time or that only~15% of the total helix content is formed coupling of the hemepeptide transitions. From CD as well
(see below). Third, if formation of, and contact between, as optical rotatory dispersion studies on Mb, it was suggested
these two major helices is accompanied by a decrease in théhat heme transitions centered within-5000 nm from the
Trp59 fluorescence intensit,(10), then secondary structure  n—sa* peptide transition may contribute to the optical rotation
formation may drive the reduction of the hemErp59 at 233 nm but will have much less influence on the CD
distance. This idea is consistent with the observation in thesemeasured at 222 nm. Thus, on the basis of this CD study
TRCD studies that by 500 ns 7% of the native secondary of apoMb and the arguments of spectral shape and time scale
structure forms, before a Fe(HMet80 ligation process  of appearance, we suggest that the TRCD signals predomi-
occurs at s. Finally, because the Trp fluorescence probes nantly represent the initial stages of secondary structure
tertiary interactions with the heme group and nearby second-formation.
ary structures, it is expected to be a very sensitive probe of The degree to which CO rebinding competes with the
polypeptide collapse. However, it is also a localized probe folding process was examined by repeating the COCyt
that is located at the periphery of one major helix (residues photolysis experiments in the far-UV region using 3:1, 8:1,
60—69) and 5 residues away from a minor helical section and 16:1 ratios of Ar to CO gas. With a 16:1 Ar to CO
(residues 4954). Thus, with only 8% secondary structure ratio, the mixed-gas experiments were limited by the presence
there may not be sufficient helix formation or hetikelix of CO-unbound redCgt When the earliest CO rebinding
contact to facilitate detectable changes in the Trp59 TRFL process was extended 8-fold, from 22§ to 1.8 ms, there
studies. These results also suggest that the 8% increase ofvas no further increase in the magnitude of the TRCD signal
the TRCD signal is due to formation of only 15% of the at 220 nm. There are at least two possible reasons that
total helix content in cyd, as opposed to the observation of additional changes in the far-UV TRCD data are not
100% helix formation one-fifth of the time. observed. First, folding of redQyts slow under the current
The assignment of the far-UV TRCD changes to secondary experimental conditions (4.6 M GdnHCI, £C, pH 6.5),
structure formation rather than heme or aromatic residue which apparently destabilize both the native structure and
changes is based predominantly on the shape and the timé¢he partially folded intermediates. An estimated folding rate
scale of the signals. The spectral shapes of the TRCD signalconstant of 1.3 8 has been reported for red@yit 4.6 M
are consistent with the initial-state CD spectrum that is GdnHCI at pH 7 80). This rate constant is similar to the
characteristic of the secondary structure in native,aten folding rate of 1 s* obtained from stopped-flow experiments
though the TRCD signals are limited to the 21Z22-nm (unpublished results cited in ref7) where the GdnHCI
region. In addition, because most of the TRCD signal (7% concentration is jumped from 6 to 4.6 M. The effect of
at 500 ns) is detectable before the first two processes (2 andGdnHCI on the folding process is apparent when the folding
50us) are observed, the contribution of heme ligation effects rate in 4.6 M GdnHCI is compared to the estimated folding
to these CD changes should be minimal. Detection of 7% rate constant of 2 10° s™! that is reported for redCgtin
global secondary structure within 500 ns is consistent with 0.7 M GdnHCI (40°C, pH 7) @0). Because the folding
the results of recent nanosecond time-resolved infraredrate constant is so slow for red@yin 4.6 M GdnHCI,
(TRIR) studies on apoMb folding2d). In these TRIR detection of only 8% folding is not unusual.
studies, which probe the time dependence of more localized A second explanation for why additional folding is not
secondary structure, a time constant ranging from 48 to 200observed beyond 2s or in the mixed-gas experiments is
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that formation of the Fe(lFyHis species at 5«:s may in contrast to the processes of FefiNlet and Fe(ll)-His
contribute to barriers against folding, until CO rebinds. A formation (ca. 2 and 5@s) and the second CO rebinding
misligation through the Fe(lfjHis is consistent with the  (ca. 80Qus). This difference in the heme tertiary interactions
results of recent rapid-mixing resonance Raman studies ofsuggests formation of an unfolded photoproduct, U*, that
oxCytc folding (40, 45). Although this comparison is  only undergoes CO rebinding (mechanism Il). If we assume
between oxCytand COCw, they have comparable fractions the parallel formation of U* and lk* and a simple

