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ABSTRACT. Time-resolved spectroscopic studies of unfolded horse iron(ll) cytochminaee suggested

that the imidazole side chains of His26 and His33 bind transiently to the heme iron on microsecond time
scales, after photodissociation of a carbon monoxide ligand from the heme. Our studies of four variants
of cytochromec (horse wild type, horse H33N, horse H33N/H26Q, and tuna wild type), unfolded in
guanidine hydrochloride at pH 6.5, demonstrate that these side chains are responsible for the observed
microsecond spectral changes. As His33 and then His26 are eliminated from the horse wild-type sequence,
transient optical absorption spectra show systematic suppression of a¥rapid00u«s) Soret absorbance
change that follows photolysis of CO. Transient binding of these histidine side chains to the heme therefore
generates one of the fast kinetic phases observed in previous photochemically triggered spectroscopic
studies of dynamics in unfolded iron(ll) cytochrormaeFurthermore, both His33 and His26 appear to
contribute to a similar extent in these early kinetics. Thus, the stiffness of the polypeptide chain creates
a deviation from Gaussian chain behavior by impeding, although not preventing, the formation of short
(<10 peptide bonds) intrachain loops around the heme group.

Horse cytochrome has been an important model system the axial coordination site on the distal side of the heme iron.
for the study of protein folding, largely owing to the (The 19 lysine residues on the chain are not expected to
properties of the heme group that is covalently attached to compete for the iron coordination site at early times, since
the polypeptide chain at positions 14 and 17. In the native they are protonated at neutral pH.) The rates of these fast
structure, the side chains of His18 and Met80 bind as axial processes allow a direct estimate of the speed of intrachain
ligands to the heme ironl). In the unfolded state, Met80  contact formation in an unfolded protein, which provides
dissociates from the distal side of the iron while His18 insight into an important time scale in protein folding—
remains attached to the proximal side. The 5-coordinate iron5). Pascher et al.6] and Telford et al. 7) further showed
can then bind transiently to other side chains or to exogenousthat ligand substitutions in cytochromeean be investigated
ligands. This property of the heme gives rise to complex through laser-triggered electron injection, which reduces the
dynamics prior to and during folding of the molecule, but it unfolded Fe(lll) protein to Fe(ll). Recent studies that combine
also makes possible a number of different methods for such techniques with transient circular dichroism and mag-
triggering and observing these dynamics. netic circular dichroism (MCD) have produced evidence for

The transient binding of non-native ligands at the heme, unusually fast folding of the cytochrome molecule in
prior to folding of cytochromec, has been of particular ~GdnHCI @—10). Those studies in fact suggest that transient
interest. Jones et al2) photodissociated a CO ligand from heme-histidine and hememethionine binding occur within
the reduced [i.e., Fe(ll)] heme of cytochromenfolded in two distinctly different, slowly interconverting, ensembles
GdnHCI! They found that this generates a sequence of rapid of molecules; that is, the protein exhibits kinetic heterogene-
intrachain heme reactions on microsecond time scales. Thesdty in the unfolded statel().
were presumed to involve binding of the methionine residues  |nterpretation of the complex intrachain dynamics of
Met65 and Met80, and the histidines His26 and His33, to ynfolded cytochrome requires correct identification of the
side chains that participate in these dynamics. By comparing
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Table 1: Histidines and Neighboring Sequence in Horse and Tuna ventional protocols¥4, 15). The mutant genes were prepared

Cytochromes: (Wild Type) using PCR-based mutagenesis and introduced into a plasmid
source of residues residues residues pBPXhd/BanHI)/3 in tandem with the gene of yeast
protein 17-18-19 25.26-27 32-33-34 cytochromec heme lyaseCYC3(16, 17). The sequences of
horse C-HT K-H-K L-H-G mutant genes were verified by sequencing the plasmid DNA.
tuna C-H-T K-H-K L-W-G Cytochromec mutants were produced by expression of

