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ABSTRACT The out-of-plane distortions of porphyrins in hemoproteins are characterized by displacements along the
lowest-frequency out-of-plane normal coordinates of the D, -symmetric macrocycle. X-ray crystal structures are analyzed
using a computational procedure developed for determining these orthogonal displacements. The x-ray crystal structures of
the heme groups are described within experimental error, using the set composed of only the lowest frequency normal
coordinate of each out-of-plane symmetry type. That is, the distortion is accurately simulated by a linear combination of these
orthonormal deformations, which include saddling (B,,), ruffling (B,,), doming (A,,), waving (Eg), and propellering (A,,). For
example, orthonormal structural decomposition of the hemes in deoxymyoglobins reveals a predominantly dom heme
deformation combined with a smaller wav(y) deformation. Generally, the heme conformation is remarkably similar for proteins
from different species. For cytochromes c, the conformation is conserved as long as the amino acids between the cysteine
linkages to the heme are homologous. Differences occur if this short segment varies in the number or type of residues,
suggesting that this small segment causes the nonplanar distortion. Some noncovalently linked hemes like those in the
peroxidases also have highly conserved characteristic distortions. Conservation occurs even for some proteins with a large
natural variation in the amino acid sequence.

INTRODUCTION

The possible biological significance of nonplanar porphyrinzen et al., 1997). This method has now been used success-
structures in proteins has been suggested by several authdtdly to analyze the macrocyclic distortions in crystal struc-
(Kratky et al., 1982; Waditschatka et al., 1985; Geno andures of more than 400 hemoproteins and synthetic
Halpern, 1987; Furenlid et al., 1990). For example, a largenetalloporphyrins. As expected on physical grounds, only
nonplanar distortion of the heme is observed in the crystaihe lowest frequency normal coordinates of each symmetry
structures of the mitochondrial cytochromes(Berghuis  type (minimal basis set) are needed to adequately simulate
and Brayer, 1992), and this distortion is generally conservethe macrocyclic distortions that are observed in the x-ray
in proteins isolated from different species (Hobbs and Shelerystal structures of the hemoproteins. Consequently, dis-
nutt, 1995). The importance of these nonplanar heme struglacements along only the six lowest frequency out-of-plane
tures is underscored by the observation that the heme igsormal coordinates are necessary to uniquely characterize
nonplanar only if the surrounding protein exerts the necesthe heme distortions observed in the x-ray crystal structures
sary external forces on the prosthetic group. In contrast, thgf the hemoproteins. The complexity of the heme distor-
isolated heme group in solution is planar (Anderson et al.tions and the lack of a simple way of characterizing them
1993). Thus it is reasonable to suggest that nonplanar pofreviously hid several possible relationships between pro-
phyrins (Shelnutt et al., 1998) and protein-induced changegin function and heme distortion. Unfortunately, the same
in the nonplanarity may provide a mechanism for proteingnaysis of the relatively small in-plane displacements is not
modulation of biological properties. as successful, because they are near the estimated positional
In a previous paper (Jentzen etal., 1995), a framework fofncertainties for hemoproteins (Jentzen et al., 1997).
classifying the porphyrin distortions in terms of equivalent |, this work we first describe a short version of the full
displacements along the lowest-frequency normal coordiz, o ma|_coordinate structural decomposition (NSD) method
nates of the porphyrin macrocycle was briefly describedya ises only the six lowest frequency out-of-plane normal

We have now extended and refined this idea by developing, inates of the macrocycle. The complete description,

a computational procedure for determining (for any porphy-incluoling all normal modes of th®,.-symmetric macro-

rin structure) the out-of-plane and in-plane displacement%yCIe (complete basis), is given elsewhere (Jentzen et al.
along all of the normal coordinates of the macrocycle (Jent-1997) The NSD procédure is then used to determine the’
amounts of the saddlings@d B,,), ruffling (ruf, B;),
doming @dom A,,), waving waux), wauy); E,l, and pro-
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tion is found to be a distinguishing characteristic of some sad (Ba) ruf (Br)
classes of proteins. Specifically, the heme conformations of 65 cm™ 88 cm™!
several different types of hemoprotein (peroxidase, cyto- '@ C%—
chrome P450, cytochrome, cytochromec’, and cyto-

chromec;) are conserved. In addition, for tleetype cyto- dom (As) wav(x) [Egw)
chromes, the role of the short covalently linked protein 135 cm-! 176 cm—!

segment (Cys-X-Y-Cys-His) in causing the heme distortion @: 4%7

is clarified by comparison of the decomposition results for

several types of cytochromes. Two general conclusions wav(y) [Egy] pro (Aw)
emerge from this analysis. First, there are large differences 176 cm™! 335 cm!
in heme distortions in both type and magnitude of the @ __%j
contributing normal deformations. Second, for proteins be-

longing to a single functional class, strong similarities in the

. FIGURE 1 |llustrations of the lowest-frequency out-of-plane eigenvec-
heme conformation are found. q y P g

tors in the coordinate space, for each of the normal deformafllqnék:

sad, ruf, dom, wax), wa\y) and pro) used in describing the nonplanar
distortions of the porphyrin macrocycle. Static displacements representing
a 1-A deformation along each lowest frequency normal coordinate are
METHODS shown, i.e., the square root of the sum of the squares of the displacements

