4654 J. Am. Chem. S0d.996,118, 4654-4664

An Interpretive Basis of the Proton Nuclear Magnetic
Resonance Hyperfine Shifts for Structure Determination of
High-Spin Ferric Hemoproteins. Implications for the Reversible
Thermal Unfolding of Ferricytochrome from
Rhodopseudomonas palustris

Kimber Clark, T Laxmichand B. Dugad, Robert G. Bartsch}*
Michael A. Cusanovichf and Gerd N. La Mar* T

Contribution from the Department of Chemistry, ueisity of California,
Davis, California 95616, and Department of Biochemistry, Uénsity of Arizona,
Tucson, Arizona 85721

Receied Naember 3, 199%

Abstract: An NMR approach to determining the solution molecular structure of a high-spin ferric hemoprotein, 13
kDa ferricytochromec’ from Rhodopseudomonas palust(Rp), has been investigated. In parallel with the use of
appropriately tailored 1D and 2D experiments to provide scalar and dipolar correlations for the strongly relaxed and
hyperfine-shifted heme cavity residues, we explore an interpretive basis of the large hyperfine shifts for noncoordinated
residues which could provide constraints in solution structure determination for high-spin ferric hemoproteins. ltis
shown that the complete heme can be uniquely assigned in spite of the extreme relaxation prapetie8 (ns).
Sufficient scalar connectivities are detected for strongly relaxed profares 4 ms) to uniquely assign residues on

both the proximal and distal sides of the heme. The spatial correlations indicate that the structure is homologous to
the four-helix bundle observed for other cytochronases The pattern of large hyperfine shifts for noncoordinated
residues is shown to be qualitatively reproduced by the dipolar shifts for a structural homolog based on an axial
zero-field splitting of~12 cntL. It is concluded that, when this approach is combined with more conventional 2D
methods for the diamagnetic portion of the protein, a complete structure determination of a five-coordinate ferric
hemoprotein should be readily attainable. It is shown that the ferricytochromméotds reversibly at high temperature

and that there exists at least one equilibrium intermediate in this unfolding that is suggested to involve helix separation
from the heme.

Introduction

Cytochromec', found in photosynthetic bacteria, is a member
of the family of electron transfer proteins where the heme (heme
¢) is covalently bound to the peptide via thioether linkages to
the Cys in the consensus sequence Cys-X-Y-Cys-His, with the
His serving as the proximal axial ligafd,as shown in Figure
1. In contrast to the monomeric mitochondrial cytochromes
where the linkage occurs near the N-terminus and which
invariably are low-spin due to the distal ligation of Met, the
usually dimeric cytochromes' have the linkage near the
C-terminus and the iron is five-coordinate and, hence, predomi-
nately high-spin in both oxidation staté$. The unusually low
affinity for exogenous strong field ligands, the variable -00CH,C
cooperativity among different genetic variahta, pK in the :
physiological range that alters the redox propertiesd the

Figure 1. Schematic representation of the heme pocket structure of
Rpferricytochromec’. The general positions of the proximal (squares),

T University of California. distal (circles), and peripheral (triangles) residues assigned herein are
¥ University of Arizona. placed in accordance with thRm cytochrome t crystal structure.
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dospirillum rubrum(Rr)4 cytochromes’ which reveal similar distance from the iron andie is the electronic spinlattice
dimeric structures with each polypeptide monomer folding into relaxation time. For nonequivalent protoing, this leads to
a four-helical bundle similar to that exhibited by cytochrome

1)

bss1° and the tobacco mosaic virus coat protéiamong others.

The four-helical bundle presents an interesting structural motif

for the investigation of the mechanism of protein folding, and ~ For the ligated heme and axial His, the paramagnetism also

many synthetic versions of this type of protein have been leads to significant contact shifts given?8y

reported’ A recent solution NMR study of°N,3C-labeled

dimeric ferricytochrome' from Rhodobacter capsulatyRc)!8 M

has provided assignments and structural information for the 3ynkT

“diamagnetic” portion of the protein; resonances not detected

were those which are expected to be closer to the iron than 9Where A/ is proportional to the delocalized spin density on

A the nucleus. For am-methylene group on the hem@, is
Cytochrome ¢’ from Rhodopseudomonas palustrifkp _dependent on the HC,—C- angle,y, with the heme normé,

exhibits extensive sequence and functional homology to the €
structurally characterized dimeric cytochrome@sbut differs

in that it is exclusively monomeric in solution.’H NMR
investigation&®-24 of several ferricytochromes have supported
the deprotonation of the axial His in the characteristic aeid
alkaline transitiori?2% but have been interpret&dn terms of
S= %/, rather than a spin-admixgédround state for the acidic
form. The'H NMR analysis was based on the pattern of heme
methyl versus meso-H hyperfine shifts for which assignment
was based solely on the comparison to model compotfitise whereD is the zero-field splitting constant artdis the angle
early 'H NMR studied®?2 also indicated some inflections in  between the Feproton vector and the heme normal. It is noted
spectral parameters at high temperature that suggested structurahat, forS = %/, iron, the contact shift exhibit$~1, while the
changes. However, identification of the spin ground state and dipolar shift exhibitsT—2 temperature dependente. Thus
interpretation of the nature of structural changes first require hyperfine shifts can provide resolution in spite of line broadening
the definitive assignment of the residues in the heme cavity, by expanding théH chemical shift scale of the active site by
including the heme, and determination of the structure of the ~10? over a similar diamagnetic system. The ability to assign
protein. Both exercises provide a challenge 6t NMR resonances and determine the solution structure of a paramag-

because of the strongly paramagnetic center that results in broadetic protein depends on a large ratio of the shift dispersion to

IR

Fe—i

TyTy= R®

Fe—j

Ocon= (AR) )

A=Bcogy ©)

The dipolar shift for an axially symmetric high-spin ferric system
is given by®
_ —28¢%B%[3 cod 6 — 1

P o | Res P

(4)

signals, spectral overlap, and enhanced-sfgittice relaxatior?/
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the line broadening.T1, dcon @anddgip, in addition to providing
insight into the electronic structure, provide unique molecular
and structural informaticfiin Re, v, and@ in eqgs -4, if the
resonances can be assigned

Recent studies have shown that molecular structure determi-
nation of paramagnetic metalloproteins is possible by adapting
the conventional 2D NMR methods for detecting relaxed and
shifted proton signal® For low-spin iron(lll) such as in
ferricytochromesc3? and b3 and cyano-met myoglobirt,
complete assignment and spatial localization of the paramag-
netically influenced protons in the heme cavity have been
achieved, with the remainder of the protons addressable by
conventional 2D methods. Moreover, it has been shown that,
while certain conventional NOE information near the paramag-
netic center may be lost due to enhanced relaxationpthe
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Table 1. Residues irRmCytochromec’ with a Proton<9 A from the Iron and the Equivalent ResiduesRp Cytochromec’ &

12 13 15 16 17 19 20 54 58 82 86 89 118 119 121 122 125 126 36 75
Rm R R L M Q L K AW F W L C K C H F R L F
Rp R K | L K M G K F F F L C K C H F K F w

aBoldface type denotes residues with proton(s) haag=< 7.5 A." Italics type denote residues with proton(s) havig > 10 A.

and/orT;s provide significant constraints in developing robust T, values were determined from the initial slope of the magnetization
structural model84-3¢ In this report we address the feasibility ~recovery data for resolved peaks (uncertaintiek%) or estimated

for determining the solution structure of the 13 kIRp from the null point for partially resolved peaks (uncertait0%).
ferricytochromec’ which exhibits line widths and@i;~* an order Steady-state nuclear Overhauser effect, NOE, spectra were collected

of magnitude greater than the low-spin hemoproteins addressecfs described previousRusing a low-power decoupler pulse sufficient

