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ABSTRACT: Proteins in the cytochrome(cyt c) family with His-Met heme axial ligation display diverse
heme electronic structures as revealed by the NMR spectra of their oxidized (paramagnetic) forms. These
variations in electronic structure are thought to result primarily from differences in heme axial Met
orientation among cyt species. The factors determining Met orientation in cytsowever, remain poorly
understood. An additional layer of complexity was revealed with the recent finding that the axial Met in
Hydrogenobacter thermophilusytochromecss, (Ht cyt css2) is fluxional, sampling two conformations
rapidly on the NMR time scale, resulting in an unusual compressed range of heme substituent hyperfine
shifts [Zhong, L., Wen, X., Rabinowitz, T. M., Russell, B. S., Karan, E. F., and Bren, K. L. (0@t

Natl. Acad Sci U.SA. 101, 8637-8642]. In this work, théH NMR hyperfine shift pattern offlt cyt css»

is drastically altered by making the conservative heme pocket mutation GIn64Asn. The rhittQ6Y(N)
displays a pattern of heme hyperfine shifts with a remarkable resemblance to that of structurally homologous
Pseudomonas aeruginosyt css3, which has Asn at position 64 and a single heme axial Met conformation.
NMR analysis reveals that Asn64 it Q64N is positioned to interact with the axial Met61, whereas the
GIn64 in wild-typeHt cyt css2is not. It also is found that the heme axial Met is not fluxionaHinQ64N

and has an orientation similar to that fh aeruginosacyt css;. These results indicate that peripheral
interactions with the axial Met play an important role in determining axial Met orientation and heme
electronic structure in cyts.

Nature presents a diverse range of coordination environ- proposed to be inversion through the Met ligand thioether
ments for metal ions within metalloproteing) (In electron sulfur, occurring on the microsecond time scale at room
transfer proteins, it is generally thought that the protein temperature §) (illustrated by the arrow in Figure 1A).
maintains a metal coordination environment that does not Although it is possible that such ligand dynamics exist in
change significantly in response to oxidation state. A fixed other metalloproteins, it also is thought that in most ayts
metal environment is important functionally for minimizing the axial Met is not fluxional{, 8). This raises the question
reorganization energy for electron transfer and for protecting of the physicochemical basis for Met fluxion kit and Ne
the metal ion from the binding of solvent and other cytscss, Understanding the factors causing Met fluxion in
exogenous ligand<). The control of the metal coordination these cytg is important for understanding methioninmetal
sphere in an electron transfer protein comes from a combina-interactions in metalloproteins in general.

tion of metal site burial and definition of the metal'binding NMR Spectroscopy is useful for Characterizing both
site by the protein scaffold and/or any metal-binding cofactor. dynamics of proteins and fluxional behavior of inorganic
Coordination sites in small metal complexes, in contrast, complexes. The paramagnetis&= /) of oxidized cytsc
often display ligand rearrangements. One type of rearrange-makes these proteins particularly attractive for NMR study
ment common in inorganic and organometallic chemistry is of heme-ligand interactions and is the property that facili-
described as f|UXi0n, which is the rapid rearrangement of tated detection of the novel Met dynamicg-lnandNecytS
metal-ligand bonding 8, 4). Because of the constraints ¢, (5, 6). Particularly useful are the resonances of the methyl
placed by the protein structure, fluxional behavior is not groups in thex position relative to the heme macrocycle (at
generally considered when evaluating conformations of positions 1, 3, 5, and 8; Figure 1). The hyperfine shifts of
amino acid ligands to metal sites within proteins. Recently, the heme methyls are determined primarily by the Fermi
however, two cases of fluxionality of methionine ligands to contact shift, which results from unpaired electron spin

heme iron in electron transfer prOtEinS have been reported.density at the resonant nuc|e|_%—(12)_ The contact shift, in
This behavior has been observed in cytochromgs(cyts

Css)t from Hydrogenobacter thermophilugHt) (5) and
Nitrosomonas europaeg@Ne) (6). The dynamic process is

1 Abbreviations: CD, circular dichroism; cyt cytochromec; cyt
Css2, Cytochromecssy; Ht cyt css; Hydrogenobacter thermophilus
cytochromecss; Ht Q64N, Hydrogenobacter thermophilusin64 —
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Ficure 1: (A) Proposed orientations of side chains of Met61 and
GIn64 inHt cyt css,. Shown are the GIn64 position from the NMR
structure of reduced#it cyt css; [first structure of ensemble, PDB
identifier LAYG (20)] and the proposed conformations of the axial
Met61 from analysis of oxidizedtt cyt css; NMR (5). Rand S
indicate the conformations with the indicated chirality at the Met
sulfur. (B) Orientations of Asn64 and Met61 Fa cyt Css; from

the X-ray crystal structure [351@2)]. The plane of the axial His
(not shown) lies approximately along the hemey-mesoaxis in
both proteins 22, 39). The measured distance between the residue
64 side chain M and the axial Met & (dashed line) is (A) 4.9

