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ABSTRACT. The water-soluble domain of rat hepatic cytochrdmendergoes marked structural changes
upon heme removal. The solution structure of apocytochransbows that the protein is partially folded

in the absence of the heme group, exhibiting a stable module and a disordered heme-binding loop. The
quality of the apoprotein structure in solution was improved with the use of heteronuclear NMR data.
Backbone amide hydrogen exchange was studied to characterize cooperative units in the protein. It was
found that this criterion distinguished the folded module from the heme-binding loop in the apoprotein,
in contrast to the holoprotein. The osmolyte trimethylamikexide (TMAO) did not affect the structure

of the apoprotein in the disordered region. TMAO imparted a small stabilization consistent with an unfolded
state effect correlating with the extent of buried surface area in the folded region of the native apoprotein.
The failure of the osmolyte to cause large conformational shifts in the disordered loop supported the view
that the specificity of the local sequence for the holoprotein fold was best developed with the stabilization
of the native state through heme binding. To dissect the role of the heme prosthetic group in forcing the
disordered region into the holoprotein conformation, the axial histidine belonging to the flexible loop
(His63) was replaced with an alanine, and the structural properties of the protein with carbon-monoxide-
ligated reduced iron were studied. The His63Ala substitution resulted in a protein with lower heme affinity
but nevertheless capable of complete refolding. This indicated that the coordination bond was not necessary
to establish the structural features of the holoprotein. In addition, the weak binding of the heme in this
protein resulted in conformational shifts at a location distant from the binding site. The data suggested an
uneven distribution of cooperative elements in the structure of the cytochrome.

Several smallb hemoproteins, such as cytochrorhg tions within the structure. Varying degrees of cooperativity
myoglobin, and cytochromiese,, present a common pattern  within a native protein are also manifested in nonuniform
of heme binding by which certain secondary structure binding perturbations as seen in H-exchange studigg)(
elements located at the heme cavity adopt a unique and stabland internal motion studies,(9).

fold only under the influence of the prosthetic grodp-g, The uneven coupling of structural elements with each other
and references therein). Similar local refolding coupled 10 @ g,ggests that defined pathways exist for the transmission of
binding event is observed in many other proteins and ¢qntormational messages away from the binding site. A

fl;nctlonlal cor;\t_extszl) ar|1:q dra\;]vs attention to ftvﬁo feat.ures statistical thermodynamic analysis aimed at elucidating the
of protein architecture. First, the sequence of the regions 10,10 jar origin of cooperativity in several proteir0)

b? trr]efOIIQed Snco&ies S|mull]f_antiousl)(/j!nstab[llty '? t?e atbsen.ceindeed proposes that regions of low stability in binding sites
of th€ figand and a specilic three-dimensional structure n play critical roles in relaying binding status to remote

its presence. This distinction between fold stability and locations via a subset of residues. In the study presented here,

Zﬂz(r;lfclectlitcys (?f ri)rg\rlllge;n?jinmefr?riﬂlsw t::()er caodsjtjsc::‘ngai?i; cytochromebs served as an experimental test case for the
g 9 Y 9 P importance of low-stability regions in relation to conforma-

refolding. Second, the ability to achieve different levels of tional shifts triagered by cofactor bindin
polypeptide chain organization with and without ligand 99 y 9

demonstrates an irregular distribution of cooperative interac- ~ The water-soluble domain of hepatic cytochromecyt
bs)! is a redox protein containing a single heme prosthetic

group ligated by two axial histidines in both the ferric and
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GM-54217 ferrous forms. As shown in Figure 1, the heme group is
* The coordinates have been deposited at the Protein Data Bank agocated within a predominantlg-helical pocket 11); this
entries 1187 and 1I8C. cavity is lined with hydrophobic residues that make tight
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Apocytochromebs was uniformly labeled with*C and
15N for triple-resonance NMR experiments. Additional NMR
restraints were obtained from these spectra, and the low-
resolution structure was improved. Backbone amide hydrogen-
exchange data were used as complementary markers of local
stability and as a means of accessing a dynamic regime
slower than characterized byN relaxation methods. In
favorable cases, H-exchange data can be interpreted in
thermodynamic terms to generate a detailed view of coopera-
tive nuclei in proteins Z0). Although by nature apocyts
FiGURE 1: Ribbon diagram of the water-soluble domain of byt~ did not lend itself to this type of analysis, the exchange
after the X-ray structure of the bovine protein (PDB entry 1cyo). behavior provided a criterion for classifying residues ac-
Secondary structure elements are, sequentjallynl, 54, 83, 02, cording to their conformational lability.

a3, 85, a4, a5, 52, anda6. The heme and the axial histidines are . .
shown with balls and sticks. His39 is located at the end2yfand To test further the propensity of the heme loop for adopting

His63 is in the extended region connecting anda5. N indicates ~ régular secondary structure, the conformational properties
the N-terminus. of apocytbs were inspected anew in the presence of the

osmolyte trimethylamin&l-oxide (TMAQO). TMAO has been

shows a folded structural module formed by an irregular shown to bring partially folded proteins to their native
pB-barrel and a largely disordered, 30-residue loop in place conformation 21, 22) by generating unfavorable interactions
of the folded heme-binding site depicted in Figurel)l The between the backbone and the mixed solved).(TMAO
apoprotein exhibits decreased thermal stability compared totherefore offered an opportunity to compare unfolded state
the holoprotein 13—15). However, the unfolding transitions  destabilization with native state stabilization caused by heme
of both the holoprotein and the apoprotein native states arebinding. Its effect provided a measure of the tendency of
cooperative and can be represented satisfactorily with a two-the loop to form a compact structure.
state model. Finally, to assess the role of various henpeotein

The backbone dynamics deduced frdfiN relaxation interactions in refolding and to probe a possible pathway of
measurements confirm a gain in flexibility in the entire conformational rearrangement within the structure, the axial
apoprotein {5) when compared to the holoproteib6—18). histidine belonging to the flexible binding loop (His63) was
In addition, the two axial histidines are not dynamically replaced with an alanine. This substitution prevented en-
equivalent in the apoprotein, His39 belonging to the well- dogenous hexacoordination of the heme and, by lowering
folded region of the structure and His63 to the disordered the free energy of heme binding, revealed the contribution
loop. Of particular interest to this work is a third region of the ligation bond to site 63 in positioning the heme in its
comprised of helixx6. This helix is located as far from the  cavity.
heme-binding site as the structure allows (Figure 1) and
undergoes a conformational equilibrium on the millisecond MATERIALS AND METHODS

time scale. Binding the heme group.in its cavity suppresses Chemicals were purchased from Sigma (St. Louis, MO)
the conformational exchange in het6 (19). unless otherwise indicated. All experiments were conducted

The goals of this study were to investigate the interactions in degassed bufferé 5 M stock solution of TMAO 99%
essential to the establishment of a cooperative network pure) was treated with activated charcoal or mixed bed ion-
encompassing the heme-binding loop of the cytochrome andexchange resin (Bio-Rad, Hercules, CA) to remove residual
helix 06 and to clarify the role of His63 in the coupled amines. The amine-free stock solution was diluted with
binding—refolding event of the apoprotein. These goals phosphate buffer (2660 mM) to a suitable concentration,
required several experimental approaches for refinement ofand the pH was adjusted to the required value. The reported
the structural and dynamic description of the loop in the concentrations of TMAO in solution are based on refractive
native apoprotein state, inspection of the propensity of the index measurementg£3).
loop to refold in the absence of the heme group, and Cytochrome bPreparation Unlabeled *N-labeled, and
description of the consequences of severing the coordinationsy.” 514 13C-labeled wild-type rat hepatic cyds (water-
bond to His63. soluble fragment only) were prepared as previously described
(1). H63A cytbs was generated with the Quick Change Site-