corresponding mutant genes in IM1&s¢herichia coli. A

due to His26 and His33 binding) Therefore, its assignment ~ Single, freshly transformed colony served as the inoculum
to Met65/Met80 binding appears well justified, although the for 3—6 mL of SB media {4) with 1% glycerol (v/v) and
role of His26 and His33 in these rapid intrachain binding 1004g/mL ampicillin. After incubation overnight at 37C
kinetics is less firmly established. with vigorous shaking (256300 rpm, New Brunswick 655D
The question of whether both His26 and His33 participate Platform shaker), 0.51 mL was used to inoculatl L of
in these kinetics bears significantly on questions of confor- SB (1% glycerol, 10Qug/mL ampicillin) in a 2.8 L flask
mational flexibility in unfolded polypeptides: Can very short (Pyrex, No. 4420). This culture was incubated with good
loops form on the microsecond time scales of early folding a@eration for 224 h before the cells were harvested by
events, and how does the stiffness of short lengths of chaincentrifugation (Sorvall GS-3 rotor, 4000 rpm, 15 mirf,G).
generate departures from ideal Gaussian chain statistics for he cell pellet was resuspended in 50 mM sodium phosphate
loop formation? His26 and His33 have been shown to play buffer, pH 7.0. The suspension was passed twice through a
a role in the folding of oxidized [i.e., Fe(lll)] cytochromee ~ Precooled French press (1200 psi) and centrifuged to remove
from chemically denatured states, which occurs on milli- cell debris (Sorvall SA-600 rotor, 15000 rpm, 280 min,
second time scales. These residues compete with Met80 fo4 °C). Pink supernatant was saturated stepwise first up to
access to the heme irod 12) and thus create a kinetic ~55% of ammonium sulfate saturation and centrifuged (Sorvall
trap that delays folding. Cofoet al. (L3) showed that the ~ SA-600 rotor, 15000 rpm, 2630 min, 4°C) and then up to
H33N mutation (His33~ Asn) eliminates a slow phase8 ~ 95% and centrifuged again. The final supernatant was
s at pH 5) that is observed in the refolding of the wild- dialyzed against several changes of 50 mM sodium phosphate
type protein. By contrast, the H26Q mutation (His265In) buffer, pH 7.0, in 3500 MWCO dialysis tubing (Spectra/
had less effect on refolding kinetics. Thus, His33 does bind Por, Spectrum). Prior to column fractionation, cytochrome
as a transient ligand in the refolding of the Fe(lll) protein, ¢ was oxidized by potassium ferricyanide{& mM final
while binding of His26 is slower, suggesting that steric concentration). Then the solution was applied on a Bio-Rex
interactions hinder the formation of the shortest intrachain 70 cation-exchange column (Bio-Rad) equilibrated with 50
loops. mM sodium phosphate, pH 7.0. After extensive wash of the
However, the role of His26 and His33 in the fast kinetics column with the same buffer (68 column volumes), the
that follow photodissociation of the Fe(ll) protein has not protein was eluted with a linear NaCl gradient around 0.25
been examined in detail. Chen et &) feported that the M, and a brown fraction of oxidized cytochronewas
amplitude of the second microsecond process, which Jonescollected. Fractions with aR-value @sodAzs0) between 4.5
et al. interpreted as His26/His33 binding, is reduced in the and 5.0 were pooled and dialyzed against 50 mM ammonium
cytochromec of tuna, which lacks His33. Modeling of time-  bicarbonate buffer (pH #8) prior to lyophilization. The
resolved MCD data also supported the assignment of thispurity of the protein was examined by gel electrophoresis
process to histidine ligationl(). Here we present a study in 16.5% Tris-Tricine Ready Gel (Bio-Rad), and the protein
of the kinetics that occur after photolysis in several histidine redox state was confirmed by measuring absorbance in the
variants of the reduced protein. We have used nanosecond500—600 nm region (absence of sharp bands at 520 and 550
resolved transient absorption spectroscopy to study thenm) or by calculating a raticAs3d/Asso which should be
intrachain reaction kinetics in the wild type (WT) of around 1.3-1.4 for oxidized cytochrome. Intactness and
cytochromec from horse heart and two mutants, the single identity of the mutant proteins were confirmed by MALDI
mutant H33N and the double mutant H33N/H26Q. We have mass spectrometry (Voyager-DE, PerSeptive Biosystems).
also studied these kinetics in the cytochrone tuna; since The protein concentration was determined spectrophoto-
the sequence for tuna resembles that of horse but lacks His33netrically on the basis of an extinction coefficient of 1.06
(Table 1), we expect it to show kinetics similar to those of x 10° (M cm)~! at 409 nm for oxidized cytochrome(18).

the horse H33N mutant. Our results demonstrate unambigu-  Trgnsient SpectroscopWe used a nanosecond laser pulse
ously that both His26 and His33 participate in the rapid i, photodissociate a carbon monoxide ligand from the heme
intrachain Ilga}nd bmdmg phenomena. We also find evidence j,on of the cytochromes in the Fe(ll) form, unfolded in
that the two side chains bind at comparable rates to the hemegynHc|. we then collected the transient absorption spectra
iron, indicating that even short segments of the unfolded i, the heme Soret region, where spectral changes indicate
polypeptide retain the flexibility to form intrachain 100ps.  the changes in the heme iron coordination. All proteins were
dissolved in 5.00 M GdnHCI and 100 mM phosphate buffer,
EXPERIMENTAL PROCEDURES pH 6.5 at 22°C. GdnHCI concentrations were measured
Construction and Expression of Mutant Genes and Protein refractometrically. Samples were passed through am®.2
Purification. WT cytochromec from horse heart and from  syringe filter and then deoxygenated under flowing CO for
tuna were obtained from Sigma Chemical Co. and used 30 min at room temperature. After trace sodium dithionite
without further purification. All of the genetic manipulations was added to reduce the heme iron to the Fe(ll) state, samples
of horse cytochrome were performed according to con- were sealed in quartz cuvettes (0.5 mm path length) and
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equilibrated overnight. Protein concentrations were Y00 At least four separate decay rates are required to provide
uM. a satisfactory fit to most of the data sets over the complete