6.1 A (range in family of NMR structures) and (B) 3.6 A. The
heme substituent numbering system used in the text is shown.
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Ficure 2: Downfield regions of 500 MHZH NMR spectra of
oxidized (A) horse heart cyt (50 mM sodium phosphate, pH 7.0)
(46), (B) Pacyt css1 (50 mM sodium phosphate, pH 6.®5), (C)
Ht cyt cs52 (120 mM sodium acetatds, pH 5.0) 6), and (D) Ht
Q64N (120 mM sodium acetatd; pH 5.0). Heme methyl assign-
ments are indicated. See Table 1 for shifts of selected heme
substituents.

turn, is determined primarily by the details of the heme
ligand interactions. The orientations of both heme axial

Wen and Bren

Ficure 3: Three-dimensional structure |Hf thermophiluscyt css;
(PDB identifier 1AYG; first structure of ensemble2@). Other
members of the cytg structural family, having similar 3-D
structures, includ®. aeruginosayt css; (22) andN. europaeayt
Css2 (21).

configuration change corresponds to a reorientation of the
Met ligandp orbital anglé relative to the irord orbitals and

the porphyrin 3et) orbitals, and these interactions ultimately
determine unpaired electron spin distribution on the heme
macrocycle 10, 13, 14).

The hypothesis thdtie andHt cyts css; display axial Met
fluxion arose from the observation that all four heme methyl
resonances in the NMR spectra of the ferric proteins have
similar shifts 6, 6, 16, 17). The proposed cause of the
compressed heme methyl shift range is an averaging between
the spectra corresponding to tfeand S configurations
(Figure 2) and is consistent witfT;-independent line
broadening of the heme meth\l resonances seen in both
of these proteinsy( 6). In Ht cyt css», it also was determined
that the orientation of the magnetic axes, which is determined
by the orientations of the heme axial ligands,(19), is
consistent with conformational averaging from Met fluxion
(5). Although fluxionality of a heme axial Met within two
proteins now has been characterized, the basis for the exist-
ence of this behavior in these cytochromes is not understood.

Ht cyt css2 (20) andNe cyt css2 (21) are both members of
the cytcg structural subclass (Figure 3), which also claims

ligands with respect to the in-plane heme axes determinethe nonfluxionaPacyt css; as a member22). The question

the unpaired electron spin distribution on the heme macro-
cycle and, thus, the heme substituent contact sHeftdq,

13). In cytsc, the axial His is generally aligned along the
o—y-mesoaxis, but the axial Met is found in different
conformations in different cyt species 7, 8). Cytsc with

the axial Met oriented as in Figure 1A with the prochiral
sulfur in theR configuration exhibit a pairwise ordering of
heme methyl shifts with methyls 8 and 3 downfield of
methyls 5 and 1 (shift ordering 8-GH 3-CH; > 5-CH; >
1-CHs). An example is horse cyt (Figure 2A). In contrast,
cyts ¢ with the axial Met in theS configuration (Figure 1)
show a reversed pattern, with methyls 5 and 1 appearing
downfield of methyls 8 and 3 (5-CGH> 1-CH; > 8-CH; >
3-CHg) (14, 15). The prototypical example of this type of
cyt c is Pseudomonas aeruginog@a) cyt css; (Figure 2B).

A large difference in heme substituent chemical shifts results
from this difference in Met configuration because the ligand

is thus raised as to why in particulBit cyt css; andNe cyt

Css2, despite the high similarities of their three-dimensional
structures tdPa cyt css1 (22), display axial Met conforma-
tional fluxion and heme methyl shift range compression.
These two unusual cytochromes do display subtle differences
in the axial Met-donating loop sequence and in heme pocket
structure relative to other members of the cytamily. The
NMR structure of reducedlle cyt css, reveals that this loop
packs differently against the heme than in other members
of the cytcg family, perhaps as a result of the insertion of a
valine after position 64 (numbering based on Beecyt Css;