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D, Directed Mutagenesis Kit (Stratagene, La Jolla, CA) by
three-dimensional; 2QF, double-quantum filter; apdwytapoprotein introducing a single base pair substitution to the His63 codon
of the water-soluble fragment of rat hepatic cytochrobag ASA, of the wild-type gene in a pET-3d (Novagen, Madison, WI)

solvent-accessible surface area; lsytheme-containing, water-soluble . . i
fragment of rat hepatic cytochronbg CD, circular dichroism; COSY, expression vector. The kit method was modified by trans-

correlated spectroscopy; EDTA, ethylenediaminetetraacetic acid; FID, forming the mutated plasmid into competé&sicherichia coli
free induction decay; HSQC, heteronuclear single-quantum coherence;DH50. cells. The plasmid was purified from overnight

NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; ; ; s ; ;
NOESY, NOE spectroscopy; PAGE, polyacrylamide gel electrophore- cultures using the QlAprep Spin Miniprep Kit (Qiagen,

sis; PDB, Protein Data Bank; ROESY, rotating frame nuclear Over- Valencia, CA). The mutant cyis was expressed i&. coli
hauser spectroscopy; SDS, sodium dodecyl sulfate; SF, saturationBL21(DE3) cells by following a procedure similar to that
transfer factor; TMAO, trimethylamin&-oxide; TOCSY, total cor- used for wild-type cybs (1).

relation spectroscopy; TPPI, time-proportional phase incrementation; . . . .
Tris, tris(hydroxymethyl)aminomethane; rmsd, root-mean-square devia- Th_e_ pu_rlflcatlon of _H63A cybs was carried out with minor
tion; WATERGATE, water suppression by gradient-tailored excitation. modification of the wild-type protocol. The thawed cells were
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resuspended in ion-exchange buffer (IEB) [50 mM Tris, 1 to the initial temperature and collecting data &t steps.
mM EDTA, and 100 mM imidazole (pH 7.5)] and lysed by Reversibility was 95100% for all apoprotein samples. The
sonication with six 10 s bursts at 70% power (Fisher absorbance versus temperature data were fitted to a two-
Scientific model 60 sonic dismembrator). Cellular debris state model of denaturation as described elsewlere6).
were separated by centrifugation, and a concentrated solutionThe equation includes a linear dependence of the extinction
of bovine hemin chloride in 0.1 M NaOH was added stepwise coefficient of the fully folded and fully unfolded protein on
to the supernatant. After the pH had been lowered to 6 andtemperature (requiring four adjustable parameters), the
centrifugation at 480Q§for 45 min to remove excess hemin, standard enthalpy chang@HK®), the temperature at the
the clarified sample was loaded onto an IEB-equilibrated midpoint of the transitionT,), and a temperature-independ-
DEAE Sephacel (Amersham-Pharmacia Biotech, Inc., Piscat-ent standard change in heat capacityC{?). This last
away, NJ) anion-exchange column. Elution was performed parameter is not accurately determined by the mettdq (
with a linear salt gradient (from 0.0 to 0.4 M NaCl in IEB). The thermal unfolding of the holoprotein carried out under
Imidazole was included in the IEB and elution buffer to help the same conditions that were used for the apoprotein was
preserve the holoprotein forr@4). Fractions were analyzed not reversible in any of the TMAO concentrations.
by SDS-PAGE, and those essentially free of contaminating NMR SpectroscopyThe wild-type cytbs samples were
proteins were pooled and concentrated to a volume 1 prepared from lyophilized protein, whereas the H63A cyt
mL. After another hematin reconstitution cycle to compensate bs samples were obtained by concentrating the solution
for partial hemin loss during anion-exchange chromatogra- resulting from the last purification step. Typically, the
phy, the remaining contaminants were removed by filtration samples were at concentrations cf2 mM in H,0; the
through Sephadex G-50 fine resin (Amersham) equilibrated pH was adjusted to the desired value usiHg! or NaCH,
with 50 mM Tris and 1 mM EDTA (pH 7.5). Fractions that and furthe’H,O was added to reach a firdd,O concentra-
exhibited a single H63A cyis band by SDSPAGE were tion of 5-10% of the total sample volume. THE spectra
pooled and concentrated to yield a mixed stock solution of were referenced to the water resonance at 4.76 pgm;
holo- and apoprotein. Pure apoprotein was obtained from signals and*®N signals were referenced indirectly to the
this solution by anion-exchange chromatography (as above)proton frequency46). H63A cyt bs was subjected only to
in the absence of imidazole. Pure holoprotein was generatechomonuclear 1D and 2D experiments.
by titrating the stock solution with hematin in 0.1 M NaOH. NMR data were acquired on a Bruker AMX2-500 spec-
The ferric cyanide complex was produced by addition of trometer (11.7 T, operating atd frequency of 500.13 MHz)
excess KCN, whereas the carbonmonoxy complex wasand a Bruker DRX-600 spectrometer (14.1 T, operating at a
prepared by degassing the solution, reducing with solid *H frequency of 600.13 MHz). Homonuclear experiments
dithionite, and bubbling CO through the solution for a few (2QF-COSY, TOCSY, and NOESY) were carried out as
minutes. The extinction coefficient of H63A apodys at reported elsewhere (27). *H—5N 3D NOESY-HSQC and
280 nm was taken to be equal to that of the wild-type protein 'H—'5N 3D TOCSY-HSQC data were collected at 14.1 T
[10.6 mMt cm™t in 20 mM phosphate buffer (pH 6.8)]. to confirm the spectral assignments of the wild-type apo-
Far-UV Circular Dichroism MeasurementsThe CD protein in the presence of TMAO. Parameters were as
spectra of wild-type apocyits and H63A apocyts were described previously16).
collected between 190 and 290 nm on an Aviv model 62  Triple-resonance 3D experiments at 14.1 T were performed
DS circular dichroism spectropolarimeter. The protein con- on a3C- and'*N-labeled wild-type apoprotein sample in a
centration was 0.025 mM in 2660 mM phosphate buffer  95% HO/5%2H,0 mixture to complete the spectral assign-
(pH 6.8 and 7.3), and the samples were maintained at 25ments and derive additional distance restraints. Parameters
°C. Wild-type data were also collected in the presence of are given for dimensiong—t; with asterisks indicating the
0.9 M TMAO. Raw data were corrected by subtracting values number of complex data pointdH—*C HCCH-TOCSY and
collected for buffer over the same wavelength interval and COSY (H, 4808 Hz and 64*1°C, 11 468 Hz and 40*H,
converted into molar residual ellipticity (MRERY). 4808 Hz and 512*)28), 'H—C HSQC-NOESY {H, 8013
Thermal Denaturation Wild-type apoprotein samples Hz and 64*13C, 11 468 Hz and 32*%H, 8013 Hz and 512*)
(<0.05 mM) were prepared in 2660 mM phosphate buffer  (29), HNCA (**N, 2222 Hz and 44*13C, 5000 Hz and 48%;
containing three different concentrations of TMAO (0.25 M 'H, 8013 Hz and 512*)30, 31), and CBCA(CO)NH ¥C,
at pH 6.5, 0.9 M at pH 6.8 and 7.3, and 1.5 M at pH 6.7). 8929 Hz and 60*1°N, 2222 Hz and 24*!H, 8013 Hz and
Samples without TMAO were prepared under identical 512*) (32). In all these experiments, quadrature detection in
conditions at pH 6.8 and 7.3. H63A apody data were the indirect dimensions was achieved using the Fr3Rates
collected at pH 6.7 in the absence of TMAO. Thermal method 83) and a WATERGATE solvent suppression
denaturation curves were obtained using an AVIV model scheme was use®4, 35).
14DS spectrophotometer equipped with a thermoelectric Data sets were processed using FELIX 97.0 (Molecular
device for temperature control. The absorbance of the Simulations Inc., San Diego, CA). In general, the FID along
apoprotein at 285 nm was monitored by scanning the the direct dimension was convoluted with a low-order
wavelength between 260 and 320 nm every 0.5 nm. The polynomial to remove the residual water signal before
temperature was varied from 5to 7€ in 2°C increments filtering with a sine-squared window function phase-shifted
with 5 min equilibration intervals. This procedure was used by 40-60°. Along the indirect dimensions, the interferograms
in the first trials to verify the presence of isosbestic points. were extended by linear prediction before apodizing with a
In subsequent trials, data were collected at 285 nm without sine-squared window function phase-shifted by—60°.
scanning; the equilibration time was 5 min. The reversibility Final data set sizes were typically 512024 x 64—128 x
of the unfolding reaction was tested by returning the samples128 real data points. Wild-type apoprotein chemical shifts
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are provided as Supporting Information (Tables S1 and S2).data. NOESY data showed no evidence of residual structure
To monitor the effect bl M TMAO on the backbone in solution at room temperature. Exchange rates were
dynamics of the wild-type apoproteiti —°N NOE experi- determined by inversion recovery with and without saturation
ments 86) were carried out at 14.1 T wit3 s saturation of  of the water during the mixing timet(). Individual T,(app)
the amide protons using a WALTZ-16 decoupling scheme values obtained through eq 2 were used asidi/eq 1 to
(37); the TMAO signal was suppressed with a low-power extract values fokex. Complete saturation of the water was
proton pulse during an additional 1.2 s relaxation delay. The accomplished with a low-powe3 s pulse. In addition, data
reference spectrum was identical in all respects except forwere collected with a 1D version of the WEX filte#2).
the saturation of the amide protons. The standard deviationThe mixing times ranged from 1 msto 1 s. The WEX method
on the NOE measurement was typically 8% as reported requires knowledge of the water longitudinal relaxation rate.
previously in the absence of TMAQLY). This parameter was measured by inversion recovery with
For the hydrogen exchange experimen®h apocytbs application of a weak gradient pulse during inversion and
was dissolved in 20 mM phosphate buffer containing 0.9 M recovery to prevent radiation damping. The values were 3.2
TMAO at pH 7.3 to obtain a final protein concentration of and 2.5 sin 0 and 1 M osmolyte, respectively, an indication
~1 mM. An identical sample was prepared without TMAO. of increased bulk viscosity with the osmolyte. The exchange
A second pair of samples was made at pH 6.7 (45 mM rates obtained by the WEX method and the saturation transfer
phosphate and 0.9 M TMAO). method, though not identical to the calculaked were within
Saturation transfer methods were applied to mealkyre  experimental error of each other in the presence and absence
the apparent rate constant for the exchange process. In thef TMAO.
chosen implementation of the experiment, tdld—°N Details of the data processing for obtaining exchange rates
HSQC spectra are collected, one without perturbation of the from the saturation transfer experimen®8)(and the WEX
water line, yielding cross-peak intenslty and the other with  experiments42—44) are provided in the original references.
complete saturation of the water, yielding cross-peak intensity Because the methods could not be used in a quantitative
I (38). The saturation factor, SF, measures the relative manner with apocybs, they are not discussed further.