. 39-34 . . o saturate the peak of interest 580% for ~30 ms.
previously: Our goal here is not to determine the structure The 2D*H NMR experiments were performed at 500 MHz using

at th_is time, but to (1) assign the heme_ Sign_als; ) id(_-:‘ntify a_nd 512 t; blocks of 2048t, complex points, except where noted. The
spatially locate the strongly relaxed residues in the cavity relative wEFT-NOESY® spectrum was collected at 4& using ateof ~90

to each other and the heme; (3) determine the qualitative validity ms, ar,q of ~30 ms after the initial 180 pulse, and a mixing timern,

of an interpretive basis of both eqs 2 and 3 for providing of 6 ms. A 100 kHz spectral width was employed with 1344 scans
structural information from hyperfine shifts; and (4) assess the per block. Additional phase-sensitive NOES¥pectra were acquired
utility of the exquisite sensitivity of hyperfine shifts to environ-  at 30 and 40C over spectral widths of 6.0 and 8.0 KHz, respectively,
ment in providing information on the mechanism of unfolding and usingrrec between 0.2 ah 2 s andzm of 15, 50, and 150 ms.
of the protein. It is clear that, if the resonances closest to the TOCSY* spectra were recorded at 30 and*@over spin lock fields
iron yield to these specific goals, the remainder of the of 6.0 and 8.0 kHz, respectively, using spin lock times of 22 ms (for

“diamagnetic” protein can be addressed by 2D NMR mettods optimal detection of three-bond coupling for only weakly relaxed

. . . ) times) (1024t; complex points) and 8 ms (an effective compromise
common to wholly diamagnetic proteins of comparable size. between incompletely developed coherence for three-Baralipling

. . and coherence decay due to significant line broadening by the iron
Experimental Section paramagnetism) fotec of 1.6 s and 160 ms, respectively.

Sample Preparation. Rp ferricytochromec was isolated and NMR Data Processing. The 500 MHz reference spectra were
purified according to well-established methdd8. The NMR samples ~ subjected to 10 Hz exponential apodization to increase signal-to-noise
were ca. 9 mM in concentration and were prepared by dissolving the @nd emphasize fast-relaxing resonances. NMR data sets were trans-
protein in 99.8%2?H,0 without buffer, followed by the removal of  ferred to a Sun Sparkstation and processed using the General Electric
particulate matter via centrifugation. The solution pH was adjusted Omega software package. For WEFT-NOESY, &§iifted sine-bell-
using 2HCI or NaGH, and the pH values were monitored using a Sduared apodization was applied over 251 and 1024 poitisirdty,
Beckman (Model 3500) pH meter. The reported pH values were not 'espectively. Both dimensions were phase corrected, base-line straight-

corrected for the isotope effect. ened, and zero-filled to 2048 2048 points prior to Fourier transforma-
Homo|ogy Model. A qua“tative h0m0|ogy model foRp ferricy_ tion. The remaining 2D data were transferred to a Silicon Graphics

tochromec’ was constructed by substituting the residues which have a Indigo computer and processed using the Felix 2.3 software package.

proton within 9 A of theiron in a reference ferricytochron by the Data were processed using either &-30r a 60-shifted sine-bell-

appropriate Rp residue. The closest sequence homology Rp squared apodization applied over 5t2and 2048t, and 256t; and
ferricytochromec' is found inRmferricytochromec’, which serves as ~ 1024t; points, respectively.
reference protei?13 In all but two casesRm Ala54, Lys25— Rp The observed chemical shiféfsg), indirectly referenced to 2,2-
Lys, Gly), the substitutions are quite conservative, and adjusting the dimethyl-2-silapentane-5-sulfonate (DSS) via the solvent signal, is
side chain bond angles avoided any violation of the van der Waals composed of diamagnetiad{z), contact fcon), and dipolar §aip)
surfaces without resorting to energy minimization. The substituted contributions:
residues are shown in Table 1; also included in Table 1 in italics are
the two aromatic side chains Rp (Phe36, Trp75) which are remote Opss= Ogia T Ocon T Ogip (5)
from the heme. The residues with a proton vih < 7.5 A are given
in bold in Table 1 and include residues on helix 1 (llel5, Leul6, and The diamagnetic term is that which is observed for an analogous
Met19), the loop connecting helix 2 and helix 3 (Lys54 and Phe58), diamagnetic protein; this can be calculated if the molecular structure
helix 3 (Phe86 and Leu89), and helix 4 (Cys118, Lys119, Cys121, is known. Experimentallyqi is given by the intercept at = oo (Jiny)
His122, and Lys126). While high structural homology is generally of the appropriate temperature-dependent pdtg;T%) for d¢on and
observed for the heme region for the structurally charactefizéd Oin(T~?) for dgip. For noncoordinated residues, then is 0 and the
cytochromest', poor conservation is noted in the region containing observeddqp can be expressed as
the connecting loops between helix 2 and helix 3 which exhibit
significant variations in the peptide backbone and amino acid side chain 5dip(0b3d)= Opsg0bsd)— S (6)
location relative to the heme.

NMR Data Collection. The 360 and 500 MHZH NMR spectra

of the acidic and alkaline forms of thRep ferricytochromec’ were Results

obtained over the temperature range8s °C on Nicolet 360 and GE Strategy. A recent 2D'H/*N NMR study*8 on Rcferricy-
Q-500 spectrometers, respectively. Using a spectral width of 90.9 kHz, tochromec’ has shown that conventional 2D NMR strategy in
spectra were collected by the normal one-pulse sequence'iit a 1>N-labeled protein allows assignments and structure deter-

presaturation using either a slow (3 s) recycle timg, or a fast (0.1 mination outsié a 9 Asphere of the iron, for whicfi; > 100

S) Tree OF With the WEFT pulse sequerfeaising 7rec of 0.05-0.25 s . .
and & relaxation delayyq, of 20-100 ms. Nonselective spiattice ms. Our goal here is to address solely the protons on residues

relaxation timesT,, were collected using an inversienecovery pulse (39) Thanabal, V.; de Ropp, J. S.; La Mar, G. N.Am. Chem. Soc.

sequence with a recycle time of 5 times theof the peak(s) of interest. 1987 109, 265-272. )
(40) Lankhorst, P. P.; Wille, G.; Van Boom, J. H.; Altona, C.; Haasnoot,

(35) Harper, L. V.; Amann, B. T.; Vinson, V. K.; Berg, J. M. Am. C. A. G. Nucleic Acids Resl983 11, 2839-2856.

Chem. Soc1993 115 2577-2580. (41) Jeener, B. H.; Meier, P.; Bachman, P.; Ernst, RI.-Chem. Phys.
(36) Gochin, M.; Roder, HProtein Sci.1995 4, 296-305. 1975 71, 4546-4553.
(37) Bartsch, R. GMethods Enzymoll971, 23, 344-363. (42) Bax, A.; Davis, D. G.J. Magn. Reson1985 65, 355-260.

(38) Gupta, R. KJ. Magn. Resonl976 24, 461—-465. Cavanagh, J.; Rance, M. Magn. Reson199Q 88, 72—85.
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Table 2. H NMR Spectral Parameters for Heme and Axial His

Resonances fdrp Ferricytochromec’ in 2H,0, pH 5.0 at 40°C

J. Am. Chem. Soc., Vol. 118, No. 19, 18657

for protons on Cys118, Cys121, and Phe82 (Table 3); Lys17,
Gly20, Leu89, and Phel25 exhibit only low-field but smg},

Opsg(obsd) ddp(calcdy (supporting information; Table 2S). Phe36 and Trp75 are not

peak label  assignment  (ppm) Ti (msy (ppm) expected to exhibit significandgp. The remainder of the

h 1-CHs 76.5 8 +8 residues in Table 1 lie close to or across the nodal surfaee (

hs 3-CHs 61.6 8 +8 0 ~ 54 in eq 4) of the dipolar field and exhibit both up- and

hs 5-ChHs 68.6 8 +8 downfield d4ip. However, only Lys126 is close enough to the

28 g'_%'ébso_H _Eﬁ'g, Nli +ng iron to exhibit large)gi, in both directions (Tables 2S, 3). Other

h; f-meso-H —26.4 ~1e +18 residues in this category exhibit small shifts in both directions

h, y-meso-H —16.2 ~1¢ +18 (supporting information; Table 2S). Hence the homology model

hs 0-meso-H -21.8 ~1¢ +18 is likely to be least reliable for predicting the shift magnitude/

Paq 2-Hy 20.9 4 +8 direction for residues near this nodal surface.