2For Met, the orientation angle is determined by projecting the
bisector of the Met §—S5—Ce angle onto the heme plane and taking
a vector perpendicular to this projection. The orientation of Met is the
angle between this vector and the hexraxis. For His, the orientation
angle is the angle between the ligand imidazole plane angztpkane
of the molecular coordinate system.
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sequence)Xl). Whether this structural perturbation somehow containing the pSHC552N64 plasmid in LB medium supple-
influences the Met to undergo fluxion and yield the unusual mented with ampicillin (5@g/mL) and chloramphenicol (50
heme electronic structure remains to be determined. In theug/mL). The culture was agitated at 140 rpm at &7 for
case ofHt cyt cssp, an Asn normally found at position 64 in 16 h.Ht cyt css, was expressed in BL21(DE3) cells harboring
the cytscg is replaced with GIn. Asn64 is positioned to pSHC552 and pEC86. Cells were harvested by centrifuga-
hydrogen bond with the axial Met61 FPa cyt css; (the Asné4 tion. Purification of wild-type and mutariit cytochromes
No—Met61 S distance is 3.61 A in both oxidation states) from cell pellets was as described in detail fér cyt Css»
(22). The Asn64 side chain iPa cyt css; also hydrogen (16). Pa cyt css; was expressed and purified as described
bonds with the backbone carbonyl oxygen of 1le48 in the (25). Horse heart cyt was obtained from Sigma.
heme pocket. In contrast, the GIn64 side chaiHlirtyt css, NMR SpectroscopyH NMR spectra were collected on a
points to the periphery of the heme, toward the protein Varian INOVA 500 MHz spectrometer. Data were collected
surface, and thus is not positioned to hydrogen bond with on samples (23 mM) of Ht Q64N (oxidized and reduced)
the axial Met or other heme pocket residu§)( Interest- in 120 mM sodium acetatds, pH 5.0, with 10% DO. The
ingly, Asn64 in the structure dfle cyt css,, although close  temperature was 300 K unless indicated otherwise. Oxidized
to Met61, is not properly oriented to interact with the Met61 samples contained a 5-fold molar excess gfR€(CN)],
SO and does not engage in other hydrogen-bonding interac-and reduced samples contained a-30-fold molar excess
tions within the heme pocket seen for Asn64Pa cyt Css: of NaS,0,. Samples were deoxygenated by bubbling
(21, 22). We thus hypothesize that residue 64 plays a role nitrogen gas before addition of B#&O,. For oxidizedHt
in determining axial Met orientation and heme electronic Q64N, 2-D NOESY (mixing time 100 ms) and TOCSY
structure in proteins in the cyg family. In this work, this (spin-lock time 50 ms) spectra were collected with 8192
hypothesis is tested iHt cyt css, by substituting GIn64 in ~ points in the F, dimension, 512 increments in thie;
Ht cyt css2 with Asn (yielding Ht Q64N). Analysis of the dimension, and a 30000 Hz spectral width. For reduced
mutant by NMR demonstrates that this single conservative protein, NOESY (mixing time 100 ms) and TOCSY (spin-
mutation drastically alters the heme methyl shift pattern from lock time 90 ms) spectra had 4096 points in Faelimension
that of Ht cyt css; causing it to bear a remarkable and 512 pointsin th&; dimension and a 12000 Hz spectral
resemblance to the spectrum of oxidiZea cyt css;. These width. NMR data processing and analysis were performed
results indicate that peripheral interactions with the axial Met using FELIX 97 (MSI). For variable temperature (26800
play an important role in determining heme axial ligand K) experiments, samples with 20% (v/v) @DD were used.
geometry and heme electronic structure in ayts NMR Data AnalysisHeme!H resonances of oxidized and
reducedHt Q64N were assigned by identifying connectivities
MATERIALS AND METHODS between heme substituents in NOESY spectra. Assignments
DNA ManipulationsProcedures were carried out generally were confirmed by identifying NOEs between heme sub-
as described in Sambrook et a&3]. Restriction and DNA stituents and nearby amino acid side chains. Assignments
modifying enzymes were purchased from Gibco BRL or New of proton resonances for heme pocket amino acids were made
England Biolabs. A cloning kit for PCR products (TA using standard procedure®7f and assisted by comparison
cloning kit) including the pCR2.1 cloning vector was to published assignments féit cyt css, (16, 20).
purchased from Invitrogetscherichia colstrain Nova Blue Experimental pseudocontact shift§,£"9) for Ht Q64N
(Novagen) was used for ligation and sequencing steps. Thewere determined by taking the difference between the shift
plasmid pEC8624) was a gift from Dr. Linda Thoy-Meyer, of a proton in the oxidizedd,x) and reducedd(eq) States:
and the plasmid pETPA2E) was a gift from Dr. Francesca
Cutruzzola Oligonucleotide synthe;is and DNA sequencing 6pC°bS= 6para— Odia= Oox — Ored Q)
were performed at the Core Nucleic Acid Laboratory at the

University of Rochester. This relationship assumes a contact shift of zero, which is
The polymerase chain reaction overlap extension methodyzjid for protons not on the heme or axial ligand$)( and
(26) was used to prepare the Q64N mutantHifcyt Css no redox-linked structure change, which is valid for most
The pSHGsz expression plasmidl6), containing theHt cyt nuclei in cytsc (22, 28, 29). The orientation of the magnetic
Css2 gene preceded by dh coli-compatible signal sequence,  axes and the values of the axiadly,) and rhombic £y
was the template. Mutagenic primers used to mutate GIn64 anjsotropies for oxidizedHt Q64N were determined from

to Asn (underlined codon) weré-5CCTCCTAATAATG- experimental pseudocontact shift data (Table S1) as described
TAACCGATGCG-3 and 3-CGGTTACATTATTAGGAG- in detail elsewhere5). Fitting was done to eq 2, in which

GCATGGG-3. The fresh PCR product was cloned into the 1 ¢ andQ' are the positions of the nucleus in the molecular