decrease of intensity and is given by pH Titration. A pH titration of H63A apocyths was
performed by using two identical samples (1 mM) beginning
l__»p (1) at pH~7.5. The samples were titrated with-4 L aliquots
o p+ky of either 0.1 M2HCI until the pH reached 5.4 or 0.1 M

NaCQ’H until the pH reached 9.8. The pH was measured
wherep is the selective longitudinal relaxation time of the before and after each NMR spectrum was acquired; the
proton under analysis3@). The relaxation delay was setto average values were used for data fitting. The resulting
2 s, and the water was saturated Ics at lowpower (~50— chemical shift versus pH curves for thesl€ of each His
100 uW). Other parameters for the HSQC collection were residue were fitted by a nonlinear least-squares routine using
as reported previousiylp). a modified HendersonHasselbach equation:

For practical reasons, it is customary to use a single
nonselectivel; instead of thep parameter40). Nonselective 0, = 0,0+ (Bries — D) 10 (PKa—PH)
IH T,'s were measured in the absence of water saturation ° His His* Hi 1 + 1Q"PKaPH)
using an inversion recovery schen38); The recovery times
ranged from 2 to 100 ms. Peak intensities were fit as a whered, is the observed shift at any pldys represents the

3)

function of mixing time ) according to chemical shift of the neutral form (high pH limitduis is
the chemical shift of the protonated form (low pH limit),
I(t) =141~ (1 - cose) exy — t ) angn is a Hill coefficient. The routine converges on the
T,(app optimal set of K, Ouis, Onist, andn. The apparent s so

determined were compared with the known wild-type values

where |, is the fully relaxed intensityp represents the  (45).
variable flip angle, andii(app) is defined ag; + 1/ke. Ring Current Shift Calculation®Ring current shifts caused
Combining egs 1 and 2 yields estimates Taf and Kex. by the heme group and aromatic residues were calculated
Experimental errors were too large to give significance to with a Johnsorn-Bovey algorithm 46) as described previ-
individual kex values, and protection factong{k;c) were not ously @7). The values reported in Table 5 are from an eight-
determined. loop procedure for the heme group.

The intrinsic exchange ratesk.d at a given pH and Structure CalculationsStructures were calculated using
temperature were calculated using standard paramdtBrs ( the program X-PLOR 3.85148) with the protocol based on
To verify that these values could be used in the presence ofa hybrid distance geometry-simulated annealing (DG-SA)
TMAO as well, a series of exchange experiments were method. A total of 997 restraints were applied as described
performed on a model undecapeptide representing a histidinein detail in the Results and Table 1. The same approach was
containing fragment of the G helix of sperm whale myo- applied as previously reported for the medium-resolution
globin (IIHVLHSRHPG). This peptide was purchased from structure 1) except that the energy maintaining the planarity
the Peptide Synthesis Facility of Washington University (St. of the peptide bond was lowered to provide better sampling
Louis, MO). The samples contained 4 mM peptide in 20 about this bond. The structures presented have a more
mM phosphate buffer with, or without, 0.9 M TMAO at pH realistic range ofv angles, but they also have a larger rmsd
6.8. The sample without TMAO was used to obtain the amide than structures with a stiff peptide bond. A family of 20
proton chemical assignments with 2QF-COSY and TOCSY lowest-energy structures without significant distance viola-
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Table 1: Structural Statistics and Atomic rms Deviations

Structural Statistics

{SA}2 [BALP
rms deviation from experimental constraints
distance constraints (A) 0.008+ 0.003 0.006
dihedral constraints (dety) 0.15+ 0.07 0.12
rms deviation from ideal geometry
bonds (A) 0.0028: 0.0001  0.0028
angles (deg) 0.53 0.01 0.53
impropers (deg) 0.68- 0.06 0.58
no. of violation§
g:ﬁg‘;;?gg:;trr;wg ffg ii Ficure 2: NMR structure of apocybs. A total of 20 Gx traces
are superimposed onto their geometrical average. The heme-binding
rms Deviations from the Average Structure (A) site (elementst2, o3, 55, a4, anda5) is well defined only ino2
{SA}e and the last turn ofl5. The remainder is termed the heme-binding
backbone (N-Ca—C)) 0.49+ 0.07 loop in the text. In the top triptych, the segment spanning residues
side chains (heavy atom) 1.280.14 1-87 is depicted with the N-terminus pointing up and the