of unfolded protein in their respective GdnHCI concentra- sequential step where His displaces Met from the heme, then
tions. In the resonance Raman study a bis-His species, whichCO will rebind U* and replace a His ligand.

was proposed to compete with and to slow folding, was

detected within the 10@s dead time of their mixing  Mechanismi
apparatus. Atlow pH it is suggested that the folding rate of

oxCytc is accelerated because His26 and His33 are proto-

nated, preventing the formation of bis-His intermediags ( COCytc (U-CO)
38—42). However, from MCD studies in this lab (unpub- h

1 A Un > U U-Met > U-His > U-CO
v

v *
lished results) it was shown that redCyn 4.6 M GdnHCI U= U-Co
comprises 60% non-native FetHHis and 40% Fe(Ih-Met. o _ o
Yet, according to far-UV CD studies, red@yhaintains near- A variation of mechanism Il might involve the parallel

native secondary structure. How, then, does formation of formation of U*, Fe(ll)-Met, and Fe(ll}-His (mechanism
Fe(I)—His inhibit folding? The data also raise the question 1ll). Displacement of the Met ligand by His is suggested
of whether the near-native secondary structure or the bis-by thekoy/kos for Met65/80, which is approximately 0.28§),

His ligation comes first in equilibrium redCyt Because  and the presence of both Fe(ll)-Met and Fe(ll)-His species
mixed-gas experiments show no CD changes between then the initial-state sample of redQyfwork in progress).
50-us Fe(ll}-His formation and the 1.8-ms CO rebinding

processes and no changes in the amplitudes of any of theVechanism Il

four processes (Table 1), slow refolding due to the experi- , 7 Y™ > U > U-Met

o . h
mental conditions probably contributes more to the small /I Vv )
TRCD changes. COCytc (U-CO) > U,* —> U-His > U-CO
COCyt Photolysis Mechanism.The following three hN U* > U-CO

schemes, which are presented as possible mechanisms for
the COCyt photolysis reaction, are based on several results.
First, as discussed above, the two species that bind CO differ
in the interactions between the heme group and the protein.
This is evidenced by the fact that the 225process is not
detected by near-UV TRCD and TROA methods, while the
880-us process is consistently observed in all the TROA and
TRCD studies (Table 1). Second, recent steady-state MCD
measurements indicate that at 4.6 M GdnHCI (pH 6.5, 40
°C) the Fe(ll) coordination in redCytis 60% bis-His and We thank Drs. Robert Goldbeck, James Lewis, Youxian
40% His-Met. And finally, preliminary TRMCD studies  Wen, YiRen Gu Thomas, Daniel B. Kim-Shapiro, and
(unpublished results) indicate that in the 2- andu80-  Raymond Esquerra for helpful discussions, and Drs. Gary
processes Met and His, respectively, bind to a five-coordinate Martinez and Sangita Seshadri for advice concerning cyto-
species. These results suggest a possible kinetic mechanisghromec samples.

where photolysis of COCgtgenerates two populations, one

having a propensity to bind Met ¢d*) and the other, to = REFERENCES

bind His (Uyis*, mechanism 1). The environment ofyd*

may facilitate the initial formation of secondary structure
(Uwm) that favors binding of the native Met80 ligand.
Subsequently, CO displaces the Met and His ligands to re-

Currently, mechanism | is favored over mechanims Il and
Il because preliminary TRMCD studies indicate that Met
and His bind to five-coordinate specieBurther work is in
progress to try to establish in detail the mechanism of
COCyt photolysis.
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