Ejﬁ i:ﬁsz ig:g 1g Ig The Ree and dgip(calcd) predicted for our target residues in

hug 4-CyHs 5.8 f +4 the homology model dRpferricytochromec’ are listed in Table

heo. 6-Hy 43.4 9 +6 2 for select heme and His122 protons, and in Table 3 for

hee 6-Ho 421 6 +8 nonligated residues which give rise to resolved and/or assignable

Eﬁﬁv g:nﬁ g-z ; ii proton peaks. The observdds are converted to Ree via eq

hjﬁ 7-H/; 457 8 16 1 using the observed heme metiyl= 8 ms andRge= 6.1 A.

hie 6-H, 47.2 6 +8 The primary residues of interest wike < 7.5 A (bold in Table

Hi His122 H; 374 3 -12 1) convert toT; < 30 ms. Similar information on residues in

H> His122 Hy 36.6 3 —12 Table 3 that are not assigned is given in supporting information,

Table 2S.

IH NMR Spectral Parameters. A total of 39 signals exhibit
strong relaxation effectd{ < 50 ms) and are resolved at some
temperatures 1870 °C within the 90 to—40 ppm window.

All resonances relevant to this study are labeled by a symbol
that is related to its ultimate assignment (if attainable) as
well within this sphereRee = 7.5 A, with targetTis <30 ms, follows: h for heme protons where= 1—-8 for the pyrroles
emphasizing those protons closest to the iron, starting with theandi = o—0 for the four meso-H atoms (Figure 1); protons
heme. Our protocol for obtaining assignments and determining arising from an amino acid are labeled, Xvhere X is the

the structure of the heme cavity relies on a combination of standard upper-case one-letter code for the amino acid to which
conventional 2D NMR, TOCSY optimized for shdri to detect we can make assignment, ang an integer from one through
scalar, and NOESY optimized to detect spatial (dipolar) the number of peaks assigned for that residue, in order of
correlations! These methods are augmented by the use of decreasing dipolar shift; resonances which cannot be assigned
steady-state NOESs involving resonances with extreme relaxationto a type of amino acid are labeled by lower-case letters, x
times 2 ms), and differential dipolar relaxation (eq 4) to wherei is the index for the number of the located protons for
determine distances to the iroRgf) with a heme methyl aRee this residue.

= 6.1 A as standartf Lastly, we make the reasonable  The resolved portions of the 360 MH# NMR spectra
assumption that the structure &p ferricytochromec' is downfield of 15 ppm oRpferricytochromec’, pH 5.0, at several
homologous to that of the structurally characterized dimeric temperatures are shown in Figure 2 and consist of 13 resolved
analogs, which are very similar to each other*18and that resonances, four with three-proton intensity, i, hs, hs) and
dipolar shifts are givelf by eq 4 withD ~ 12 cnt®. These  nine with single-proton intensity. This region of the spectrum
latter two assumptions are not necessary to make the assignis similar to that of other ferricytochromes19-25 except that
ments and, in fact, can be deduced from the NMR spectral Rpexhibits one more single-proton peak in the low-field spectra.
parameters. These assumptions, however, will greatly expediteThe resonances move upfield with increasing temperature.
the assignment/structural protocol. The validity of these as- Above 80°C, the set of resonanceslbse intensity and a new
sumptions will be addressed later. species with three broad resonances, labeled,pand 4 with

Homology Model Predictions. The pattern of dipolar shifts  relative intensity~6:3:2, appears and becomes dominant at 83
expected*44for a positiveD for an axial system is upfield  °C (Figure 2D). The loss of all structural features in the
shifts for protons near the heme normél< 54° in eq 4) and  diamagnetic envelope upon raising the temperature above 80
downfield shifts for protons near the heme periphety-(54° °C, as shown in Figure 3, indicates that the species responsible
ineq 4). For the heme protor$= 90° in eq 4 and all dipolar  for peaks u, Uy, and u is unfolded; the process is completely
shifts are to low field (Table 2). Nonligated residues expected reversible.
to exhibit solely upfield and sizable=6 ppm) dipolar shifts : ) ; ; .
are llel5, Leul6, Met19, and Lys119; Phe82 and Phe125 predicttioﬁll,sfgrrzlg y&gﬁﬂ;ﬂ?gigﬁﬁgg&aﬁ ?)(;g; ;I]I?fatll?hea:]rggs Iin
upfield but only minordap (=3 ppm) (Table 3). Solely o o field window. The pH profiles for peakslat 25 and
downfield and large£4 ppm) dipolar shifts are predicted only 55 o are shown in Figure 4 and indicate that temperature

(43) The fact that thel;s for the four heme methyls are the same in  changes at pH 5 reflect solely changes in the properties of a
oF e horme mathy! i insignicanty iuenced by cetocalived apin densiy. N9 SPecies, namely, the acidic form of the protein. The
gnd hence is dor%inatedgby dipolgr relaxation gy the spin deﬁsity of t?mye temperature, dependent Sp,ecn,a for th? alka,“ne species at pH
iron (Unger’ S. W.; Jue, T.; La Mar, G. N. Magn_ Resarnl985 61, 448— 10 are prOVIded as SUppOrUng IﬂfOI’matlon, FlgureS 1S al"ld 2S.
456). _ The chemical shifts forhat pH 5.0 and 40C are given in
19%4)5?2%';;“4%10? Richards, P. L.; Caughey, W.JSChem. Phys. Table 2. The temperature dependence for these signals is shown

(45) Kao, Y.-H.; Lecomte, J. T. J. Am. Chem. S04993 115 9754 in the form of a Curie plot (plot ofpsgobsd)vs T™) in Figure

It is noted that, with the exception of peak v, the low-field

alabeled as shown in Figures 2 andd; values from inversion
recovery experiment15%.¢From eq 4 withD = 12 cnt?! and
coordinates from the homology modéPeak is not resolved at 4C.
dpsgobsd) at 40°C is calculated from the extrapolated temperature
dependence in Figure 5Estimated from null point! Peak is under
the diamagnetic envelope.