- - - - - C-terminus to the right. When viewed in stereo, the disordered
a{SA} is the family of flngl 20 simulated annealing structures; mean heme-binding loop should appear behind the plane of the paper.
values and standard deviations are shown for these 20 structi8#é)  The second triptych presents the same structures without the loop
is the structure obtained by applying 10000 steps of restrained of residues 4369. The orientation is slightly different and shows
minimization to the mathematical average structure. The mathematical ina heme group added where found in the holoprotein. Note helix
average structure was obtained by first aligning the 20 structures with g i the right, which undergoes a slow conformational exchange

a least-squares fit over the regular secondary structureCgN-C' (milliseconds) in the apoprotein. The NMR restraints used.6n
fragments of residues 813, 21-25, 33-37, 73-76, and 82-84) and were those corresponding to the helical conformation.

then averaging the atomic coordinateé total of 929 distance

constraints were used in the structure calculation: 264 long-range

(i = jl > 4), 369 medium-range (¥ |i — j| < 4), 270 intraresidue, RESULTS
and 13x 2 H-bonds.d A total of 51 dihedral constraints were used in

the structure calculation: 34 backbopeangles and 17 side chajn . . .
angles< All distance violations are less than 0.45 A, and all dinedral ~ Structural RefinementThe previously determined low-

violations are less than .4 The rms deviations of the atomic positions ~ resolution structure of rat hepatic apodyt(1) provides a
were calculated for each structure{iBA} against the mathematical  good representation of folded elements. However, the heme-
avefrag:e structure. The averagée vaaluesf and standahrd deviatiolns fgr th%inding loop adopts a range of conformations that resist ready
20 final structures are reported when fitting over the ranges listed in . - -

footnote b. The rmsd for backbone atoms over the region of residuesdescnpt'on' Trlple-resonancg experiments .Were performed
3-88 is 2.2+ 0.4 A, which reflects the lack of definition in the heme-  tO increase the number of distance restraints and confirm
binding loop. the partially folded nature of the loop. The inclusion'&t

data resolved most remaining ambiguities and improved the

tions (all <0.45 A and most0.1 A as reported by X-PLOR) quality of the structure. Although underdetermination still

was selected for Figure 2. Structures and restraints Wereaﬁ(?Cts residues near and in the Ioop.and leads to a few
analyzed with the programs AQUA and PROCHEC10)( unlikely backbone dihedral angles, the improvement helped
The checking facility of the program WHAT IF50) was to elucidate the conformations sampled by the heme-binding

. . loop and to define the extent of structural rearrangement
used to compare the calculated structures with a set of high-. L LI
. . ; . imposed by the heme group. Statistical information is listed
resolution protein structures and to identify unusual geom- in Table 1
etries in the backbone and side chains. Regions of the )

structure remain imperfect because of a lack of restraints. F|gure 2 presents an overlap of 20cQraces. As
For example, the backbone dihedral angles at Lys14 andprewously reported, several elements of structure are folded

in the absence of the heme. These are, in sequence order,

Lys72.are abnormal. o ) strandp1 (residues 47), helixal (residues 9-14), strand

Static Sadent Accessibility CalculationsSolvent-acces- g4 (residues 2125), strand33 (residues 2832), helixa2
sible surface areas (ASA) were calculated with the Lee and (residues 33:38), the last turn of helixu5 (residues 76
Richards algorithm §1) as implemented in the program 74) strands2 (residues 7479), and the first turn of helix
Naccessg2). Standard van der Waals radiid) and a probe g6 (residues 8684). The other elements of structure define
radius of 1.4 A were used. The backbone contribution of the heme pocket and do not appear to be stably folded. Weak
each amino acid was defined as the sum of the ASA’s from NOEs between strand5 (residues 5154) and strangB4
the N, Gx, C', and O atoms. Side chain contributions arose indicated that sampling of the holoprotein conformation does
from all other atoms. Fractional accessibility estimates were occur in this region. The calculations captured an occasional
obtained by dividing the absolute ASA’s by the correspond- turn in thea3 region and no structural preferencevifh, the
ing unfolded state values reported by Rose and co-workershelix of lowest local propensity according to its composition
(54). Upper and lower estimates were determined. Calcula- and the program AGADIRSE).
tions were repeated over a family of 20 apoprotein structures.  Thermodynamic Consequences of TMAO Additipocyt
As an indicator of reliability, the results were averaged and bs undergoes a reversible two-state thermal denaturation that
the standard deviations were used, large values implying acan be followed through the change in absorbance at 285
fluctuating conformation and inaccurate information. The nm. The main contributor at this wavelength is Trp22, in
average NMR structure of rat ferroclyg (PDB entry laqa; the folded region of the structure (strafid). The unfolding
55) was used for the holoprotein calculations. curves obtained by this method coincide with those produced
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"o 20 4'0 6‘0 8'0 residue number
o Ficure 4: Effect of TMAO on the backbone dynamics of apocyt
T(°C) bs as shown byH—1"N NOE values measured at 26. Standard
FiGURe 3: Thermal denaturation of apodys monitored by U\~ deviations are~8% (15). The data for the sample with 0.9 M

vis spectroscopy at different pHs and TMAO concentrations. The TMAO at pH 7.3 are shown with the black circle®)( and the
lines through the data points represent fits to a two-state process data at pH 7.7 in the absence of TMAO are shown with the white
Using the fitted thermodynamic parameters listed in Table 2, the squares(l). The lower NOE values in the heme-binding loop and
fraction of unfolded apoproteirFg,) was calculated as a function the termini correspond to the absence of structure in these parts of

of temperature for the various conditions, which wed3 pH 7.3 the backbone.
and no added TMAO<®) pH 6.8 and no TMAO, ®) pH 7.3 and . Lo
0.9 M TMAO, and @) pH 6.8 and 0.9 M TMAO. folded module and the disordered heme-binding loop, were

maintainedm 1 M TMAO. Chemical shift changes induced
Table 2: Effect of TMAO on the Thermodynamic Parameters of by TMAO demonstrated a small systematic upfield trend in
Apocyt bs* the*H dimension. Values outside of two standard deviations
no TMAO 0.9 M TMAO from the average were observed in hali and suggested
pH 6.8 PH7.3 PH 6.8 pH7.3 that this re_gion was susceptible to Co_nform_ational shifts. A
o 514101 450508 572504 520L04 conformational shift was also noticed in heti, where the
AH®(Tr) (k3/mol) 145+ 1 11848 17346 15717 manifestation of slow exchange was largely attenuateq.
ACe (kJmoF1K™Y) 37+01 4.0+06 44+03 46+05 Overall, the appearances of the spectra were sharper with
AG°(25°C) (kJ/mol)  7.7+0.3 4.8+03 97+11 7.8+12 TMAO, suggesting a generalized restriction in the sampling
aThe uncertainties are the standard deviations of the fit except in Of conformational space caused by the additive.
the case ofAG°(25 °C), where a range was calculated with the To confirm the minimal influence of TMAO on the heme-
deviations omMH°(Tr) andAC,°. The data correspond to those shown  pinding loop, the rapid segmental motions of the backbone
in Figure 3. Rep_rodumblllty trials demonstrated an uncertainty in were inspected byH—15N NOE measurements. Figure 4
AG°(25 °C) reaching 30%. . ) .
compares data obtained with and without the osmolyte.
Under both conditions, the NOE depression characteristic
by circular dichroism after normalizatioi4). Denaturation of accelerated motions in the heme-binding loop was
curves at two pH values (7.3 and 6.8) are shown in the gpparent. A slight change in NOEs toward more positive
absence and presence of TMAO in Figure 3. The corre- yalues was observed upon addition of the osmolyte. This
sponding thermodynamic parameters obtained through two-was attributed to an increase in bulk viscosity in the folded
state fits are listed in Table 2. Apodysis marginally stable  regions and local conformational changes affecting the
under all conditions, with decreasing appar&@°y-—y at amplitude of oscillations and correlated internal motions in
increasing pH. TMAO at a concentratiof b M increased  the heme-binding loop. The addition of TMAO has an effect
the midpoint of the transitionlt,) by a few degrees Celsius.  similar to cooling the solution by-10 °C (15).
A stabilization of the native state by-3 kJ/mol at 25°C Backbone Amide Proton Exchang& apocyt bs, a
relative to the unfolded state was also observed, with the majority of amide backbone protons exchange with bulk
caveat that these small quantities are prone to error. Thesplvent within the few minutes required to dissolve the
standard Gibbs energy values reported in the table indicateprotein in 2H,0 and prepare the spectrometer for data
that at pH 7.3 and 23C, ~90% of the protein is in the  collection (@, 27). At pH 6.7 and 25C, exceptions are Tyr7
folded state, and that additioh ® M TMAO increased this in strandp1, Glull, lle12, and GIn13 in heligl, Val23
proportion to more than 95%. and Leu25 in stran@4, Val29 in strang33, Phe35 in helix
Conformational Consequences of TMAO Additioipon o2, and lle76 in stran@®2. The side chains of Tyr7, Val29,
addition d 1 M TMAO, the far-UV CD spectrum of apocyt  and Ile76 belong to hydrophobic core 2 in tBebarrel,
bs exhibited a shift of the minimum from 203 to 206 nm whereas Val23, Leu25, and Tyr35 belong to hydrophobic
accompanied by a small decrease in signal magnitude. Thesgore 1. All these positions participate in stable secondary
changes were qualitatively consistent with a conversion of structure. On the basis of these data, the slowest rates of
random into regular structure but were much less pronouncedexchange are on the order of £0s™t. Under the same
than documented in instances of osmolyte-induced refolding conditions, the rate constant for exchange in an unstructured