PCR2.1 vector. Cleavage witBanHl and Ndd removed  coordinate system anR(a, A, y) is the Eulerian rotation

the gene insert from the pCR2.1 vector, and the insert wasmatrix transforming the molecular to the magnetic coordi-
cloned into pSHC552 to yield pSHC552N64 (AmpThe natesr, 6, Q (10, 30):

sequence of the mutant gene was confirmed by DNA
sequencing. The expression plasmid pPSHC552N64 and theé = (Y. Ay (3 coll — 1)+
pPEC86 (Cnf) vector [harboring cytc maturation genes, po = (T N A%a )

ccMABCDEFGH24)] were used to transform BL21(DE3)- ¥ Ax(sin 6’ cos )[R, B, )] (2)

Star competent cells to chloramphenicol and ampicillin

resistance. The first structure of the family of structures felt cyt css»,
Protein Expression and PurificatiorExpression ofHt determined by NMR Z0), was used in the magnetic axes

Q64N was achieved by growing BL21(DE3)Star cells search. Shifts for the mutated residue 64 were not included.
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CD and UV-Vis SpectroscopyCircular dichroism (CD)
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Table 1: Chemical Shifts of Selectéd Resonances of Heme, the

spectra were collected on a JASCO J-710 spectropolarimeterxial Met61, and Residue 64 in Wild-Type and Mutant

at ambient temperature (298 K). Oxidized protein samples
(1—3 mM) were in 50 mM sodium phosphate, pH 7.0, in a

0.100 cm path length quartz cell. Four scans at 200 nm/min
with a 2 sresponse time and 2 or 5 mdeg sensitivity were

collected for each sample from 615 to 725 nm at a 0.5-nm
step resolution.

Absorption measurements were made on a Shimadzu UV-

2401PC photometer unit at ambient temperature. Spectrag meseH

were collected of both the oxidized (as purified) and reduced
(small excess of dithionite added) species. Extinction coef-
ficients of 105000 L mol* cm™ at 409.5 nm IHt cyt css2
(16)], 106500 L mot? cm™ at 410 nm Pa cyt css; (31)],

and 106100 L mof* cm™? [horse heart cyt (32)] were used

to determine protein concentrations.

RESULTS AND DISCUSSION

Protein ExpressionThe yield ofHt Q64N was 1.2«mol
of protein/L of culture, which is similar to the yield for wild-
type protein 16). Ht Q64N displayed the same chromato-
graphic profile as reported for wild typd ). The UV—vis
absorption spectrum of oxidizédt Q64N was indistinguish-
able from that of wild-typeHt cyt css, (16), including the
presence of a weak absorption band-&90 nm, indicative
of Met ligation (33). The bands in reducddt Q64N display
0.5-1.0 nm shifts relative to wild type, although this
difference is only marginally outside the wavelength accuracy
of the instrument£0.3 nm;Amax = 415.5, 521.0, and 550.5
nm for Ht Q64N; compare to 416.0, 520.0, and 552.0 nm
for wild type (16)]. The 550.5 nm band fadt Q64N (thea
or Qoo band) displays the expected splitting, suggesting that

Cytochromeg?

Ht cyt css Ht Q64N Pacyt Css1
substituent Fe(lll) Fe(ll) Fe(lll) Fe(ll) Fe(llf) Fe(ll)e
1-CHs 18.16 3.68 26.57 3.67 26.53 3.69
3-CHs 2229 387 1290 388 13.17 3.75
5-CHs 22.89 332 3242 335 3151 331
8-CHs 2428 345 17.32 352 15.99 3.40
a-meseH 1.54 9.80 8.50 10.01 8.89 9.85

—0.42 937 —048 942 -132 937
y-meseH 9.07 9.42 6.54 9.44 6.66 9.36
o-meseH -1.17 9.28 —253 930 —-3.08 9.23
Met61 Hy1 -128 -1.08 —104 -0.55 -8.0 —0.50
Met61 Hy2 —20.2 —-3.36 —34.1 -3.62 —40.8 -3.50
Met61e-CHs —-17.2 -2.89 —145 -2.97 —17.1 -2.92
Asn/GIn64 HNy/elf  8.81 6.37 1268 3.18 1346 3.18
Asn/GIn64 HNb/e2!  6.70 6.67 13.78 7.50 13.86 7.58

a Shifts are in ppm and are measured at 300 K. Samples are in 120
mM sodium acetatel, pH 5, unless noted otherwise. Oxidized protein
samples contain a 5-fold molar excess ofF€(CN)], and reduced
samples contain a 280-fold excess of N&,0,. ? Assignments are
from ref16. Assignments for reduced protein were previously reported
in ref 20. ¢ This work. 450 mM sodium phosphate, pH 6.0. Assignments
are from ref25. Assignments were previously reported in 3éf ¢ Shifts
are from ref5; assignments were previously reported in 186 42,
and49. THNO1 for Asn64 inPacyt css; and inHt Q64N is defined as
the proton closer to the axial Me®bSHNe2 for GIn64 inHt cyt Css2
is defined as the proton closer to the heme 3;CH

suggests that the dramatic change in chemical shifts in the
oxidized form ofHt Q64N relative to wild type is a result
of a perturbation of one or both of the axial ligands to the
heme.