9762. 5.
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Table 3. H NMR Spectral Parameters for Residues with Resolved Peaks on Nonligated Resi®peSesficytochromec’ in 2H,0, pH =
5.0 at 40°C

Rpferricytochromec’ homology model
peak Opsg(0bsd) Oim(T1)P Oim(T3)° ddip(0bsd) daip(calcd) Reecaled
labek assignment (Ppm) Ta (ms) (ppm) (ppm) R (A) (ppmy (ppm) A
L1 Leul6 GHs -7.57 4 6.9 -0.4 5.4 -7.2 —16 5
L, Leul6 GHs —4.32 16 3.9 0.5 6.7 —-4.8 -2 5
L3 Leul6 H; —2.89 33 f f 7.6 f -2 6
L4 Leul6 H —2.41 25 3.8 0.7 7.2 -3.1 -5 7
Leul6 H; -17 4
Leul6 H, —12 5
I1 llel5 CHs; —2.89 43 3.9 0.5 7.9 —-3.4 -5 8
P llel5 Hg —2.04 43 5.0 1.5 7.9 —-3.5 -3 10
I3 llel5 GHs —-1.15 >100 3.0 1.0 9.4 -2.2 -3 10
la llel5 H, -0.8 f f f f f —6 8
Is llel5 H, —0.09 f 2.3 11 f -1.2 -6 8
lg llel5 H, 1.38 f 6.2 3.8 f —-5.2 -3 10
M1 Met19 GHs —9.90 <1 10.3 0.3 <4.8 —10.2 -12 5
M, Met19 H,(?) -2.9 18 f f 6.9 f 0 6
M3 Met19 Hy(?) -2.3 22 2.6 0.2 7.1 -25 -1 7
My Met19 H,(?) 1.72 f 5.4 35 f -1.8 -1 9
Met19 Hy -5 6
Met19 H, 0 8
11* lle74 CsHs —-0.8 140 -1.6 -1.2 9.7 +0.4 +2 9
1* lle74 H, 141 f -0.4 0.5 f +0.9 +2 9
15* lle74 H, 3.55 f 2.0 2.8 f +0.8 +3 11
K1 Lys119 H, —1.50 11 7.8 3.0 6.3 —-45 -5 7
K2 Lys119 H, —0.9 43 4.6 17 7.9 —2.6 -2 10
Ks Lys119H, -0.6 58 2.7 11 8.3 -1.7 -1 11
Ks Lys119 H; -0.2 29 3.4 15 7.4 —-1.7 -2 9
Ks Lys119 H —0.03 f 3.0 15 f -15 -3 9
Ke Lys119 Hy 0.07 f 1.9 1.0 f -0.9 -3 10
K7 Lys119 Hy 0.28 f 2.7 15 f -1.2 -2 10
Ksg Lys119 H 1.64 f 3.8 2.7 f —-1.1 -1 12
Ko Lys119 H- 1.78 f 3.6 2.7 f -0.9 -2 12
Fi* Phe82p-H (?) 8.49 f 6.4 7.5 f +1.0 +3 10
F* Phe82m-Hs (?) 7.85 f 6.3 7.1 f +0.8 +29 9
Fs* Phe820-Hs (?) 7.79 f 6.9 7.3 f +0.5 +39 79
Phe86 -1 7
Fi Phes86 (?) 6.88 f 7.1 7.0 f f —19 89
Phe86 09 9
Fr Phel25 8.22 f 7.3 7.8 f +0.4 +29 100
Fx Phel25 7.69 f 5.9 6.8 f +0.9 +19 12
Fz Phel25 7.45 f 6.8 7.2 f +0.3 +1 13
F1- Phe36 7.27 f 7.0 7.1 f +0.2
For Phe36 7.18 f 6.6 6.9 f +0.3
Fs Phe36 6.94 f 6.3 6.6 f +0.3
Ft Phe58 (?) 7.85 f 5.3 6.6 f +1.3 0 10
Phe58 0 8
Phe58 +3 7
a Cysl118 H 12.4 2 f f 4.8 f +6 5
a Cysl21h 12.2 15 f f 6.6 f +4 7
a’ Cysl121 b 11.7 5 f f 55 f +6 5
Lys126 Hy +4 5
Lys126 H; -10 5
Lys126 Hy -5 6
q —16.4 <1 19.4 1.4 <4.8 —17.8
r —7.6 2 f f 4.8 f
s —6.0 2 10.1 21 48 -8.1
t -2.9 3 f f 5.0 f
z -1.7 4 f f 5.3 f
X Phe86 (?) —38.3 <1 60.5 12.8 <48 —51.1 -2 7
v Lys54 (?) 23.09 2.6 —16.2 4.2 5 +18.9 h h

apeak labels are defined in Figures 2 and16.® Given by the intercept af = « of the dpps(obsd) as a function of % ¢ Given by the
intercept afl = oo of the dpps(0bsd) as a function 6F-2. 4 Given by eq 1, usin@Ree = 6.1 A for a heme methyE Given by eq 6, usingdgi given
by the intercept of thépps(obsd) as a function of 2. f The peak is not well enough resolved over the temperature range studied to obtain a value
for this parameterd The value given is the average of the two equivalent proton grédupso radical a substitution to prediBe or dgip.

resonances in the Curie plot in Figure 5 exhibit straight lines in at 60°C, where h is twice as broad asshhs, and hk, are still

the low-temperature limit50 °C, but show significant curva-  indistinguishable at & 1 ms.

ture above 50°C. Moreover, one methyl (peak;hshows Strongly upfield hyperfine shifted and broad resonances are
extensive broadening at elevated temperatures (Figure 2C,D)shown in Figure 6A (with peak x better observed in the°60
The nonselectivd;s for the resolved low-field resonances at inset A). Variable temperature spectra (supporting information,
40 °C are given in Table 2 and are, for the four methyl peaks, Figure 3S) establish the presence of six strongly upfield shifted
indistinguishableTi;s~8 & 1 ms. TheT;s for the methyl peaks  and strongly relaxedTg ~ 1 ms) single-proton signals with
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Chemical Shift (PPM)

80 60 40 20 PPM

Figure 2. Low-field resolved portions of the 360 MH# NMR spectra
of 9 mM Rpferricytochromec’ in 2H,0, pH 5.0, at (A) 30°C; (B) 70
°C; (C) 80°C; and (D) 83°C (trec = 82 ms). The traces illustrate the =30 YT
broadening of peakihwith increasing temperature and the growth of 28 30 3.4
a new species with peaks, u, and y at and above 80C. Peaks are T'(K'x 109)
labeled hfor the heme with designating the position on the heme as  Figure 5. Curie plot (observed shiftdpsgobsd), versusreciprocal
shown in Figure 1; i Hy' for the axial His122 Is; and peak v arising  absolute temperature) for the heme and axial His resonancBp of
from a nonligated residue. ferricytochromec’, pH 5.0 over the temperature range—&B °C
illustrating the nonlinear behavior observed for all resonances at elevated
temperatures.

Figure 3. The 14 to—4 ppm window of the 360 MHZH NMR spectra
of Rpferricytochromec’ in 2H,0, pH 5.0, at (A) 30°C and (B) 83°C
(trec= 1.12 s) illustrating the loss of structure in the diamagnetic portion

of the spectrum. b =Ll :
I_IIII|III|III|III|||I|III||
g5 80 60 40 20 0 -20 -40
S PPM
2_; 80 Figure 6. (A) *H NMR spectra (500 MHz) oRp ferricytochromec’
E in 2H,0, pH 5.0, at 45C (trec = 120 ms). (A) The upfield portion of
2 5 4 ) the NMR WEFT spectrum which more clearly shows peak x; the
g 4 25°C vertical expansion is approximately3hat of trace A. (B) Portion of
£ the WEFT-NOESY spectrunt = 6 ms;zrec = 86 ms;zq = 30 ms)
O 65 550C illustrating the cross peaks between downfield-hyperfine-shifted reso-
T nances. (C, D) Steady-state NOE difference traags € 56 ms)
4 6 8 10 obtained from saturating the resonances (ghtinus h and (D) h
pH minus h,, as shown by vertical arrows. Peaks designated with upright
Figure 4. The pH titration curve of peakslof Rp ferricytochromec’ arrows have corresponding upright NOEs; likewise, peaks designated

(representative of allihat 25 and 55C. The sample pH for all NMR with downward arrows have corresponding downward NOEs. Traces

spectra (unless otherwise noted) is designated by arrows and occurs iron the left side of the trace label are vertically expandedbyelative

stable portions of the curves for both temperatures. to those on the right side of the trace label. (E) Portion of the WEFT-
NOESY spectrumimix = 6 ms; tec = 86 ms;7¢ = 30 ms) at 45C

upfield shifts of—10 ppm and distinctive temperature dependent illustrating the cross peaks between downfield-hyperfine-shifted reso-

shifts, h, hg, h,, hs, X, q; less strongly upfield shifted peaks nances and resonances near or in the diamagnetic envelope.