(22). polypeptide k.) ranges between 2 and 200 dollowing
IH and®N assignments were verified in the presence of the calculations of Bai and co-worker41j.
TMAO with 3D H—1N NOESY-HSQC and 30H—-N Saturation transfer experiments were performed to map

TOCSY-HSQC data collected at pH 7.3. The analysis of the rate of exchange along the backbone and probe motions
these and homonuclear spectra indicated that the mainslower than those previously described witN relaxation
features of the apoprotein state in aqueous solution, e.g., thedata. According to eq 1, the ability to measure exchange
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(stereoview made from PDB entry 1cyo). Phe58 is located behind
II% I the coordinated His63. The side chain of Val61l is disordered in
}Hﬁ i H the solid state structure and is shown with two orientations of the
isopropyl group. The propionate substituent at heme position 7

B points up to form a H-bond with the backbone NH of Ser64.

8-_ ?ﬂ ﬂ%} ﬁ%g 7II_ EH—I FIGURE 6: Environment of His63 in the wild-type holoprotein
0.8 1

5 25 45 65 85 this ratio was close to unity, indicating that pH effects were
residue number not detected by the method. In contrast, the hydrogens for
tFrI]GUSFf'E (SZHFE?agO (;Jfg S&tl#r&t'i&)g)%c;?ri' fgr ?pg% P?Gf\' 6\) sh?_W? which the saturation factors were between 0.2 and 0.8 were
the SH(pr 7.5, L. pr ©./; U. ratio o gensitive to pH. The same observations held in the absence
ey o o syt o s o1 s i of TMAO. Figure 58 depicts the raio obiained at pH 7.3
bars are set tat0.08 estimated from error propagation and With and without TMAO. The TMAO effect on the unstruc-
reproducibility. The C-terminal residue (Leu94) has a high value tured regions was comparable to the pH effect.
likely because of its low intrinsic rate. Horizontal bars between  The hydrogen-exchange results are summarized in three
the two panels indicate the location of secondary structure in the yysarvations. First, the few amide hydrogens protected from
apoprotein. exchange so as to remain detectable within minutes of
issolution in’H,O belong to regions of the structure where
here is systematic retardation. In fact, all protons identified
in the secondary structure of apocl exhibited slow
gxchange compared to the unstructured peptide under the
Same conditions of pH and temperature. Second, there was
little protection in the heme-binding loop, in agreement with
the multiple conformations rapidly sampled by this segment
of the protein. Finally, the limitations of the saturation
transfer method are such that the effect of the osmolyte on
the exchange rates in the structured regions could not be

rates by the saturation transfer method depends on the relativ
values of p (the selective longitudinal relaxation time,
generally approximated by the nonselective value) land
the observed rate constant. The average nonselective valu
was determined to be-0.3 s!, which implied that the
saturation factor (SF) would vanishkif, > 3 s~ and become
unity if kex << 0.03 s,

In loops and termini, a number of amide hydrogens
exhibited SF values between 0.2 and 0.8. In contrast, SF’s

for amide hydrogens participating in stable secondary detected. In the heme-binding loop, where the method is

structure at pH 6.7 were larger than 0.8. Hydrogens that o
exchange slowly according to the manual mixing experiment _adequate, TMAO was found to have no significant effect,

were not distinguishable within this set, suggesting that these'" I[ne with its |nab_|I|ty to induce lasting structure in this
hydrogens had reached the lower limit ek that can be reg|on.of the proteln: . .
accessed by the saturation transfer method. In gereyéd, Lasting structure s '”.‘pose‘?' by the he'.“e’ Wh.'c_h has
expected to depend on the pH of the soluti&d, 68), and several types of interactions vvﬁh_ the protein matrix: van
the experiment was repeated at pH 7.3 to test the validity of Qer Waals contacts, electrostatic interactions, and coordina-

the above interpretation. Unchanged SF values would _tlon bonds with each of the axial histidines. The next section

confirm that the rates are too slow to be measured inspects the consequences of reducing the affinity for the
Amide hydrogen exchange is both base- and acig- Néme group. It also addresses the importance of the ligation

catalyzed, andk. (the rate in an unstructured peptide) is a t? HiS6f3 in refoldilng ;]he mOb”ﬁ Ioophanhd in the prop::a}gationB
function of pH expressed by of conformational changes through the protein. Figure

shows the environment of His63 in the structure of the

k(PHy) holoprotein.
AV ot Pt (4) Properties of Apo H63A Cytochrome. o interpret the
Kio(PHy) data collected on heme-bound H63A byt it was necessary

to establish whether the apoprotein was affected by the side
Equation 4 shows that ar4-fold rate enhancement in the chain replacement. The global fold of the apoprotein was
chemical step will occur at pH 7.3 versus pH 6.7. In addition inspected by CD in the far-UV region at 2&. The spectra
to this intrinsic contribution, the denaturation data in Figure of the wild-type and variant apoproteins were not signifi-
3 showed that near neutral pH, the stability of the native cantly different and are not shown. The thermal denaturation
state of apocybs decreased as the pH was increased. Native of the variant was followed at pH 6.7 as described above
state destabilization may contribute to rate enhancement atfor the TMAO studies. In this case as well, the normalized
the higher pH. Figure 5A illustrates the ratio of saturation plots obtained with a two-state treatment of the data collected
factor obtained at the two pH values versus residue numberon the wild-type and variant apoproteins were indistinguish-
in the presence of 0.9 M TMAQO. In the structured regions, able and demonstrated that the mutation did not affect the
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8.8

A8 (ppm)

8 (ppm)

0 20 40 60 80
residue number

Ficure 8: Effect of the H63A replacement on the chemical shifts

of the apoprotein £) and the holoproteind). The difference is

7.2 " plotted vs residue number. A total of 370 chemical shift values are

represented for the apoprotein. The standard deviation of this
pH ensemble is 0.02 ppm. A total of 300 values are plotted for the

FIGURE 7: pH titration of H63A apocybs in 2H,0. The data points ~ holoprotein.

are from the €H signals of His154), His26 €), His27 @), His39

(@), and His80 ©). The lines represent fits to a modified

Hendersor-Hasselbalch equationKpvalues are listed in Table 3.