The transient absorption spectrometer has been describedime range (10 ns< t < 350 ms). However, even a
previously 6). Briefly, 5—7 ns pulses generated by a multiwavelength analysis cannot guarantee that fitting time-
frequency-doubled Nd:YAG laser, at 532 nm and a repetition resolved absorbance data to multiple exponentials will
rate of up to 10 Hz, are focused onto the sample cuvette togenerate consistent and stable results. The rates obtained may
an energy density~4 mJ/mni, photodissociating the CO  vary according to the range of experimental times and
from the heme iron. At a delay timeafter each laser pulse, wavelengths that are analyzed; inconsistent results may also
a flash from a short-arc Xe flashlamp generates sample andbe obtained for data collected under different conditions as
reference beams of white light that probe the sample the underlying spectra shift with sample and temperature.
absorbance in the range 39850 nm. The CO eventually  This ambiguity reflects the mathematical reality that the
rebinds to the heme, and the protein recovers completely (atextraction of a sum of exponential decays from a noisy signal
t ~0.1-1 s). The photolysis and probe beam paths intersectis an ill-conditioned problem in general. The number of
at an angle of 38 and delay times can be adjusted from exponential components in the data and their associated
less than 10 ns to milliseconds or many seconds as neededdecay rates are sensitive to noise and are not determined
Nanosecond-resolved spectra are obtained by dispersinginiquely by the data. Multiwavelength fits may improve the
transmitted light in an 0.3 m spectrograph and onto a gated,situation @0) but do not resolve it entirely if the data arise
intensified charge-coupled device. Transient absorbance(as ours do) from a set of generally similar heme Soret
spectra were collected @t= 18—46 °C, with each data set  spectra.

covering 75 delay time values spaced logarithmically from  To obtain consistent results, we found it necessary to
10 ns to (typically) 350 ms. The temperatures of both the jmpose constraints on the relaxation rates. One approach was
quartz cuvette and its immediate environment were monitoredsijmply to fit a minimal number of exponentials (i.e., 3 or 4)
with ultraminiature chromel/alumel thermocouples during to each data set; this approach did not, however, cleanly
absorbance measurements; these temperatures were equal apgkolve the histidine-mutation-sensitive processes from other
stable to within0.2 °C. processes in the data. An alternative approach was to assume
Data Analysis and FittingThe transient spectra were g chemical kinetic model for intrachain ligand binding in
analyzed to give the difference optical extinction relative to cytochromec, in which most of the fit parameters, i.e., the
the equlibrium state, i.ede(4,t) = €(4,t) — €(4,), foreach  rates, are required to be independent of histidine mutations;
set of experimental conditions (i.e., each protein and tem- only rates related to His26 and His33 binding were allowed
perature). We used singular value decomposition (SVD) both to vary between mutants. For each experimental temperature,
to provide insight into their spectral and kinetic content and the fitting routine starts with a set of trial values for the
to reduce the size of the data sets in order to improve theunderlying rates in the kinetic model, modifies that model
computational efficiency of data fitting. The application of by removing the His33 or His26/His33 interactions as
SVD to absorbance spectroscopic data has been reviewedppropriate for each mutant, calculates the anticipated
elsewhere 19). SVD decomposes the matrix of transient relaxation rates for each mutant within the model, and then
absorbance measuremenis, (4,t), into a product of three  tests those rates for their suitability as exponential decay rates
matrices,de(4,t) = u()su(t)’, where the columns of the  of the absorbance datdt)s. In this way all four samples,
matrix u(Z) form a set of orthonormal basis spectra for the and all imes and wavelengths, are fit simultaneously at each
data set, and the columns\gf) are orthonormal time courses  temperature. Given a set of model rates and the absorbance
associated with the basis spectr& a diagonal matrix whose  data from each mutant, the fitting routine obtains the
elements (i.e., the singular values) are weighting factors, relaxation rates by calculating the eigenvalues of the rate
ordered from largest to smallest (i.6;,> s, > s; etc.), SO matrix of the chemical model (as modified for that mutant).
that the firstn SVD components (i.e., the first singular The model is summarized by Scheme 1.
values and their associated time courses and spectra) provide |pg analysis considers only kinetics,and does not attempt
the bestn component description of the complete data set. ;; ,54el or interpret the actual spéctroscopic changes:

To extract information about the reaction rates that underly ¢, mpjete modeling of transient spectra requires a detailed
the spectroscopic changes following photodissociation of CO 1, 54el for the spectra of all relevant underlying specis (

from unfolded cytochromec, we fit the time-resolved g A gisadvantage of this method is that the fit introduces
absorbance spectra to a model of multiple exponential decays4( rate parameters, even though some of these are under-

More specifically, we used a NeldeMead simplex method  yetermined. (Scheme 1 employs more kinetic rates than there
to fit the five leading columns o¥(y)s from each data set 46 exponential relaxations in the data.) However, the
simultaneously to a sum of exponential decays. The decaygigenyalues of the rate matrix, which correspond to the

rates are specified by the fitting parameters (see below) while oeryaple relaxation rates, are well determined by the fit.
the associated wavelength-dependent decay amplitudes (for

any given set of rates) are derived from tredata and the  ResyLTS

exponential decay functions together through matrix division.