are considered below. The low-field shoulder of the diamag- ) .

netic envelope, moreover, contains, in addition to the apparenthemoproteins with removable hertfe’the four heme methyls

methyl peak by, at least three strongly relaxed and low-field- and eight single protons (Six4dl of the heme and the twosl

shifted single-proton peaks d, and &, which can be detected ~ Of the axial His) are expected in the low-field window-2000

in a series of partially relaxed spectra at’6 (supporting ppm, and four heme meso-H atoms are expected in the upfield

information, Figure 6S) for which estimated null points indicate Window —10 to —50 ppm for a five-coordinated hemif. In
Tis of 2, 15, and 5 ms an®-s of 4.8, 6.6, and 5.8 A, addition to the obvious four low-field methyls, we observe nine

respectively. The chemical shifts and estimaiesl for these (46) La Mar, G. N.; Budd, D. L.; Smith, K. M.; Langry, K. Cl. Am.

resonances are listed in Tables 2 and 3. Chem. Soc198Q 102, 1822-1827. _ ‘
h | he basis of . di (47) Pande, U.; La Mar, G. N.; Lecomte, J. T. J.; Ascoli, F.; Brunori,
The Heme. Largely on the basis of extensive NMR studies ;- 'smith, K. M.; Pandey, R. K.; Parish, D. W.; Thanabal Biochemistry

on model compound&and well-characterized high-spin ferric 1986 25, 5638-5646.
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strongly low field shifted single proton resonances (Figure 2)
and six strongly upfield shifted broad single-proton resonances
(Figure 6A). A WEFT-NOESY spectrum with, = 6 ms
(Figure 6B) exhibits strong cross peaks within two sets of low-
field proton pairs (h/hze and ho/hee) Which identify the
geminal H, resonances of the two propionates. Weak cross
peaks to two methyl peaks{and k) from one H, of each
propionate identify (but do not differentiate between) the 5CH
and 8-CH peaks. Similar connectivities have been reported
for Cv22 and Rn#* ferricytochromesc'.

Saturation of four of the six strongly upfield shifted single-
proton peaks provides dipolar connectivities to the heme methyls
and H,s, allowing complete assignment of the heme. Saturation
of hs (Figure 6C; negative peaks) gives NOEs to two methyl 3 i
peaks (h and k), which identify thed-meso-H and the pair AN Mt W W Y
1-CHs, 8-CH, assigns the 1-CHpeak (h), and distinguishes Gl My
between the 5-Ciand 8-CH peaks. This also dictates that “&ﬁ%o o KiC — : " w ‘
the remaining methyl peakgharises from the 3-C§l Satura- ' o PPM - 0
tion of hy (Figure 6C, positive peaks) identifies tfiemeso-H Figure 7. (A) Resolved upfield portion of the 500 MH#H NMR
resonance by its NOE to the 5-GHand it assigns the 4H spectrum ofRp ferricytochromec’ in 2H,0, pH 5.0 and at 40C (zrec
resonance (3). Saturation of k (Figure 6D, negative peaks) = 3s). (B) Resolved upfield portion of the 500 M4 NMR spectrum
identifies it asau-meso-H by its NOESs to the 3-GHind assigns ~ under saturating conditions.{. = 200 ms). (C) Portion of the clean
the 2-H, resonance, 4. Irradiation of h (Figure 6D; positive TOCSY (rm =8mSs;Tec=0.15s) spectrum illustrating the cross peaks
peaks) locates thg-meso-H by its NOEs to both thegd and for the spin systems for resolved upfield resonances.

H7zw. NOESY cross peaks from the assigned 2{Hx,) and
1-CH;z (hy) peaks to a relaxed’( ~ 14 ms) methyl peak partially
resolved on the low-field side of the diamagnetic envelope .
identifies the 2-GH3 peak (hg), while similar cross peaks from
3-CHs and 4-H, locate the unresolved 4583 peak hg (Figure
6E). A cross peak from 6-§$ to a pair of protons near the

--1.0

PPM

H,0 signal that are connected by a TOCSY peak locates the 20
6-Hgs (not shown). A similar peak could not be identified for PPM
the 7-Hs, likely due to the shifts being very close to theCH |
signal. Numerous other NOESY cross peaks between the hem i 00

substituents and the diamagnetic envelope are observed in Figure: )
6E, but are insufficiently resolved for unique analysis; such =%
studies are more effectively pursued by steady-state NOE for = T T

-1.0 20 PPM 30 4.0
the heme (see below).

: : & Figure 8. (A) Resolved upfield portion of the 500 MH*H NMR
The strongly relaxed signalsiHHz, and v in the low-field WEFT spectrum foRp ferricytochromec' in 2H,0, pH 5.0 and 30C

vv_mdow in Figure _2A and q an_d X |n_the h_|gh-f|eld W|nd0\_/v N (74 = 40 ms:zec= 100 ms). (B) Portion of the NOESY spectrum(
Figure 6A must arise from amino acid residues. Saturation of 15 Ms:Trec = 206 ms) illustrating the cross peaks between assigned

g and x failed to give NOEs to any resolved resonances. The gpin systems of resolved upfield resonances.
power levels needed to significantly saturate peaks q and x

produced sufficient off-resonance effects to the diamagnetic respectively. Collection of these two types of spectra between
envelope so as to preclude the detection of NOES to resonance®q and 60°C locates 19 strongly to moderately relaxed and
under the diamagnetic envelope. partially to completely resolved signals (supporting information,
The Axial His. The two low-field resonances,tand H, Figure 4S). The composite nature of the peak-8tppm is
had been assigned earfiéto the axial His 122 Igs on the basis better resolved at 6€C in Figure 7A. The intercepts af =
of comparison to model compourfiand other high-spin ferric o in the T~1 and T~2 plots, din(T™Y) and 6in(T2) (given in
hemoprotein®¥-47and because of their dramatic downfield shift Table 3), for all non-heme peaks upfield of the diamagnetic
by ~100 ppm upon conversion to the alkaline form. The envelope (except one resolved peak, Kee below) confirm
increased contact shift for these signals in the alkaline form that they experience upfield dipolar shifts.
was shown to be consistent with the propd8éeideprotonation Two strongly relaxed and resolved methyl peakgT; ~ 4
of the axial His. Peak Hexhibits a weak NOESY cross peak ms) and L (T; ~ 16 ms) exhibit TOCSY cross peaks fo, of
to signal K (Figure 6E). This unique dipolar connectivity is 8 ms (but not 22 ms) to resolved peak Which, in turn, exhibits
confirmed by steady-state NOEs over a range of temperaturesa TOCSY cross peak toslin the composite at-3.0 ppm (Figure
(not shown). The definitive assignment of peak % the 7C); this identifies a Val or Leu with the two methyis5 and
Lys119 H, (see below) provides direct evidence for the 7 A from the iron. Our homology model has no Val and only
assignment of idand H to His122 Hs. The ring protons for  one Leu with predicted upfieldgp, which is also near the heme,
His122 are expected to be broadened beyond detection by thei_ey16. The 15 ms,, NOESY map in Figure 8B shows some
proximity to the iron Ree ~ 3.3 A, expectedr; <0.1 ms). of the expected intraresidue cross peaks. Hence we assign the
Nonligated Residues with Upfield Dipolar Shifts. The resonancesilto the (GHs).C,H—CsH of Leul6. Two signals
expanded upfield portions of the reference spectrum &G0  confirmed as methyl groups by the retained three-proton
and pH 5.0 and the WEFT spectrum designed to suppress allintensity over a wide temperature ranggahd h (T; ~ 40 ms),
peaks withT; > 80 ms are shown in Figure 7, traces A and B, exhibit strong TOCSY connectivities far, = 8 ms (Figure
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7C) (but much weaker for, = 22 ms) in a spin system !