Orientation of the Axial HisThe heme methyl shift pattern
observed forHt Q64N (Figure 2D) represents a dramatic

the heme in the mutant deviates from planarity, as is seenchange from that seen for wild type (Figure 2C, Table 1).

for wild type and is typical for cyts (16, 34, 35). Expression

of Pa cyt css1 (25) and of wild-typeHt cyt css, (16) gave
products with chromatographic properties and absorption
spectra the same as those previously described.

Heme Resonance Assignmefitke downfield region of
the *H NMR spectrum of oxidizedHt Q64N is shown in
Figure 2D. A dramatic change in hyperfine shifts relative to
wild-type Ht cyt cssp (Figure 2C) (6) is caused by this
mutation. Selected heme proton chemical shiftdHbQ64N
are listed in Table 1, along with shifts fétt cyt css, andPa
Cyt Css; for comparison. The Q64N mutation changes the
ordering of heme methyl shifts it cyt css, from the pattern
of 8-CH; > 5-CH; ~ 3-CH; > 1-CH; seen in wild type to
5-CH; > 1-CH; > 8-CH; > 3-CHs, which is the pattern
observed for oxidize®a cyt css1. In addition, the spread of
the heme methyl shifts increases from 6.12 to 19.52 ppm
(300 K). The shift values of all heme substituents in oxidized
Ht Q64N are remarkably similar to those of oxidized wild-
typePacyt css1 (14, 36), suggesting similar heme electronic
structures (Table 1).

In the absence of heme modification, a dramatic change in
oxidized heme shifts in a protein variant can be a result of
perturbing the interactions between the heme and one or both
axial ligands. This analysis will focus on the axial Met
because it is not expected that the axial His would be affected
significantly by this mutation. Cytochromegenerally have
their axial His aligned along the—y-mesacaxis of the heme,
regardless of species. Conservation of this alignment is likely
a result of local bonding constraints (in particular, the Cys-
X-Y-Cys-His heme-binding motif) determining axial His
orientation in cytsc. Indeed, it has been shown that ayt
heme peptide fragments (microperoxidases) retain a native-
like axial His orientation 7, 38). Also, it has been
demonstrated spectroscopically tltcyt css, and Pa cyt

Css1 have the same axial His orientation, despite their differing
hyperfine shifts 89). Finally, similarity of the chemical shifts

of His16 in reduceddt Q64N and in wild type supports the
assumption that the His is not perturbed by mutation: The
chemical shifts of the His16 side chainkit Q64N [and in
wild-type Ht cyt css2 (16)] are H31, 0.78 (0.72); 142, —0.14

Assignments of heme substituent resonances in diamag{—0.17); H\b1, 8.96 (8.95); K1, 0.65 (0.63); and b2, 0.90

netic, reducedHt Q64N also are listed in Table 1. The
chemical shifts in the diamagnetic protein serve as a useful

ppm (0.79 ppm).
Analysis of Axial Met Orientation in Reduced Ht Q64N

indicator of any structure change that occurred as a result ofAxial Met ligands are found in a number of conformations

mutation. The similarity between the heme substituent
chemical shifts of reduceHit Q64N and wild-typeHt cyt

Css2 (16) suggests that the conformation of the heme itself is
not changed significantly by the mutation. This observation

in c-type cytochromes, depending on the specid} (4).
The two most common are shown in Figure 1 (both
conformations superimposed in Figure 1A). The X-ray crystal
structure indicates thd®a cyt css; has the Met orientation
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Ficure 4: NOEs observed between Met&GlCH; and heme
substituents in reducddt Q64N.

shown in Figure 1B, with the Met6d-CH; directed toward
heme pyrrole Il andS chirality at Met sulfur 22). NMR

analysis of reduceHt cyt css, suggests that the axial Met is
sampling two orientations as shown in Figure 1A. One of
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FiIGURE 5: Cross-peaks between hemesoprotons (labeledt, 3,

y, 0) and the axial Met6%-CH; in NOESY spectra of reduced

(A) Ht cyt css2 and (B) Ht Q64N. The dotted lines indicate the

chemical shifts of hemmesagprotons that do not show cross-peaks
with Met61 ¢-CHa.

7-propionate-td.. In addition, a NOESY cross-peak between
the f-meseH and Met61 H was detected. This pattern is
strikingly similar to that seen folPa cyt css1 (5, 15),

these orientations is proposed to be similar to that typically SU9gesting similar Met orientations in reduded cyt Css:

seen in mitochondrial cytswith the Met61e-CH; oriented
toward the heme pyrrole | nitrogen amichirality at the
sulfur (R conformation in Figure 1A)20), and the other is
proposed to be similar to the orientationRa cyt css1 (5).
NMR determination of the axial Met conformation is based

and inHt Q64N. These results contrast with observations
for wild-type Ht cyt css,, in which the above NOEs seen for
the mutant in addition to NOEs from Met&tCHs to the
o-mesoH and 2-thioether-H, characteristic of the “eukary-
otic” conformation of the MetZ0, 40, 41), were observed

on analysis of NOEs between the Met and the heme, which (9)- The absence of these latter connectivitie$HinQ64N
show a distinctive pattern according to the Met conformation SU9gests that the Q64N mutation suppresses motion of the