This method combines information from the full range of  Since the spectroscopic data are complex and multiphasic
wavelengths (396440 nm) and delay times (10 ns to 350 in general, we consider first a simple and model-independent
ms) studied, with equal weighting, and is equivalent to a view of the results. Figure 1 show(i,t) = ¢(4,t) —
global analysis. It is, however, far more efficient computa- ¢(4,10 ns), or the early changes in optical extinction, relative
tionally (19). Uncertainties in the fit parameters were to the photoproduct that is present immediately after the laser
estimated in a bootstrap Monte Carlo analysis. pulse photolyzes the C&@ron bond in the unfolded cyto-
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Scheme 1: Kinetic Model for Transient Heme Ligation
Events Following Photodissociation of CO from Unfolded
Horse Cytochrome?
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heme-CO €(A,) — (4,10 ns) observed at fixed wavelength in the four
aThe rate matrix of the model yields a set of eigenvalues (decay cytochromec samples. Solution conditions are as in Figure 1.
rates) that were used to fit the heme absorbance data as a sum of JPPer panel) Data at the deoxyheme/carbonmonoxyheme isosbestic
exponential decays. In modeling the tuna WT and horse H33N data, opomt,iz 419.5 nm, aff = 22°C. (Lower panel) Data af = 40
we omit the His33 state from the model; in modeling the H33N/H26Q ~C»4 = 419.6 nm.

data, we omit both the His33 and His26 states. For each temperature . .
the rates in this scheme were varied in order that the eigenvalues ofThe spectral changes in the horse WT protein do not show a

the rate matrix provided the best possible multiexponential fit to all of Cl€ar isosbestic point near this wavelength. At least one

the cytochromee absorbance data.
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Ficure 1: Transient change in optical extinctiodg(4,t) = €(4,t)

— ¢(4,10 ns) (i.e., change relative to 10 ns photoproduct), observed
in iron(ll) cytochromec at submillisecond times (10 nst < 70

us) after photodissociation of CO from the heme iron by a laser
pulse att = 0. All samples are in 5.00 M GdnHCI| and 0.1 M
phosphate, pH 6.5 & = 22 °C. Experimental times are 10, 22,
40, 67, 100, 150, 230, 340, 510, and 760 ns and 1.1, 1.6, 2.3, 3.4
5.0, 7.5, 11, 16, 23, 33, 48, and 78.

chrome c. The initial spectrum evolves within a few

additional kinetic process evidently coincides temporally with
methionine binding. By contrasig¢(4,t) for the horse double
mutant H33N/H26Q very clearly shows the isosbestic point
on this time scale. The figure also shows the transient spectra
in samples where His33 is absent but His26 remains (i.e.,
the tuna WT and the horse H33N); these do not precisely
match either the horse WT or the double mutant. They are
instead consistent with a reduced amplitude of the additional
kinetic phase. The data in Figure 1 therefore imply that the
binding of the imidazole side chains of His26 and His33 at
the heme gives rise to a rapid kinetic process after photolysis
of CO and that both residues participate in this process.

Figure 2 shows transient extinction changes versus time,
at fixed wavelength. Since the rebinding of CO to deoxyheme
dominate®)e(4,t) at most wavelengths and obscures the small
spectral changes associated with intrachain ligand binding,
the figure shows the optical density near the isosbestic point
of the deoxyheme and carbonmonoxyheme spedtra;
419.5 nm. Since this is near the peak of the methionine
heme absorbance-@17 nm), the initially rising absorbance
seen in all samples indicates Met65 and Met80 binding to
the deoxyheme. The single histidine variants (tuna WT and
H33N) exhibit closely similar kinetics that clearly differ from
those of both the horse WT and the double mutant H33N/
H26Q, especially on the time scalev 10—100 us. At 22
°C, removal of His33 and then His26 systematically simpli-
fies the fast kinetics, demonstrating that both residues play
a comparable role in the early time kinetics.

Figure 2 also suggests that the histidine side chains
compete, at least to some extent, with Met65/Met80 for
access to the deoxyheme. Removing His26 and His33
increases the total absorbance change during the Met65/
Met80 binding phase af = 22 °C, atA = 419.5 nm. At
this temperature and wavelength, the absorbance of the

microseconds, with increasing absorbance near 417 nm andnethionine complex of Fe(Hjheme exceeds that of the
decreasing absorbance near 432 nm. This early spectraimidazole complex by~20-25 (mM cm)?! (7), so if

change reflects the rapid binding of the sulfur of Met80 or
Met65 to the deoxyheme, creating a subpopulation of
intrachain-liganded moleculed)(

Figure 1 shows that, although the isosbestic point of the
deoxyheme and hemenethionine spectra is near 425 nm,

removing the histidine residues tends to replace the histidine
complex with the methionine complex, one expects the
observed increase in total absorbance. The full absorption
spectra observed at50 us (Figure 3) also indicate that the

total amplitude of the early spectral change is larger in the
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(equilibrium) FiIGuRe 4: Magnitude of singular values obtained by SVD of
0 transient absorption difference spectva(l,t), as a function of the
390 400 410 420 430 440 450 final time point included in the SVD analysis. The difference optical
wavelength (nm) density data set is truncated to include only data<sat,, and then
FIGURE 3: Transient optical absorption spectra collectegi§@fter Flecorr][pc_)sedl by SIV D. 'Tht% fIgSlil;’eD show? thet_(relagve) SI'Ze of the
photodissociation of CO, &t = 22 °C (upper) and 40C (lower). argest singular values In the » 85 a lunctioobamples are

in 5.00 M GdnHCI and 0.1 M phosphate, pH 6.5Tat= 18 °C.