diagnostic for a complete lle with thesBs <10 A from the A

Fe. The only lle this close to the iron is llel5 (Table 1). The

upfield portions of the 30C WEFT trace andy, = 15 ms

NOESY map are shown in Figure 8, parts A and B, respectively. B P Lz

In addition to expected intraresidue cross peaks for llel5, five M ohar ATy N\W

of its protons exhibit NOESY cross peaks to the LeulgHg b e d

(L2) (Figure 8B). Leul6 and lle15 are expected to be in close S}/\ S

van der Waals contact, as found for Leul5 and Met1l®in e

cytochromec', providing compelling evidence for these two D "f €

assignments. The chemical shiftg,values (and resultinBre), v T g ¥ T

ddip(obsd), and intercepts fdr-* and T2 plots are collected in E Fip \'i //

Table 3. ’ P,
The three partially resolved and moderately to strongly F P - .

relaxed single-proton peaks K3, and K; exhibit TOCSY cross F“MM .

peaks forr,, = 8 ms (which are weaker or missing fo = 22 B L A B R

ms) in a pattern that extends into the diamagnetic envelope (with 7 5 3 1 4 3 -5

Tm = 22 ms) to yield a nine-spin system uniquely assigned to PPM

a Lys. The TOCSY cross peak topology shows that it is the Figure 9. (A) The 8 to—5 ppm region of the 500 MH#H NMR

Hq which is the more strongly shifteddj,(obsd)~ —5 ppm) spectrum ofRp ferricytochromec’ in 2H,0, pH 5.0 and 45C (trec =

and relaxed T = 11 ms, Ree = 6.3 A) for this Lys and 3s). Steady-state NOE difference traces obtained from saturating the

establishes that the backbone, rather than side chain terminuslow-field resonances (B) v; (C):theme (1-CH); (D) hs heme (3-

is oriented toward the iron. Two Lys are near the heme iron, CHa); (E) hs heme (5-CH); and (F) k heme (8-CH)).

Lys54 and Lys119, and the highly conserved Lys119 on the . . ..

proximal side of the heme is oriented with its backbone toward unaSS|gne.d and henge are candidates for the ongins of these

the iron. The other Lys54 is a very radical substitution (Ala54 peaks. It_ IS _also pos_5|ble thz_at protons on the radical Ates4

— Lys) in our homology model, but its side chain rather than -YS Substitution provide candidates for these peaks (see below).

the backbone would be closer to the iron. The NOESY cross '€ Other re5|dqes with minor upfield shiftdf < 2 ppm)

peak from the His122 ji(peak H) to the H, (K1) of Lys119 and yveak relaxationlg > 45 mg,RFe> 7.5.A),.are not QSS|gned;

in Figure 6E is precisely what is predicted by the crystal predicteddqi, andRre are given in supporting information, Table

structure oRmandCv cytochromeg' in this highly conserved
ortion of the protein, and this result serves to corroborate bot A ) ; .

Fhe His122 a?nd Lys119 assignments. The pattern of the dues With predicted sizable-¢ ppm) low-fielddgp, are Cys118

observedsg;, for Lys119 closely follows that for the predicted e (Ree =5 A, daip =A6- %pm), Cys121 i (Ree = 7 A; daip =

ddip (Table 3). The role of Lys 54 will be considered below. i%pg)al_b (Rze ~ r?w) (’T adtiﬁew3§s pcpz)nrﬁ er'g ;‘g’%z_zeaﬂ d(ge
A strongly relaxed Ty < 1 ms,Ree ~ 4.5 A) upfield methyl s_u e'stsdlfr;]e ten?:tive assi nméntas('atg Cys118 I—I,i) C leel

peak M in Figure 6A exhibits neither TOCSY nor NOESY o g 4 » <Y

cross peaks. The only remaining residudRimcytochromec Hg, and Cys121 i, respectively. Although the distance from

I Cys121 H to 3-CHs is ~3 A, the strong relaxation renders the
whose substitution would be expected to place a methyl that expected NOE undetectable @.1%).

close to the iron is the &i; of Metl19. Saturation of Myields
NOEs to Leul6 i, CsHs, as expected for the Metl9 methyl
(supporting information, Figure 5S). The TOCSY map exhibits
cross peaks for two resolved and moderately relaxed single-

proton peaks, .M and M;, and one unre§olved peak,4MNe the diamagnetic region at the same temperature. The chemical
tentatively assign these to part of the side chain of Met19.  gpipq and variable temperatufel, T-2intercepts for unassigned
A resolved but very weakly relaxed@{~ 140 ms,Re. ~ 10 peaks are provided in the supporting information, Table 1S, and
A) upfield methyl peak 11 exhibits TOCSY cross peaks to a jn Table 3 for assigned signals. The common denominator for
pair of strongly coupled protons 4*and I*; that uniquely  gj| of these spatial contacts to the heme periphery is that they
identify an ethyl fragment of an lle remote from the iron (Figure - exhibit the predicted downfield dipolar shifts, as reflected in
7C). Interestingly, both th@ ' and T~ intercepts (Table 3)  the intercepts aff = « upfield of the observed position
indicate that this methyl eXpel’iences a snal-field rather (Supporting information, Table lS) Notable exceptions are
high-field dipolar shift in spite of appearing in the high-field NOEs to one peak each from the 3-Cahd 5-CH peaks (I
side of the diamagnetic envelope. The strongly upfield origin and R, respectively), which exhibit little temperature depen-
of the methyl dictates that it interact strongly with aromatic dence and have intercepts T2, T2 plots in the aromatic
residue side chains. lIts definitive assignment follows below. window, and hence must reflect aromatic rings in contact with
There remain six strongly relaxediy(< 4 ms,Ree < 5.5 A) the heme (these are considered below). Protons in contact with
and upfield dipolar-shifted single-proton peaks, g, r, s, t, X, and the heme periphery generally exhibit relatively narrow lines in
z, which at this time cannot be connected to any other resonancethe NOE difference traces, as might be expected by the Fe
by 1D or 2D methods. Th& 2 intercepts for peaks g and s A dictated by the van der Waals radius in the heme. The 5-CH
(Table 3) indicate aliphatic protons, whereas the intercept for exhibited an NOE to the Hand GHs peaks, I%, I*1 (Figure
peak x suggests an aromatic side chain origin (see below). Peak9F), of the lle GH,CsH3 fragment identified in the upfield
r, t, and u are not sufficiently resolved over the temperature spectrum in Figure 7; this contact uniquely identifies it as lle74
range studied to obtain values for the intercepts. For the residueqsee below). Note that lle74 is correctly predicted to exhibit
predicted to exhibit strong upfield dipolar shifts aRgk < 6 negligible paramagnetic relaxation and a small low-field dipolar
A, five signals (Leul6 K, Hg, Met19 Hy', Lys126 H, Hy') are shift, as observed (Table 3). The common NOEs to the heme

h Nonligated Residues with Low-Field Dipolar Shifts. Resi-

The NOEs in the unresolved diamagnetic window upon
saturating the four heme methyls are shown in FiguresPC
The chemical shifts for signals exhibiting NOEs were tracked
with temperature and aligned with TOCSY/NOESY maps of
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8.0 7.5 70 PPM 50 -08
Figure 10. (A) Portion of the aromatic region of the 500 MHE
NMR WEFT spectrunRp ferricytochromec’ in 2H,0, pH 5.0 and 40
°C (tra = 40 ms;tec = 100 ms). (B) Portion of the aromatic region of
the 500 MHZz!H NMR clean TOCSY spectrum{ = 8 ms;trec = 160
ms) in?H,0, pH 5.0 and 40C. (C) Portion of the 500 MHZH NMR
NOESY spectrumi, = 15 ms;zrec = 2.06 s) in?H,0, pH 5.0 and 40
°C, showing the cross peak which aligns with both &nd the 5-CH
NOE, peak n. (D) Portion of the 500 MHEl NMR NOESY spectrum
(tm = 150 ms;7ec = 1.86 s) in DO, pH 5.0 at 40°C, showing the
cross peaks from the Bnd F spin systems to peak*l