(15). Analysis of thePa cyt css; crystal structure indicates

axial Met seen in wild type. The NOEs from Met61 in

that strong NOESY cross-peaks are expected between thdeducedHt Q64N thus indicate that the axial Met has a single

axial Mete-CHs and the heme-meseH andd-meseH for
Met in the conformation in Figure 1B. Of the heme methyls,
8-CH; is closest to Met6k-CHjz in Pa cyt Css1. Cytsc with
Met oriented as in the mitochondrial cydsor in orientation
Rin Figure 1A, however, have axial MetCHs in proximity
of the hemea-meseH and d-meseH, as well as the
2-thioether-H. NOEs are not expected from the axial Met
€-CHjs to they-meseH or 8-CH; in that case40, 41). For
both orientations, NOEs between the Metl2 and the heme
-meseH are expected as well.

The NOESY spectrum of reducadt Q64N thus was
analyzed to identify NOEs that define the orientation of the

major orientation that is similar to that observed Ra cyt
Css51.

Analysis of Axial Met Orientation in Oxidized Ht Q64N
The striking similarity of the hyperfine shift patterns for
oxidized Ht Q64N andPa cyt css; is suggestive of similar
axial ligand-heme interactionsl@). Assuming that the axial
His has similar orientations ikt Q64N andPa cyt Css;, it
follows that the difference in heme methyl shifts seen
between wild type andit Q64N indicates a change in the
axial Met, with the Met taking a conformation similar to
that for Pa cyt css; in Ht Q64N. This conclusion is in
agreement with conclusions from analysis of redué#d

axial Met. NOESY cross-peaks between the heme and axialQ64N.
ligands are more reliably detected and interpreted in the The orientation of the magnetic axes determinedHor

diamagnetic, reduced form of cgthan in the oxidized state

Q64N also provides an indication of the axial ligand

in which heme paramagnetism severely attenuates NOESYorientations. The fitting procedure provides information on
peak intensity. (It is important to note, however, that the orientation of the magnetic axes relative to the molecular
differences in Met orientation and the nature of any confor- axes in terms of three Euler angles 3, y) of rotation G0)
mational dynamics between the two oxidation states are (Figure 6). A plot of the resulting calculated and experimental
possible.) Assignment of the Met61 resonances in reducedpseudocontact shifts is shown as Supporting Information
Ht Q64N was achieved by identification of the characteristic (Figure S1). The anglg (—10° for Ht Q64N) is the tilt of
upfield-shifted (by heme ring current) resonances with the magnetiz axis from the heme normal, and because this
intraresidue TOCSY cross-peaks consistent with a Met (HN, value is small, the quantitg + y indicates the in-plane
8.39; Hu, 3.63; H3, —0.81, —2.78; Hy, —0.55, —3.62; rotation of the magnetic axes relative to the molecular axes,
€-CHs, —2.97 ppm). The NOEs detected from the Met61 «. The relationship between the magnetic axes orientation
side chain to the heme and to nearby heme pocket residuesnd the axial ligand orientations is provided by the “coun-
in Ht Q64N are illustrated with arrows in Figure 4, and cross- terrotation rule” 0, 18, 19). In this formalism, if the mean
peaks between the Met@1CH; and the hemenesoprotons axial ligand plane is oriented at an angfrom a N—Fe—N

in Ht Q64N and inHt cyt css; are shown in Figure 5. The  axis in the heme plane, the direction of the minimyralue

Met61 e-CHj; displays NOEs of similar intensities to the
hemed- andy-meseH, a strong cross-peak with the heme

(¥xx) would be at an angle = —® from that same axis
(Figure 6) @0, 18 19). In Pa cyt Css;, the value of®

8-CH;, and a medium-intensity cross-peak with the heme measured from its crystal structure is®1@hich predicts a
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FiGURE 6: Orientation of magnetic axes idt Q64N. The solid 660 670 680 690 700 710 720
line indicates the mean of the His and Met orientation angles, and wavelength (nm)
the dashed line indicates which is the orientation ofx. The FIGURE 7: CD spectra of oxidizet cyt css, (2.6 mM, thick solid
parameters determined in the fit are= 35 B= —10°, & = =20, line), Ht Q64N (1.8 mM, thin solid line)Pa cyt cssy (1.5 mM,
Ayax = 3.30x 1072 m?, andAym = —0.92 x 10732 m°. dotted line), and horse cyt(1.1 mM, dashed line).
« value of —16°. Our measured value forHt Q64N is—20°, The unusual chemical shift of 3.18 ppm indicates that’iN