Table 3: Histidine lonization Constants in Apodyf
residue wild type HB63A
His15 8.50 8.64
His26 6.90 6.95 m
His27 between 5 and 6 between 5 and 6 \ |
His39 7.68 7.78
His63 7.36 -
His80 <55 <55 B ‘A
aMeasured in 99%6H,0; values uncorrected for isotope effects.
b Average value for the 8H and G:H, taken from ref45. Experimental \
values have an estimated uncertainty of 0.1; in all cases, the standard M m
deviation of the fit is<0.1. D82 AN
’ /
global stability of the native state or the cooperativity of the A
unfolding transition.
) ) ) ) 1 1 1 i 1
A pH titration of the apoprotein was performed to 10.8 10.2 9.6 9.0
characterize the influence of the replacement at position 63 TH (ppm)

on the ionization equilibrium of the remaining axial His39. Ficure9: Downfield spectral region of rat holoclpt in 90% HO
This was a required control because heme binding takes placénd 10%?H;0 at pH 7.4 and 25C. Trace A represents the CO
by coordination of the iron ion to thed\atom of the axial ~ comPplex of reduced HE3A and trace B reduced wild-type eyt

histidine in th tral state. The titrati h M and m indicate lines from the major and minor heme isomers,
Istidine In the neutral state. 1he titraion Curves are sNOWN egpectively. D82 points to the backbone NH of Asp82, which forms

in the chemical shift versus pH plot of Figure 7, and tie p  an N-terminal helix capping H-bond with His80. The inset shows
values are reported in Table 3. In the wild-type protein, His39 the nomenclature for the heme group.

has an apparentq of 7.6 45). In H63A apocytbs, His39 o
maintained the same ionization constant. character of the ligation bon&9), and the ferrous form was

chosen for further study.

Figure 9 compares the downfield region of the 1D
spectrum of wild-type ferrocybs and H63A ferrocytbs-
CO. The appearance of the second spectrum is that of a
diamagnetic species with heme specifically bound to the
polypeptide matrix. The resonances of the heme (structure
and nomenclature in the inset of Figure 9) were assigned
using typical connectivities6Q); for example, the signals

It is conceivable that a minor change in structure, important
for heme binding, may not give rise to a marked change in
the CD spectrum or in the stability of the folded modutg.
NMR data were collected to explore this possibility. Al-
though the assignments in H63A apody were not as
complete as in the wild-type protein where isotopic labels
were used, they were sufficient to construct a plot of chemical

shift differences to test structural similarity. This plot is of the vinyl side chains were identified by their unique

shown in Figure 8. Aside from expected chemical shift . e|ation pattern in the aromatic region. Each vinyl group
changes near the site of mutation, no significant variation 1,54 NOEs to a downfield-shifted meso proton and a heme
was detected, and it was concluded that there was no majornethy| group near 3 ppm. Further assignments relied on the
modification of structure in the heme-binding loop and unique position of thé meso proton between methyl group
elsewhere. 1, adjacent to a vinyl side chain, and methyl group 8, adjacent
Properties of Reduced H63A Cytochromedpmplexed  to a propionate side chain.
with Carbon MonoxideH63A apocyths was found to bind As in the wild-type holoprotein, two sets of heme
heme, albeit with a low affinity. NMR data were collected resonances were observed, termed M and m. The origin of
on the ferric complex ligated with cyanide and the ferrous these two wild-type forms is heme rotational isomerism,
complex ligated with carbon monoxide. In both cases, spectrawhich involves a 180rotation of the heme about its—y
were of good quality. The ferric complex was less stable meso axis in the protein cavitys{). In H63A cyt bs, the
than the reduced complex, likely because of the ionic hemes-meso proton in the major isomer was found to be in
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Table 4: Chemical Shift of Heme Resonances in H63A kgyCO? |

major  minor major  minor @ b efy
form form form form

o-meso 9.57 9.69 8-CH 3.64 3.61 )

[-meso 10.03 9.98 2-vinyl 7.37 7.89
y-meso 9.75 9.77 Zvinyl 5.45 6.17

«
5]

0-meso 10.10 10.05 B-~inyl 5.28 5.72 g_
1-CH; 3.37 3.46 de. vinyl 8.25 8.40 a
3-CH; 3.32 2.92 48 vinyl 6.00

5-CH; 3.60 3.59

aMeasured in 90% kD and 10%¢H,0 at pH 7.4 with 20 mM Tris
at 25°C.

Table 5: Selected Chemical Shifts for H63A GytCCO?

residue major forth  wild type*  rc differencé€ rcs ppm

valel 2‘: g_';g g_';g _6:51 _8:2 FiGUrRe 10: Sections of théH—'H 2D spectrum collected in 90%
BH 0.56 0.40 —157 —02 H,0 and 10%H,0 on reduced H63A.C}b5, complexed w_|th CcO
¥CHs ~0.78 ~1.07 175 ~1.9 at pH 7.4 and 25C. The panel containing the diagonal is from a
yCHs ~0.03 0.78 ~0.97 0 TOCSY data set. The cross-peaks appearing at combinations of

Ala63 NH 6.61 - ~16 ~16 5.18, 5.54, and 5.64 ppm arise from the major form of Phe58. The
oH 261 - -1.7 —20 surrounding panels are from a NOESY data set. The signedd
BCHs ~0.88 - 23 29 ppm arises from the-meso proton. Cross-peaks-d are due to

Ala67 NH 8.27 8.54 0.02 0 this meso proton in contact with one of thgg44nyl, heme 3-CHj,
oH 4.48 4.74 0.13 0.7 Phe58), and Phe58 protons, respectively. Cross-peak e is between
BCHs 0.37 1.23 —1.03 -0.8 Phe58¢ protons and the heme 3-GH

aMeasured in 90% kD and 10%¢H,0 at pH 7.4 with 20 mM Tris . . .
at 25°C. » Only the major isomer signals are listédwild-type data offset by favorable interactions with the heme group. A

collected under similar conditions; assignments as i 7ef Difference strong NOE effect between the and § protons of Ala63
between the random coil valu89) and the value in H63A cybs. and the amide NH of Ser64 suggested extended structure in
¢Ring current shift due to the heme group calculated with the wild- this region, as seen between helicgsanda5b in the wild-

type structure (PDB entry 1cyo). type protein (Figure 1).