The equilibrium (carbonmonoxyheme) spectrum is also shown. See Appendix.

Solution conditions are the same as in Figure 1.

histidine mutants. The _dqta at 4C are Ies_s t_ransparent, t > t,, and then decomposing that subset of the data by SVD,
most likely because the imidazole and methionine complexesayeals the number of species that are resolvable in the
have very similar absorbance at this temperatde the sample at time.

observed amplitudes are too similar to allow a detailed _ . . .
comparison. Figure 4 shows hqw qddltlonal singular values rise above
the background [which is at roughly {2) x 1079 in the
DISCUSSION data ady increases, indicating new spectral components that
become detectable at longer times. The rising portions of
Components by SVD AnalysiSeveral kinetic phases the curves reflect the growing concentration of new transient
appear in transient absorption spectra collected after thespecies; the amplitude of the curves is governed by both the
photodissociation of CO from unfolded iron(ll) cytochrome peak concentrations and the character of the associated
c. Results of previous spectroscopic studies have beenspectral changes, including the degree to which they differ
consistent with transient binding of histidine side chains as from spectra already present in the data (see Appendix). Four
the origin of one early phase in these kineti@s &, 10). spectral components (i.e—Sy) are clearly significant in
Figures 1 and 2 support this picture; eliminating first His33 the horse WT data. The figure shows that,Tat= 18 °C,
and then His26 from horse cytochromsystematically alters  three of these appear on time scales of roughky 4/ 10
the initial kinetics observed in transient absorption. An SVD us, 1k, ~ 100us, and 1% ~ 1 ms, respectively. The fourth
analysis demonstrates more directly that binding of His26 process is not apparent in Figure 4, since it is primarily
and His33 to the heme generates one of the kinetic phaseslescribed by the time course of the first SVD component
that follow photodissociation of CO. (characterized by,); Figure 4 shows the size of the other
The singular values,, s, Ss, etc. obtained through SVD  singular values, (i = 2—5) relative tos,. Previous work4,
of an absorption data sete(i,t) indicate the relative  10) attributes the initial kinetic phask,, to transient binding
importance of the independent spectral components in theof Met65/Met80 at the heme. THe phase appears in the
data set 19). Thus, the number of singular values (that WT horse data and also, with very similar rate but half the
exceed a noise background) represents an upper limit to theamplitude, in the horse H33N and tuna data. It vanishes
number of species present that can be distinguished specentirely in the H33N/H26Q mutant. Figure 4 therefore
troscopically. Since we measure transient difference spectrajdentifies thek, phase as a spectroscopic signature of the
0e(A,t) = e(A,t) — €(4,), the number of detectable species transient binding of both His26 and His33 to the heme iron
is one greater than the number of significant singular values.on the~100us time scale. Data at higher temperatures are
Truncating a data seke(4,t) to exclude points collected at  similar.
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The third s) and fourth k;) kinetic phases in the data

occur on millisecond time scales of roughly 61 ms and (@)
1-10 ms, respectively (with rates increasinglasicreases

from 18 to 46°C). These phases are associated with CO 5 ki
rebinding: Chen et al. also observed these kinetic phases, 10

with rates of 225us™* and 880us* at 40°C, in photolysis
studies of unfolded CO-cytochronegand found their rates

to vary in proportion to CO partial pressui®.(Finding that

the faster of these processes exhibits no signature in time-
resolved near-UV circular dichroism, those authors proposed
that the two phases may correspond to CO recombination
to molecules of different tertiary structure, such as unfolded
versus compact or partially folded. An alternative explanation
is proposed by Arcovito et al2(), who find that two CO-
sensitive phases also appear after photodissociation of CO
from several other forms of heme, including unfolded horse
cytochromec, the heme undecapeptide (microperoxidase),
and free heme plus imidazole. Those authors note that
photolysis of CO is likely to cause dissociation of the
proximal His18, leading to formation of a 4-coordinate iron
state R2). Since the 4-coordinate iron reacts more rapidly
with CO than does the 5-coordinate iron, Arcovito et al.
suggest that the 4-coordinate species rebinds CO after
photolysis, leading to formation of another intermediate,
possibly a 6-coordinate J@—Fe—CO species, which later
decays to the equilibrium Hist8e—CO. Thus they argue

Rate (s™)

o horse WT
o H33N
o H33N/H26Q

Rate (s7)

N B
o O

that the more rapid CO-sensitive phase observed in cyto- fE\
chromec photolysis studies corresponds to rebinding of CO o o=
to 4-coordinate iron, which generates theCHiganded Z 50
. . " g

species, while the slower CO-sensitive phase represents the = k= 41ms
replacement of the @ ligand by the native His18 ligand. 401 o s ‘ ]/k“:1'1