which is in reasonable agreement. Notably, this is a large js shifted upfield by the heme ring current, consistent with
change from the for Ht cyt css; of —47°, which is consistent 3 position near the axial MetdS The shifts of the Asn
with conformational averaging of the Me5)( HNoO12 inHt Q64N are remarkably similar to those measured
In addition to the heme resonance shifts and magnetic axesfor Asn64 HNY12 in reducedPa cyt css; [3.18, 7.58 ppm
another indication that the axial Met is sampling more than (42); Table 1]. The similar, unusual shift of 3.18 ppm for
one conformation was the line broadening observed for all the Asn64 HN1 in Ht Q64N and inPa cyt css; indicates
four heme methyls oHt cyt css; at low temperature. This  that this residue experiences a similar ring current shift in
line broadening was found to be independent pfsupport- both proteins (no other aromatic groups are near residue 64
ing the proposal that a chemical exchange process isin either protein). In the crystal structure B& cyt cssy, the
responsible for the increased line widths. In contragtto  Asn64 side chain is positioned to hydrogen bond with Met61
Cyt Css, Pa cyt css1 does not display significant line  Sg, and these data support a similar interaction existing in
broadening at low temperaturg)( To verify thatHt Q64N Ht Q64N. The NOEs reported above for the Asn64Hn
does not undergo axial Met conformational exchange, its Q64N are the same as are observed for red®aedyt Css;
NMR spectrum was collected at 268 K. The line widths of (NOEs found in assignment &a cyt css; in ref 5) and thus
the Ht Q64N heme methyls at 268 K are similar to those of are consistent with an Asn64 position it Q64N similar
Pacyt cssy; i.€., the line broadening observed for wild type to that seen foPa cyt css; (Figure 1B) @2).
is not present for the mutant (Figure S2, Supporting |n contrast withPacyt css; andHt Q64N, residue 64 (Gln)
Information). This observation supports the proposal that the jn wild-type Ht cyt css» does not show a downfield ring
axial Met inHt Q64N is not fluxional but rather occupies a current shift for either HX12 proton (6.37, 6.68 ppm)L6,
conformation similar to that ifPa cyt Css:. 20). The GIn64 HN12 protons also display a different
An independent measure of the axial Met configuration pattern of NOEs than do the Asn64 K2 in Ht Q64N. In
at sulfur can be obtained by the CD spectrum in the region Ht cyt css,, both have NOEs with the heme 3-gHPro62
of the 690 nm band, which is indicative of Mefe(lll) Hy and H3, and Met61e-CHs. Unlike residue 64 irPa cyt
ligation. A positive Cotton effect in this region indicates css; and inHt Q64N, NOEs to 1le48 are not observed for
S-chirality at the Met ligand sulfur and a negative Cotton the GIn64 HN12 protons. These data are in agreement with
effect R-chirality (15). The CD spectrum of oxidized horse the NMR structure oft cyt css, in which GIn64 occupies a
cyt ¢, for example, shows a negative Cotton effect, whereas different position than does Asn64 ra cyt css; (Figure 1).
that of Pa cyt css; shows a positive Cotton effect (Figure 7). Sequence-specific assignments of proton resonances for
The spectrum oHt cyt css, does not show any distinct band  Asn64 in oxidizedHt Q64N were made by identification of
in this region, a finding consistent with, although not proof the expected sequential NOEs between Pro63, Asné4, and
of, the proposed Met dynamiddt Q64N, in contrast, shows  Asn65. In oxidizedHt Q64N, the HN2 (13.78 ppm) is
a positive band, consistent with the proposal that it exhibits identified by its NOEs with the Ile48 side chain and heme
S chirality as doed?a cyt Css:. 2-CHs, as well as an NOE to a proton at 12.68 ppm, assigned
Analysis of Residue 64 ConformatioAssignments of as N64 HN1. The HNS1 proton does not display any
Asn64 resonances in reducédt Q64N were made by interresidue NOEs, which is attributed to efficient relaxation
identifying sequential NOESY connectivities from Asn64 to enhancement by the paramagnetic heme. These chemical
Asn65 (64HN-65HN, 64H3—65HN). The chemical shifts  shifts are similar to those reported for oxidizBd cyt Css;
of HNA1 and HN)2 in reducedHt Q64N are 3.18 and 7.50 Asn64 (HNb1, 13.46; HN2, 13.86) R5). The unusual
ppm, respectively. The HOL proton is defined here as the chemical shifts for these protons are attributed to a significant
proton closer to the Metdand is identified by its medium-  pseudocontact contribution to the shift. According to eq 1,
to-strong NOEs with Met6&-CH; and Hy2, whereas HN2 the experimental pseudocontact shifts for the Asn64HA
has NOEs with 1le48 side chain protons and heme 2:CH protons inHt Q64N are 10.28 (HB1) and 6.28 ppm (H¥2).
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The expected pseudocontact shifts for these protortdtin  position 67 is known to hydrogen bond with the axial Met80
Q64N, assuming the Asn64 position is the same relative to S. The Y67F mutant ofSc cyt ¢, made to remove this
the heme as iPa cyt css;, and no contact contribution to  hydrogen-bonding interaction, has been characterized ex-
the shift, can be calculated according to eq 2 using the tensively. Electrochemical characterization of this mutant
parameters determined in the magnetic axes search (Figuréndicates that this interaction plays a role in regulating redox