An interesting difference between the wild-type and the
dipolar contact with a methyl group from a valine residue, H63A holoprotein is illustrated in Figure 10, which contains
identified as Val61. Val61 exhibited two well-resolved sets a portion of a TOCSY data set (diagonal panel) surrounded
of resonances. The minor Val61 set exhibited NOEs to the by sections from a NOESY experiment. The TOCSY data
0-meso proton of the second heme form as expected with adisplayed an AMX spin system reminiscent of a phenyl-
180 rotation of the heme. Heme chemical shifts are listed alanine ring at 5.18, 5.54, and 5.64 ppm. The 2QF-COSY
in Table 4. pattern was consistent with this interpretation and placed the

Previous work has shown that the spectral properties of ring € protons at 5.18 ppm. NOEs indicated that this system
cyt bs regions both remote from the heme-binding site and was near thex-meso proton and the 3-methyl group and
folded in the apoprotein are moderately sensitive to heme suggested assignment to Phe58, a residue in contact with
removal @7). A lesser perturbation of the heme site, such His63 in the wild-type protein (Figure 6). When a histidine
as from the H63A replacement, was therefore expected tooccupies position 63 and an alanine occupies position 67,
cause minor spectral changes in the same regions. Thehe ring of Phe58 does not rotate freely aboutyits; axis,
corresponding subspectra indeed bore a high degree ofand the ringd ande resonances are severely broader&). (
resemblance to those in the wild-type holoprotein; many The replacement of His63 with the smaller Ala63 removed
assignments could be transferred from one protein to thethe steric hindrance. The chemical shifts reported in the wild-
other and readily confirmed with analysis ®#f-correlated type cytochrome for the and protons 62) are consistent
and NOESY data. For the regions closer to the heme group,with those observed here. A similar dynamic alteration has
analysis started with Ala63, an additional, conspicuously been reported in A67V cylibs (63).
upfield-shifted alanine (Table 5). Other assignments were The similarity between H63A ferrocyis-CO and wild-
obtained either by starting from residues giving rise to the type ferrocytbs is not immediately visible in Figure 9 because
spectrally similar regions or directly from the heme group. the heme resonances, which dominate this chemical shift
For example, thé-meso proton and the 8-methyl group in  window, occur at markedly different frequencies. However,
the major species had NOEs to a shifted alanine residue.the above analysis of thiH-correlated and NOESY data
This was assigned as Ala67 on the basis of the wild-type revealed that most protein signals were minimally shifted
structure (Figure 6) and confirmed with sequential connec- by the amino acid replacement and altered coordination
tivities. Intermethyl NOEs between Ala63 and Ala67 in both (Figure 8). Outliers were located mainly on the position 63
the major and minor isomers and Valéieme NOEs side of the heme. In particular, Val61 and Ala67 underwent
supported the collapse of the heme-binding loop onto the a significant chemical shift change reflecting rearrangement
heme group as in the wild-type structure. Thus, coordination of the loop with respect to the heme plane. It should be
to His63 was not required for the refolding of the structure; emphasized that the shifts were not systematically toward
the entropic cost of organizing the polypeptide chain was random values, supporting a different but folded structure.
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e _ protein, as determined by the relative areas of Asp82 NH
b - E‘L resonances at 11 ppm (Asp82 NH resonances are conven-
-~ ; \ ~—;' g iently separated by-0.1 ppm in the folded apo and holo
f T a - forms). The advantage of this sample was that holoprotein
" 108 | 100 | 92 | 84 | 78 and apoprotein data were collected under strictly identical

conditions. Exchange processes were unambiguously identi-
_ fied in TOCSY experiments; NOESY data are presented here
Ficure 11: Section of a NOESY spectrum collected on an

equimolar mixture of H63A cybs in the apo form and the reduced to illystrate ad_ditional _Cros_s-peaks. In the apoprotein form
CO form at pH 7.5 and 25C. Peaks a and b are diagonal peaks (designated with an a in Figure 11), three cross-peaks were
arising from the apoprotein and the holoprotein, respectively. The observed in the aromatic region. They corresponded to the
insets in circles enlarge the cross-peaks in this region of the expected NOE connectivities to Asp83 and His80 and to
spectrum. Only the apoprotein displays a cross-peak at 9.2 ppm,chemical exchange with the Asp82 NH in the second
identified as an exchange cross-peak in the TOCSY data. conformation. In the holoprotein form (b in Figure 11), only
éhe two NOE cross-peaks were detected. None of the other
exchange cross-peaks seen alaigwere observed. Thus,

it appeared that ligation of the heme by His39 and refolding
of the heme-binding loop were sufficient to reduce the
conformational freedom ai6 and to relay the heme binding
status to this remote region of the protein.

TH (ppm)

On the other side of the heme, the residues that experience
a shift compared to the wild type were Phe35 and Leu46.
Phe35 had NOEs to the axial His@%ndg protons as well

as the hemé-meso proton as in the wild-type protein. Leu46
was found to be in contact with the 3-methyl and ¢themeso
proton. Thus, it is likely that the differences in shifts were
due to a reorientation of the heme group within its cavity. DISCUSSION

Support for an altered heme orientation in H63A byts
provided in Figure 9 and 2D data. In equilibrated wild-type ~ Mobile protein segments often participate in catalytic steps
protein samples, the ratio of the two heme orientational by recruiting residues to the active site of enzymeég—
isomers, identified by M (major) and m (minor) in Figure 9, 69). Aside from this functional role, they influence the
is ~55:45 @4). In the H63A holoprotein (reduced, CO energetics of a native protein with large entropic contribu-
bound), the ratio was 75:25, determined by integration of tions. In the case of refolding induced by prosthetic group
resolved 1D lines or cross-peak volume measurements.binding, the conformational changes they undergo may
Comparison of cytochromes from various natural sources andmodulate affinity as well as organize residues correctly for
with engineered amino acid replacements has identified achemistry at the active site. Recently, another role has been
few key interactions in the control of the equilibrium proposed by which unstable structural elements facilitate the
proportions. Most notable are the hydrophobic residues distribution of conformational readjustments away from the
located at positions 23 and 782 65), both in contact with site upon binding10, 70). Exploring this proposal requires
the heme group, and the backbone NH of Ser64, which formsthe alteration of specific interactions within the flexible
a H-bond with one of the heme propionate side chains in regions and the means for monitoring the consequences of
the major isomerX7). Besides these enthalpic contributions, these alterations. Mobile segments are particularly challeng-
less predictable entropic terms are expected to dictate theing for experimental characterization, and here, several
outcome of replacement§2). The increased proportion of methods were applied to investigate the conformational shift
the major isomer obtained with the H63A protein may be involving the heme-binding loop of apocks.
related to a reorientation of the position 64 NH as the removal  The improved model of apocyds confirmed the stretch
of the coordination bond should allow the backbone to relax comprising residues 4369 to be of low structural stability.
into a different conformation. Estimates of static accessible surface area (ASA) based on

Finally, the conformational exchange a6 was used to  the holoprotein structure and 20 apoprotein structures
assess the long-range dynamic consequences of heme bindingevealed that upon removal of the heme group, the level of
in HE3A cytbs. This exchange process involves capping and solvent exposure increased not only for the residues in
uncapping at the helix N-terminus and is readily detected contact with the group but also in regions packed against
with the backbone amide hydrogen of Asp82~dtl ppm. the elements that unfold. One such region is located at the
In the capped, folded form, the Asp82 NH has an NOE to connection between heli®zl and strand34, which docks
the NH of Asp83 and the € of His80. The occurrence of  on helix a3 in the holoprotein (Figure 1). NMR structures
conformational exchange on the millisecond time scale is capture the fluctuating apoprotein conformations imperfectly,
manifested by a ROESY, TOCSY, and NOESY cross-peak and ASA calculations are bound to be less reliable in these
at a chemical shift of~9 ppm, marking the second ill-defined regions. Nevertheless, the ASA increase was
environment of the Asp82 NH. Other exchange cross-peaksclearly largest from residue 49 to 58 (EQAGGDATENFE).
are identified along6 in the amide region. Whereas the The effects of copper nitrilotriacetic acid%) and HyTEMPO
wild-type apoprotein contains a small population of uncapped (71) on the NMR spectrum provide additional evidence that
o6 in exchange with the folded form, heme binding quenches this region is exposed to solvent.
the process(9). Backbone amide-exchange data were collected to comple-