1-CHs; and 8-CH (peaks b and c in Figure 9C,D) are consistent
with those predicted for the Gly20,8s (Rre ~ 8 A, Odip ~
2—-3 ppm). Thedin(T2) for peaks b and c is-4.5 ppm, which

is consistent with that expected for$i(supporting information,

Table 1S). However, in the absence of TOCSY connectivities,

Clark et al.

significant downfield shifts for ¥ and experiences strong
paramagnetic relaxation as witnessed by the retained intensity
of F1* (and also K*) in the WEFT trace in Figure 10A, and by
the observation of strongerF,* NOESY cross peaks in
the tm = 15 ms than in they, = 50 ms NOESY map. £
does not exhibit NOESs to the heme, but exhibits a NOESY cross
peak to the lle74 §H; (Figure 10D) and a shared contact (peak
n) with the heme 5-Ckl(Figure 10C), which identifies F* as
arising from Phe82 and confirms the lle74 assignment. The
weak low-field dipolar shifts are consistent with the expectations
for Phe82 (Table 3). The steady-state NOEs from 3 @H-

and 5-CH to F' are those expected for Phe86 and Phe58,
respectively. The analogs of both residuefimcytochrome

¢’ indicate that the remaining ring protons could be strongly
relaxed but only moderately dipolar shifted (see below) (Table
3), which likely accounts for the failure to detect other ring
protons by TOCSY. These two side chains are close to the
magic angle § ~ 54° in eq 4), making predictions odgip
unreliable.

It is noted that none of thRp protons are predicted by our
homology model to exhibit the largky, that could give rise to
peak x at—38 ppm. However, ibgj, is calculateddirectly for
Trp86 in theRmcytochromec' crystal structure, the Trp86¢H
hasRee ~ 3.8 A anddgip = —30 ppm forD = 12 cntl. The
substitution Trp86— Phe in our homology model foRp
necessarily places the phenyl grougRpfurther from the iron
than the Trp irRmcytochromec’. However, if the helix moves
toward the heme to allow van der Waals contact between the
heme and Phe86 in the manner found for Trp86 Rm

these assignments are premature. Other nonaromatic reSidueéytochromec' a similarly large upfielddg; can be expected

with weaker relaxation and small low-fieldgp, Lys13 and
Lys17, are not assigned.
The low-field strongly relaxedTy ~ 3 ms,Ree ~ 5 A) peak

v exhibits neither TOCSY nor NOESY cross peaks and has no

precedence in the spectra of other NMR-charactetfzét
ferricytochromesc'. Hence this peak must reflect a very

nonconservative substitution near the heme. The most likely

candidate for such a substitution relativeRm cytochromec’
that can bring a proton to withi5 A in Rpis Ala54— Lys,
which occurs in the distal peptide region connecting helix 2
and helix 3. The crystal structures d&&nmi213 and Cyl!
cytochromec' show that this region of the protein adopts
variable positions relative to the heme iron for both the side
chains and backbone. Tigp(calcd) therefore can range from
large upfield to large downfield, depending on the Lys54

for Phe86; note that the intercept with ffie? plot also suggests
an aromatic proton as the origin of peak x (Table 3). Hence
we suggest the tentative assignment for peak x asfiPhe86.
Since none of the ring protons of Phedxhibit significant
relaxation and/or shifts and all show contact to the lle38lL
(Figure 10D), the origin of Fmust be Phel25. The remaining
Phe F; is distant from the heme and not in contact with lle74
and must arise from Phe36. Trp75, which is expected to be far
from the heme, was not identified in the TOCSY map, possibly
because of near degeneracy of the ring peaks. The large number
of low-field dipolar-shifted aliphatic protons which resonate in
the aromatic window (see Figure 10A) precluded a search for
Trp based on peak intensity.

orientation. Saturation of peak v yields an NOE to Leul5 peak Discussion

L, as shown in Figure 9B, which confirms the distal origin of

the residue. If Lys54 is responsible for peak v, other side chain

protons must also be close to the iron.
Aromatic Residues. Side chain protons of aromatic residues

can be identified either by their temperature independent shifts

in the characteristic aromatic window-8 ppm or by intercepts
in this window for theT—1, T-2 plots. Two of the six aromatic

residues, Phe36 and Trp75, are expected to be remote from th
heme ¢15 A). Two, Phe58 and Phe86, are expected to make

contact with the heme 5-GHand 3-CH, respectively, but are
also expected to exhibit significant relaxation and/or dipolar
shifts for some of the ring protons (Table 3). Lastly, Phe58,

Phe82, and Phel25 are expected to interact with the lle74 sid

chain in the highly conserved hydrophobic core.

The TOCSY spectrum of the aromatic window is shown in
Figure 10B, along with the WEFT reference trace in Figure
10A. Three complete Phe rings are identified, ', and F*,
of which two, F and F', show insignificant hyperfine shifts,

Assignment/Structure Determination Strategy. 2D/1D
NOE data provided the complete assignment of heme core
substituents in a fashion similar to that used for diamagnetic
ferrocytochrome®$ b andc. The only limitation to extending
this approach to other hemoproteins is that the meso-H
resonances must be resolved in the upfield spectral window. In
spite of the large line widths and shdwss for resonances close

%o the heme, the increased dispersion duédgfor noncoor-

dinated residues allows detection of the majority of the protons
with expectedl; < 50 ms. More surprisingly, TOCSY allowed
detection of sufficient scalar connectivities even for peaks with
T1 ~ 4 ms (L) to uniquely identify the residue type, which,

Swith dipolar connectivities to the heme, axial His and/or other

residues, in conjunction with the sequence homology to
structurally characterized cytochromgsallow unique assign-

ments for llel5, Leul6, and Metl9 in the distal pocket, and
Lys119 and His122 on the proximal side of the heme. It is

and their resonances are completely suppressed in the WEFT

trace in Figure 10A. The third complete ring, F*, exhibits

(48) Keller, R. M.; Widhrich, K. Biochim. Biophys. Act&a98Q 621, 204~
217.
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noted that, while we cannot offer even tentative individual ~1 ppm; H ~2—3 ppm; H,, ~4.5 ppm; aromatic;~7 ppm;
assignments for the five resolved strongly relaxed and upfield- see Table 3), which indicates that a single high-spin ferric ion
dipolar-shifted single-proton peaks g, r, s, t, and z (bottom of with a fixed D value can account for the dipolar shifts for the
Table 3), the range df;s anddgip (When available) correlate  nonligated residues. The six-coordinate high-spin ferric heme
with values expected for the unassigned signals, LguHd, in metMbH,0*45exhibitsD ~ 8 cn1, and comparison of the
Metl9 Hy', Lys126 H, Hy', in Table 3. The strongly relaxed  dipolar shift in the WT protein and a mutant that abolishes the
and shifted signals from the Cys118 and Cys121 cannot bejigated water shows an increasebnof a factor of 1.5-2 in
definitively assigned, but resonances consistent with the pre-ihe five-coordinate mutadt Hence D = 12 cntl is a
dicted relaxation and I(.)W-field.dipolar shifts are detected. Itis reasonable estimate for the five-coordinate high-spin ferricy-
noted here that the side chains of the residues detected andochromec. Itis possible, however, to independently determine
characterized in this study are included among those which werep by EPR% The heme methyl shifts more closely follow the
not detectetf in the 2D NMR study oRcferricytochromec'. T-1 behavior predicted for the contact shifts (eq 2), which is