6). The resulting calculated pseudocontact shifts for the potential. The crystal structure obc Y67F, however,
Asn64 HN)12 protons inHt Q64N are 10.66 (HN1) and indicates a Met conformation similar to that of wild-type
7.01 ppm (HNb2). The similarities between these calculated protein @6). (NMR data on oxidize®cY67F, however, have
values, based on the Asn64 position reported inRheyt not been reported.) Other position 67 mutants (Y67R, Y67K)
Css1 Crystal structure, and the experimental values Hibr were found to be nonfunctional (i.e., they could not be
Q64N strongly support the proposal that the position of expressed ir&. cerevisiae) (47).
Asn64 in oxidizedHt Q64N is similar to that seen iRa cyt Other information on peripheral interactions with @yt
Css1. heme ligands comes from analysis of native proteins. A cyt
Determinants of Axial Met FluxiorHt Q64N displays a ¢ particularly relevant to this work isle cyt csso. The three-
remarkable resemblance ®a cyt css; in a number of dimensional structure and axial Met conformation in reduced
respects. One is the heme methyl hyperfine shifts, which Necyt css; have been determined by NMR and are reported
indicate similar unpaired electron spin distributions and thus to be similar toPa cyt css1 (21). NMR analysis of oxidized
similar axial ligand orientations relative to the heme. Second, Ne cyt css;, however, suggests the presence of axial Met
the orientations of the magnetic axesHif Q64N andPa dynamics as is seen iHt cyt cssp, despite the apparently
cyt css1 are similar, also suggesting similar herlgand fixed position of the axial Met in reducelde cyt Css; (6).
interactions. The NOEs from the axial Met to the heme in Interestingly, an Asn is present at position 64Nacyt cCss,,
the reduced proteins also indicate a similar Met orientation. but the structure oNe cyt css, reveals that the packing on
Finally, the NMR chemical shifts of Asn64 are remarkably the axial Met side of the heme is perturbed relative to that
similar in these proteins. Notably, these shifts are determinedseen forPa cyt cssi. Asn64, although close to the axial Met
by both the placement of Asn relative to the heme and, in (Asn No—Met SO distance of 3.27 A), is positioned
the oxidized forms, the magnetic axes orientation and differently from Asn64 inPa cyt cssi. In particular, it lacks
magnetic anisotropy of the heme. These data support thehydrogen-bonding interactions with the backbone carbonyls
hypothesis that mutating GIn64 to Asn kit cyt css, Stops of residues 1le48 and Lys49 that are presenPacyt Css;
the Met fluxion, freezing the axial Met into th&configu- (22). The perturbation of the heme pocket structuréNim
ration seen irPa cyt css;. This analysis, however, does not  cyt css, may be a result of a sequence insertion in the loop
answer the question as to why the Met undergoes fluxion in containing this residue, after residue 621); Additional
wild-type Ht cyt csso. We raise two hypotheses. One is that studies of the molecular and electronic structuresl@and
the fluxion arises from strain experienced by the irdfet Ht cyts css, are required to understand the determinants of
interaction inHt cyt css. The strain raises ground state energy Met conformation and heme electronic structure, as well as
to allow access to the transition state for Met sulfur inversion, implications of electronic structure variation for electron
in analogy to other molecules that undergo inversion at sulfur transfer function48). In particular, variants such &t Q64N
(4, 43). Indeed, molecules undergoing inversion at sulfur- with altered electronic structures are expected to be excellent
based ligands generally show strain or steric crowd#)g (  systems for investigating the effect of heme electronic
The highly rigid nature of the Met-donating loop in the cyts structure on electron transfer activity.
Cg may contribute to this behavior in some casBs2pb).
The suppression of the fluxion Ht Q64N then results from ACKNOWLEDGMENT
stabilizing one fixed state by introducing favorable interac-  The authors thank Linda Thg-Meyer for the gift of
tions between Asn64 and Met61, assisted by Asn@18 pEC86 and Francesca Cutruzzalad Maria Giulia Bigotti
interactions as well. The other hypothesis is that the intrinsic for pETPA. We thank Brandy Russell for helpful discussions
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undergo fluxion as long as groups are not present to block structures.

it. In other words, the dynamics exhibited by the axial Met
in Ht cyt css, represents the “default” case, and the fluxion SUPPORTING INFORMATION AVAILABLE

is not present irPa cyt css1, and in most cyts, because a Table of experimental and calculated pseudocontact shifts
heme pocket residue _blocks the motion. Addltlonall studies for Ht Q64N (Table S1), plot of calculated vs experimental
of a range of cytc variants are required to determine the pseudocontact shifts féit Q64N (Figure S1), antH NMR
origin of this interesting fluxional behavior, as well as its spectra ofPa cyt Cssy, Ht cyt Cssz, andHt Q64N at 268 and
consequences for protein stability and for electron transfer 3qg k (Figure S2). This material is available free of charge

activity. . . . _ via the Internet at http://pubs.acs.org.
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