Figure 11 presents NOESY data collected on a sample ofment the dynamic representation obtained with nuclear
H63A apocytbs to which a substoichiometric amount of relaxation approached%). Hydrogen-exchange results are
hemin was added. Subsequent reduction with dithionite andgenerally interpreted with EX1 or EX2 mechanisrag, 68).
addition of CO resulted in a solution containing nearly These are derived for stable proteins where the rate at which
equimolar amounts of apoprotein and diamagnetic holo- the structure opens to allow exchange (rate constghts
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much slower than the rate at which it closes (rate constantretardation of slow exchanges without population changes.
ke). For apocytbs at pH 6.8, the apparent equilibrium  The relationship between spectral appearance and dynamic
constant pertaining to global unfolding, &g/k;, is ~Yo4 properties 78) is too complicated to arrive at a conclusion
(Table 2). The rate of global refolding of the rat apoprotein without additional data. In any event, the use of TMAO may
(k) can be estimated at pH 6.8 and 26 with kinetic be advantageous in the NMR study of other proteins with a

experiments performed from the urea-unfolded stafe(?). broad range of accessible conformations in a given thermo-
The value is lower than 100% and consequently, the global  dynamic state.
unfolding rate constanky) is lower than 4 st. This makes The manifestations of conformational exchange in helix

k, comparable to the calculatéd, and ifk, andk: are taken o6 were strongly attenuated upon addition of TMAO. In this
to represenk,, andkg, respectively, apocyis is too unstable  element as well, a likely cause is a population shift toward
for the simplified equations to hofdThus, the interpretation  the folded form. This perturbation could either have a local
of the H-exchange data was limited, but it confirmed that origin (action of the osmolyte on the unfolded state of the
the folded and unfolded modules of the apoprotein had helix) or stem from a global effect (action of the osmolyte
distinct signatures on all accessible time scales. When theon the folded module behaving as a cooperative unit). Action
heme is bound, the native state stability is high, and exchangerelayed from the distant heme site was ruled out since this
rates vary from 10° to 10° st at pH 7.0 and 40C (17). portion of the protein was not affected by the change in
Interestingly, no correlation is observed between NH lifetime solvent properties. That is, within the flexible loop, no major
and location within hydrophobic cores 1 and1Z); Taken conformational response to the osmolyte was detected, and
together, these and prior data showed that native agmcyt it appeared that interactions with a molecule such as the heme
contained three regions that can be distinguished by theirrather than preferential solvation effects were required to
conformational lability (helix6, the remainder of the folded  maintain the holoprotein geometry.

module, and the heme-binding loop), and that these distinc- The heme group extends the cooperative network to the
tions were suppressed in the holoprotein. entire cytbs structure and imposes major conformational

All indicators agreed that the polypeptide chain could be Shifts, with the 30-residue loop around His63 undergoing
organized more compactly than in the apoprotein; this the largest rearrangement. This effect could t_)e simply due
suggested that an osmolyte might induce refolding and 0 the covalent attachment of the axial residue and the
stabilize ordered conformations of the heme-binding loop. €nsuing structural strains. To investigate this possibility,
The additive TMAO at a concentratiofi ® M was therefore His63 was replaced with an alanine. Replacement of an axial
tested for its ability to alter the three regions of aposyt ~ residue in & hemoprotein has proven to be a useful tool
The osmolyte was found to affect the energetics of protein for altering heme reactivity7@—81) and studying the kinetics
denaturation to a measurable extent. The parameter mosff heme binding §2). The H63A replacement in rat liver
sensitive to TMAO wad, while AAG® at 25°C was small, ¢yt bs decreased the affinity for the prosthetic group
a behavior documented for other osmo]ytes and protgm)s ( drastica”y. This observation was not §Urpri5ing in ||ght of a
The change in standard Gibbs energy difference betweenPrior report that H63A cybs did not bind heme79).
unfolded and native states caused by the osmoleG° Axial histidine replacement is particularly instructive in
or AG°Ntmao—uTMA0 — AG°N—u = AG°u—uTmAO — globins @4, 83), where the detachment of the heme from
AG°y—nTmao) Can be estimated within a transfer free energy the protein frame was found to increase the ligand affinity
model with a weighted sum of side chain and backbone at the distal position and to reduce significantly the co-
contributions {5). The weighting factor represents the operativity of oxygen binding. In metmyoglobin (a ferric
fractional Change in ASA upon unfo|ding_ To obtain these Complex with water as the sixth iron Iigand), the coordination
factors, ASA values for the folded module were compared bond energy is estimated to be?0 kJ/mol 84), an amount
to upper and lower limits of the level of solvent exposure comparable to the free energy contribution of specific
for its unfolded state54). The contribution from the solvent-  interactions between heme and contacting side chains.
exposed loop was expected to cancel out, and was ignoredNonspecific partitioning into the nonpolar heme cavity
The calculations returned a C[‘];‘_.u’]geﬁiﬁ‘,° between 1 and 4 accounts for 3640 kJ/mol. Given the hlgher polarity of the

kd/mol, accounting for the low experimentANG® values  Cytbs heme cavity versus that of the myoglobin heme cavity,
(Table 2). the nonspecific partitioning free energy contribution is

The improved appearance of the NMR spectra of the expected to be inadequate for maintaining the heme within
folded module can be interpreted as modest perturbationsthe cytochrome. Th's is illustrated by the unsuccessfgl
attempts at preparing the complex between protoporphyrin

of the conformational distribution within the native apo- ! X
protein ensemble. These perturbations are consistent with X (des-iron heme) and wild-type apoctg (1), whereas

excluded volume effects76), favoring compact substates sperm whale apomyoglobin binds the metal-free prosthetic
(77) and the observation of increased native state populationgrOlJp a_nd refolds&S, .86)' —

upon TMAO addition (Figure 3). In other regions of the By us'”gf E)gplcal b|mo!ecular heme binding rate constant
protein, the improvement may have different causes, includ- of ~10° M~ s* (84), a unimolecular rate constant for heme

~ 51 ; ; ;
ing the acceleration of fast conformational exchanges or theloSS of 6 x 1057 (87), and ex_perlmental G|bl_as energies
of unfolding (13, 14), an approximate energy diagram can

be constructed for wild-type cybs. This hypothetical
2The acceleration of H-exchange rates caused by heme removal,diagram, along with that for H63A cyg, is shown in Figure

however considerable, was lower in magnitude than expected solely 12. Among the many factors that influence the energetics of

on the basis of the global unfolding rate. At neutral pH, this may be ’ . .

due in part to the lack of access by the hydroxide ions responsible for the variant holoprotein state are the effect of CO on the

base-catalyzed exchanggd( and in part to residual local structure. strength of the remaining axial bond to His39 and the identity
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U (apo) +h [~ AGR) e —-- AG2)
N (apo) +h |- ‘\—"’“ — 2" N
Aco@® N, B .
U (holo) |— —— —
AGO) B -
N (holo) |- R _
WT H63A

FiGure 12: Schematic representation of the free energy changes
associated with folding and heme binding in wild-type (WT) and
H63A cyt bs. Four thermodynamic states are indicated: N (holo),
native holoprotein state; U (holo), unfolded protein with non-

specifically associated heme (e.g., as in cytochrdigg 90); N
(apo) + h, native apoprotein with free heme; and U (agoh,
unfolded apoprotein with free hemAG;° (25 kJ/mol) andAG,°

(7 kd/mol) represent the free energy of unfolding for the holoprotein

and the apoprotein, respectivel¥3( 14). AGz° in the wild-type

diagram is an estimate of the binding energy (70 kJ/mol) calculated
under standard (1 M) conditions with a rate constant for binding
of ~10® M~1 s71 (84) and a unimolecular rate constant for heme

loss of~107°s71 (87). For the H63A diagramAG,° was as in the
wild type (see the text). The lower heme affinity of H63A dygt
compared to wild-type cyis is represented by an arbitrarily raised

native holoprotein level. Nonspecific heme binding to the unfolded

Falzone et al.

spectrometer was purchased with a grant from the National
Institutes of Health (S10 RR10524).

SUPPORTING INFORMATION AVAILABLE

Two tables listing the chemical shifts of the apoprotein.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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