Kinetic Model for Ratedt is tempting to seek information -60 e
about binding rates by decomposing each dgta set into asum 390 400 410 420 430 440 450
of exponential decays. At least four exponentials are required A (nm)

to generate a satisfactory fit to the data at all measured FicUre 5: Decay rates (al andk, and (b)ks—ks obtained in a

wavelengths and times; however, this decomposition is not multiexponential fit (covering all wavelengths) to the(4,t) data

unique, and it requires some constraints in order to generatefrom the cytochrome variants, based on Scheme 1 (see text). Two
decay rates that are reasonably robust with respect to changesets otk, values are shown for the horse WT, since the two histidine
in the wavelength or time range analyzed or to condition- residues give rise to a pair of similar eigenvalues at each
dependent changes in the underlying spectra, etc. Welemperature. Arrhenius fits to the horse WT rates are shown. (c)
: . Transient spectra associated with a multiexponential fit to the horse
obtained a stable and consistent set of_ decay rates from th&yT data at 22C. For example, the most rapid procésspbserved
absorbance data by assuming a chemical kinetic model forin the horse WT is associated with a cur®{7), in panel c; it
the heme ligation reactions in cytochromand then seeking  corresponds to a time-dependent spectral cha@g,exp(—kit),
values of the underlying rates in that model such that the in the horse WToe(4,t) data set. Th&(4) are obtained by a matrix
overall eigenvalues of the model matched the relaxation rates?""s'.on of the horse WT absorbance data by the exponential decay
. unctions.
observed in the data.

The model (see Scheme 1) incorporates the essentialdetermine the relaxation rates for each mutant of cytochrome
ingredients of (1) transient binding of methionine residues, c, with the His33 and/or His26/His33 interactions removed
(2) transient binding of His26 and/or His33, and (3) two from the model as appropriate, depending on the mutant.
pathways for rebinding of CO. Two intermediate states are This constitutes a constraint that, for all of the studied
postulated in order to generate the observed numbdj (  variants of cytochrome, the relaxation rates of the absor-
of exponential processes in the absorbance data of all samplebance data are eigenvalues of a kinetic system derived from
(including the H33N/H26Q double mutant) and also to the same set of fundamental rates. This analysis does not
generate the observed two CO rebinding pathways. Themodel or interpret the actual spectral changes associated with
intermediates may arise from base eliminatigd)( partial these decays.
folding (8), or some other mechanism. For simplicity the  Figure 5 shows the decay rates obtained. These values
binding of Met65 and Met80 is represented as a single provide an excellent fit to the data and agree well with rates
process at a ratiey (i.e., kv = kves + kuso); this eliminates previously reported for the horse W, (8). Table 2 gives
one parameter from the model, with little effect on the results. the Arrhenius parameters for these rates. Aside from the
The interactions of Met65 and Met80 with the heme have complete disappearance of one kinetic process in the double
been analyzed in detail elsewhefs.(The eigenvalues of  mutant, Figure 5 shows that the mutations otherwise have
the rate matrix associated with Scheme 1 should thenlittle effect on the decay rates: the removal of H33N by
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Table 2: Relaxation Rates Obtained in a Multiexponential Fit to
Absorbance Data for Wild-Type Cytochroneg Together with
Parameters from an Arrhenius Fit to the Rates; Ao(T/To)
exp(—EdksT), with To = 295 K&

value at 22C (s}) Ea(kJ/mol) logAo(s™)
K (9.5+ 0.6) x 10 40.6+ 1.4 12.24+0.2
ko (6.2+£0.9) x 10° 54+ 3 13.3+ 0.5
ks (8.8+0.5) x 17 48.4+ 1.6 11.5+0.3
Ka (24+£04)x 1 54+ 2 12.0+ 0.4
ks 5.0+ 0.6 42+ 5 8.2+ 0.9

aThe parameters for the histidine mutants are not significantly
different, althoughk; is absent in the H33N/H26Q mutant (see text).

mutation does not affect the rate of thgorocess. This result

is a simple consequence of Scheme 1. Analysis of the fit
results shows that the faster time constants in the experi-

mental data (i.e., faster tharl(®/s at 22°C) are determined
by the deoxyhemehistidine-methionine subsystem alone
(involving km, K-m, Kuze, knas, andk-y), in which most of
the rates exceed 48. The rate matrix of the subsystem
describing histidine and methionine binding has three

Hagen et al.

unfolded protein anét,; ~ (2.7+ 0.2) x 1® Mt s 1is the
bimolecular rate for histidine binding to ferrous hend. (

The kinetics alone do not shed much light kis and
kuzs Since, unless these rates are both clode o they do
not greatly affect the eigenvalues of Scheme 1. Our fit
indicateskpss + Kuzs ~ (2 &£ 1) x 10 s for T ~ 20—30
°C, but the ratidkusa/kizs is not well determined. However,
the spectroscopic data in Figures 1 and 2, and especially
Figure 4, suggest the simple interpretation that removing
His33 reduces the amplitude of the histidine binding phase
by almost exactly 50%. This implies thit,s andkyss are
nearly equal, okyzs &~ knzz ~ (1 + 0.5) x 10° s ! near 20
°C, giving an equilibrium constamt,¢/k-y ~ 0.2. ThusP(8)
~ P(15)~ (1.7 + 0.8) x 1075 or Cyzs ~ Cuszs ~ (3.7 +
1.8) mM.