The definitive assignments of the heme, axial His, several consistent with only smalk¥;, ~ 8 ppm) dipolar contribution
diSta| pOCket I’eSidueS, and ”e74 (Wh|Ch interaCtS W|th Several Of the same Sign re'ative to the much |arger contact Sh|fts The
aromatic side chains) provide one element of independent meso-H atoms, on the other hand, exhibit a range of deviations
confirmation of the structural homology of the monomeRip from the T-1 lines. However, thd® ~ 12 cnr? predicts large
cytochromec' to the subunits of the structurally charac- (+18 ppm) low-field dipolar shifts for meso-H atoms, which
terized’ *518cytochromeg’. The correlation between observed o comparable in magnitudsyt opposite in sigrto the upfield

and predictedqp, directionis excellent; the correlation between 440t shifts which will lead to large deviations for the Curie
observed and predicteli, magnitudeis surprisingly good in law in the manner observed

view of the crudeness of the homology model. It is noted that e )
the predictions are best for the structurally conserved and 1he NOE connectivities around the heme confirm a geometry

definitively assigned residue Lys119 (Table 3). These data for the thioether linkages that is the same as that generally found
therefore provide additional support for strong structural homol- for other cytochromes’, with the 2-H, oriented toward the
ogy for Rpto other structurally characterized ferricytochromes @-meso-H, the 2-gHs toward the 1-CH, the 4-H, toward the

¢. The qualitative correlation between observed and predicted 3-meso-H, and the 4+4Ei; toward the 3-CH, as shown in Figure
ddip Show that these shifts will serve as valuable constraints in 1. The largerdpsgobsd), and hencecon, for the 1-Ch than
developing a molecular model of cytochromieas established ~ 3-CHgindicates that more spin density is delocalized to pyrrole
for low-spin ferric hemoprotein&-34.36 A than B. The much larger 4-Hthan 2-H, shifts, therefore,

There are several strongly relaxed proton resonances whichMust reflect slightly different orientations of the thioether
cannot be assigned by the present method, but whose relaxatioinkage. The relevant dihedral angles in eq 3 for the4aHd
and dipolar shift properties are consistent with a number of 2-Ha are~40° and~25°, respectively, which yields a predicted
unassigned protons. However, it is expected #@tand!sN Oco(4Hw)/0cor(2Ha) of ~1.6 and in part rationalizes the larger
labeling would provide the route to identifying even these 4-Hq than 2-H, shift. The very similapsgobsd) for the Hs
protons'® The 13C and 15N near the heme are much less for both the 6- and 7-propionate indicates extended chains,
influenced by paramagnetic relaxation because of their relative which is consistent with the crystal structure.
magnetogyric ratios, allowing the detection'tf—*%C and'H— Thermal Unfolding and Intermediates. The loss of all
"N heteronuclear correlation to the brod#l signal®°° dispersion in the diamagnetic portion of the NMR spectrum at
Moreover, while NOESY connectivities among strongly relaxed pigher temperatures (Figure 3B) indicates that the protein has
protons may be lost, the use of the and'*N dqip and relative | 5toided with a melting temperature of78 °C. The process
Tis provides the necessary constraint§ to make a completeg completely reversible even at highf mM) concentration.
solution structure determination of a ferricytochrooh@ good The detection of three peaks, U, and u, consistent with the

prospect. . chemical shifts and relative intensities expected for heme methyl
. !—!eme EIectromc/MoIecngr Structure. The NOE connec-  protons (12), pyrrole ks (6), and meso-H atoms (4) reflects
tivities around the her_ne perlphery,. as detected by a Comb'”at'onapproximately four-fold symmetry and suggests that the axial
of 2D and 1D experiments, provide all of the pyrraleand s hond is lost in the unfolded state. A similar unfolding is
meso-H assignments and confirm that the meso-H signals indeed, o yeq for the alkaline form at slightly lower temperature,

resonate upfield, as expected for a five-coordinate high-Spin 4,01 the unfolded form appears to contain a low-spin ferric
iron(Ill) heme?2647.51 On the other hand, there are six upfield heme %see supporting informpeﬁion) P

peaks with relaxation/shift properties reflective of meso-H. This o ) o
dictates that simply observing upfield signals is not sufficient _ The*H NMR spectra in Figure 2 and the Curie plot in Figure
to assign the ligation/spin state; the meso-H signals must be5 show that the folded protein with peakseixhibits changes
identified by their characteristic proximity to the appropriate in structure at temperatures below where unfolding occurs; the
low-field pyrrole substituent(s). The present complete heme changes are in the form of changed slopes in the Curie plots
assignments foRpferricytochromec’ are consistent with partial ~ near 70°C for 1-Ch; (Figure 5), as well as other single-proton
assignments fo€v andRc .23:24 peaks, and a dramatic increase in the 1s@idak line width
The intercepts aT = o for psgobsd) versug—2 (but not  (Figure 2B,C), when compared with the 3-@ét 5-CH; peaks.
T-1) plots for all nonligated residue protons are characteristic 1hese spectral changes indicate equilibrium structural change-
of the expectedy;, for the various functional groups (methyls, (S) prior to unfolding. The unchangeti values for 1-CH
relative to the other methyls at elevated temperature dictate that
(49) Bertini, 1.; Luchinat, C.; Macinai, R.; Piccioli, M.; Scozzafava, A.;  the broadening results from an exchange effécg, the 1-CH

Viezzoli, M. S.J. Magn. Resonl994 B104 95-98. ; il
(50) Sadek. M.: Scrofani, S. D. B.: Brownlee, R. T.. Wedd, A. 1. senses the average of two or more different equilibrium
Chem. Soc., Chem. Commui@95 1, 105-108.
(51) Rajarathnam, K.; La Mar, G. N.; Chiu, M. L.; Sligar, S. G.; Singh, (52) Sandstim, J.Dynamic NMR Spectroscopicademic Press: New
J. P.; Smith, K. M.J. Am. Chem. Sod 991 113 7886-7892. York, 1982; pp 14-18.
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environments whose influence is localized near pyrrole A temperatures, possibly wittN labeling, and is beyond the
(Figure 1). scope of this study.

The unfolding of the four-helical-bundle proteins has been
proposetf to be initiated by the separation of two pairs of  Acknowledgment. The authors are indebted to Dr. J. S. de
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perturbation of helices 1 and 2. Thus, the line width perturbation t5 heme and axial His at pH 10, 4€), and figures depicting

of the 1-CH resonance at elevated temperature is consistenthe effect of temperature on hyperfine-shifted resonances at pH
W'th_ _ex_char)ge betw_een the completely folc_ied protein and an 10, the effect of temperature on the diamagnetic envelope at
equilibrium intermediate that has an altered interaction between pH 10, the effect of temperature on strongly upfield shifted

the heme and helix 1 and is consistent with, but not proof for, resolvéd resonances at pH 5, the effect of temperature on
the “peeling” away of helices 1 and 2 from 3 and 4. The NOEs moderately upfield shifted resolved resonances at pH 5, the

from the heme 1-Chlto peaks ¢ and @ show decreased .
. . . R steady state NOE of Met19.83 at pH 5, and partially relaxed
intensity relative to the NOE to the 258.3 (h?ﬂ) at 60. c Wher! spectra to resolved four strongly relaxed resonances near 12
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perturbations will require much more extensive assignments of be downloaded from the Intemet; see any current masthead page

the “diamagnetic” portion of the protein over a range of - . ) .
for ordering information and Internet access instructions.
(53) Kobayashi, Y.; Sasabe, H.; Saifd. J. Protein Chem1993 12,
121-131. JA953719T