This effective concentration is consistent with equilibrium
NMR studies, which indicated that the effective concentration
of nearby histidine side chains at the heme of unfolded
cytochromec is in the range of 38 mM (although possibly
as large as 16 mM) in 3.5 M GdnHCR®). However, the

nonzero eigenvalues, which can be obtained analytically: one€vidence thakzs andkuss are roughly equal, and therefore

eigenvalue is precisellg_y, the second is very neark.y,
and the third is approximateky + k-u, or the equilibration
rate of heme-methionine reaction. Thus the wild type and
the single His33 mutants exhibit one fast relaxatikm {hat
primarily reflects methionine binding and one or two slower
relaxations at a ratle_p, resulting from transient binding of
His26 or His33. The single mutations H33N or H33W do

that P(8) ~ P(15), indicates that the unfolded polypeptide
departs significantly from the behavior expected for an ideal
polymer chain that is assumed in &8. For the ideal chain,
the probability of forming an intrachain loop ofresidues

is proportional tan~%? (24), or P(8) ~ 2.5 P(15). The finite
stiffness of short segments of a real polypeptide must
generate a departure from ideal behavion &gcomes quite

not significantly change these rates, although of course thesmall. Camacho and Thirumala, 26) have estimate&(n)

double mutation H33N/H26Q eliminates tkey rate.

The slower time constants in the daka—{ks in Figure 5)
are controlled byk,—k. of Scheme 1, all of which are
evidently slow, at least 10-fold slower thian,. For example,
the observed relaxation rates at 22 are consistent witk,
~18st ky,~0.6s% k.~ 0.6s? kg~ 300 s?, andke ~

for the formation of disulfide linkages in short polypeptides
and predict that loops of ~ 10 residues form with the
highest probability, whileP(n) drops sharply for shorter
loops. They calculate relative probabilities of 0.3:0.7:1.0:
0.5 for intrachain loops of 8, 9, 10, and 15 residues,
respectively. Given the uncertainty in defining the contour

5 571, although the actual values of these parameters are nof€ngdth of the His26 loop as 8 residues, the starting point

well determined by the kinetic fit.
Estimation of RatedAlthough the exponential decay rates
in the data are well determined in the kinetic analysis,

extracting the underlying rates of Scheme 1 would require a
detailed modeling of the spectral changes and amplitudes.

could be considered as His18 or as another point between
Cysl4 and Cysl7, the probability for intrachain loop
formation in unfolded cytochromedoes appear consistent
with the model of Camacho and Thirumalai; the data suggest
P(8) ~ P(15), indicating that the anticipated “roll-off” of

This in turn requires better understanding of the subsequentN€ 100p formation probability does occur near~ 10.

phases and intermediates associated with CO rebinding.

Nevertheless, since the hemigistidine dissociation rate
is an eigenvalue of the hemdistidine-methionine sub-
system, we obtain a fairly confident estimake, ~ (5.8 &+
0.7) x 10®stat 22°C andk_y ~ (2.44+ 0.3) x 10*s ' at

Studies of loop formation kinetics in flexible synthetic
peptides have also suggested (although not directly observed)
a roll-off atn ~ 10 (27, 28).

Finally, we consider briefly the question of whether a
homogeneous or inhomogeneous model better describes the

40 °C. These rates closely match the dissociation rate loop formation dynamics that occur after photolysis. Gold-

measured for the bimolecular hemlistidine complexky
~ (7.24+0.8) x 10®stat 22°C and (2.6+ 0.6) x 10*s™*

beck et al. {0) recently reported that modeling of transient
MCD spectra in guanidine-unfolded iron(ll) cytochroroe

at 40°C (4) under these solution conditions. This agreement strongly favors an inhomogeneous model, in which two to

demonstrates that hemaistidine binding is reaction con-
trolled. Therefore, the binding rat&gss andkys in Scheme

1 arekye ~ P(8)ky andkyss ~ P(15)ky, whereP(8) andP(15)

are the equilibrium probabilities for the formation of thé
and~15 residue intrachain loops that bring His26 and His33
into proximity with the heme andy is the deoxyheme
histidine geminate reaction ratiey[~ 6 x 10’ s at 22°C,

pH 6.5 @)]. Equivalently, we can writd ~ Czekoi and
Knzs ~ Chaskei, Where Cyzs and Cuss are the effective

three slowly interconverting subpopulations of molecules
coexist in the unfolded state. That i520% of unfolded
cytochromec molecules are in a conformation that allows
transient binding of methionine within microseconds of
photolysis, while a separate populatior60%) can tran-
siently bind histidine; the two ligation processes are then
kinetically uncoupled, at least on time scale$00 us. On

the basis of the rapid appearance of about 10% of the
nativelike far-UV circular dichroism, these authors argued

concentrations of His26 and His33 at the heme iron in the that the methionine binding ensemble in fact proceeds to the



Histidine—Heme Binding in Unfolded Cytochrome Biochemistry, Vol. 41, No. 4, 20024379

folded state in~1 us (at 40°C), while the histidine binding ~ small change in the data s&t

ensemble remains kinetically trapped. In our data, however,

the overall amplitude of the rapid spectral changes observed A=A +e€

in the histidine variants, and compared to the horse WT

(Figures 2 and 3), does not suggest that eliminating the perturbation theory describes the effeckain the singular
histidine side chains reduces the total fraction of hemes thatvalues ofA, or (equivalently) the eigenvalues #AT =
bind ligands in the initiab~100us after photolysis. AT = AcAoT + W, where W = Ape’ + €At + €e€'. The
22 °C the mutations actually seem to increase the total unperturbed singular valug? is shifted according to
amplitude of the Met65/Met80 binding. This finding supports

a homogeneous model for the intrachain ligand binding 512 — S02_,_ UTWuU. + Z -(U-TWU-)2/(51°2 _ %02) +
kinetics @), in which the His26/His33 side chains compete ' ! S (A1)
with the Met65/Met80 side chains for access to the deoxy-

heme after photolysis of CO. In this case, the rapid CD (19). Once the tern,"WU,

changes observed by Chen et &) (nay indicate partial ot g2 52 grows linearly withU;TWU;. Consistent with the

formation of secondary structure in a large number. of idea of a new spectral component appearing in a chemical
molecules, rather than complete folding of a small fraction. kinetic relaxation of raté, we consider the situation

exceeds the “background” value
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Since the basis spectruthi(1) associated with is orthogonal
APPENDIX to those that comprisao, one may show that the terms in

W that are linear ine do not contribute tdJ;"WU;. The

Interpretation of Figure 4Figure 4 shows how several | ) .
P g g gJuadratic ternee’ in W then dominates);"WU;. Therefore

new, spectroscopically distinguishable species appear in th
absorbance data sets on various time scales. Some additional T ) T T ) )

discussion of singular value decomposition (SVD) may help ee. = U(MRRU(A) = ¢ Zj(Rj )

in understanding this figure. If the matWx= A(4,t) contains

the time- and wavelength-resolved absorbance data obtained@nd the first correction tg?2 in eq Al is

in a spectroscopic measurement under given experimental

conditions (i.e., one sample at one temperafrehen the U'wu, = EiZZJ(RjZ)

SVD of A is given byA = USV'. Here the columns of

are a set of orthonormal basis spectig¢), and the columns  \yhen data are collected on a logarithmic time base, the sum
of V are orthonormal functions o_f tim&(t). The singular over R? and therefore also the correction $8, grows as
valuess are elements of the diagonal mati$cand are (k)2 wheret; is the last time point in the data set. We must

nonnegative. Furthermore, the coITumns\@ﬁre the eigen- 5150 consider the second-order terms in eq A1, through which
vectors, and the elements 8f = S'S (a diagonal matrix)  {he |inear termeAo” in W also generates a correctiong@d

are the eigenvalues, of the matr&'A. Similarly, the |5 the simplest case whe, is a time-independent data
columns ofU are the eigenvectors, and the element§of gt je. Ao = sCUAVD)T and all elements ol are
are the eigenvalues, of the matdA ™. identical

Formally, the number of nonzero singular values gives the
rank of A. In a real data set, the number of singular values /T 2102 _ o0 02_2(%" R12/(<92 _ & 02 o
that exceed some floor value (determined by experimental (UrWU(S ) 087 (ZJRJ) (s 5‘2 5
noise) indicates an effective rank fér, or the number of € (Z]Rj)
spectroscopically distinguishable species in the data. (The
total number of species present may be larger.) How is the Again for a logarithmic time base, the sum oWgrows in
SVD of a data set affected by the appearance of a newproportion tokt, so that this correction t§? also grows as
chemical species? We consider a spectroscopic datsset  (kt)2 Thuss? grows as kt)?, and the new singular valug
(4,t) that becomes perturbed by the appearance of a newgrows in proportion tdkt ande;. Since the concentration of

chemical species. The perturbatiefi,t) added toAq(4,t) the new chemical species also grows in proportiokttt
normally contains spectral components that are linear early times), the growth of a new singular value in Figure 4
combinations of existing spectral componentaigas well mirrors the growth in the concentration of the new species.

as components that are orthogonal to the spectra comprisingrhe amplitude of the new singular value is also proportional
Ao. Here we are interested in a perturbation that generatesto €, or the amplitude of the spectral change associated with
“new” spectral content in the data, i.e., one that is described the new species. This linear dependencs ofi t; is apparent

by a previously unimportant basis spectrudyl) and in the logarithmic plot of Figure 4, wherg/s, first rises
therefore causes the singular valw¢o increase above its  above the noise background with nearly unit slope, sikge
original background levek®. Perturbations that can be is indeed time-independent. (The same general conclusions
represented as linear combinations of existing spectralstill apply when A, is time-dependent, although the
components do not generate new singular values. Given adependence of will not be linear.)
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