A minimal normal-mode basis for the description of the 24 atoms of the macrocycle is 1 A.

of nonplanar heme distortions

The description of the nonplanar porphyrin distortion in terms of equiva-
lent displacements along the out-of-plane normal coordinates of the mac- Mathematically, the nonplanar heme distortion is simulated by a par-
rocycle provides a uniquely useful framework for analyzing the porphyrintiCUlar linear combination of the six normal deformations according to
structure. The lowest frequency normal coordinates of each symmetry type R R R R

are the softest modes of distortion, i.e., the restoring forces (or distortion ~ AZg, = OsadDsad T OruDrut T JaomPdom T OwavyPwavix)
energies) are the smallest for displacements along these coordinates. Thus

these deformations are expected to predominate in the observed heme 6

distortion. Furthermore, because the out-of-plane displacements along a N A

these normal coordinates are the largest, they are the most statistically * GuavPuavy) + GoroDpro = 2, Ay (1)
significant. In addition, expressing the distortion in terms of only the six
(out-of-plane) normal deformationssdd (B,,), ruf (B,,), dom (A,),

k=1

e L whereAzg;,, is the 24-dimensional vector of displacements for the macro-
wavx), wawy) (Eg), pro (A,)] greatly simplifies the description of the cyclic atoms from the mean plane for the simulated structure. (The method

heme conformation. That is, static (1-A) deformations along the Iowestf ) .
or calculating a (least-squares) mean plane to a set of points has been
frequency out-of-plane normal modes of each symmetry type form a

L . . . . ) iven by Schomaker and co-workers (Schomaker et al., 1959). The points
minimal basis for representing the distortions. In fact, only five values mus . . .
. ) o can be either the x-ray atomic coordinates of the observed structure or the
be given to characterize the structure, becauseptioedeformation is . ) } A
L oo S coordinates of the simulated structure.) The normalized veEipese the
usually too small to be statistically significant (vide infra). For these . . ; . A
L ) 24-dimensional basis vectors (normal deformations) shown in Fig. 1 (Jent-
reasons, only a simplified version of the full procedure for normal struc-Zen et al., 1997): the subscrifitdesignates thead ruf, dom wav(x)
tural decomposition in terms of all of the normal modes (Jentzen et al. N ' 9 > dom ’

1997) is described and utilized here for analysis of the hemoprotein cryst; avy), and pro normal-deformation types. The scalar coefficiedt(in
structures ) are the displacements along the normal deformatdps

Determination of the displacements along the
Linear combinations of the minimal-basis normal- normal deformations

coordinate deformations _ _ _
The displacementd, in Eqg. 1 are obtained by the least-squares method.

Fig. 1 illustrates static 1-A deformations along the lowest frequency normalThat is, thed, are determined by requiring that the sum of the least-squares
mode of each symmetry type. The atomic displacements shown and theesiduals between the simulateXy;,,, and observediz,,, distortions is
frequencies given in Fig. 1 are for the normal modes of@hesymmetric a minimum,
copper macrocycle that is our reference structure. A complete discussion of

this choice for the reference structure is given elsewhere (Jentzen et al., 6

1997). Briefly, _the energ_y—minimized reference _structure‘ and normalf(dk) = ’Azsim _ AZosz = E dkﬁk — AZye
modes are obtained by using a molecular mechanics force field developed 1

for metalloporphyrins (Shelnutt et al., 1991; Song et al., 1996). The 1-A (2)
normalized static displacements shown in Fig. 1 are defined in non-mass-

weighted coordinate_ space and are refgrre_d toas norma_\l deformations. A\ﬂhere the vertical bars represent the norm of the vector. Equation 2
observed structure is gnalyzed by prolecflng out the d|spIaEement alonﬂ-:-quires six equations:

these normal deformations JB(sad 65 cm %), B, (ruf, 88 cmi' %), A,,

2

|
= minimum

(dom 135 cm™), E; [wavx), wayy); 176 cm ], and A, (pro, 335 af (dy)
cm™ )] (Jentzen et al., 1997). Then a simulated heme structure is obtained =0, 3
by forming the linear combination of normal deformations determined by ady ( )

these displacements, and the simulated and observed structures are com-
pared in a linear display (see Figs. 3 and 5). wherek: sad ruf, dom wavx), wauy) andpro
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Because the normal deformations are orthogonal by symmé@,»(:
dy;), the solution is then simply

d. = f)li AZyps 4)

This set of displacement determines the total simulated distortibgo?
(in A). Using Eq. 1, we then obtain

6
DR = [Azg(dh)| = 1|2 df ©)
k=1

The total observed distortioBpP is given by the observed atomitz
displacements of each of the 24 macrocyclic atofys)(,, with respect to
the mean plane:

Dobs = E (Azn)obs |Azob4 (6)

Estimation of the goodness of the
simulated structures
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out-of-plane normal-mode coordinates. In terms of the displacendgnts
the total distortion energy is estimated from

6 6
27°¢ X WQE = X Kk (8)

k=1 k=1

oop E Voop(dk)

Q. is the root-mass-weighted normal coordinaig, (in cm™?) is the
vibrational frequency of thith mode, ana is the speed of light. The force
constantK, (in kJ mol"* A~2), is associated with the distortion energy for

a 1-A displacement in the non-mass-weighted coordinate system. The force
constant depends on the square of the vibrational frequency and, to a lesser
extent, on the atomic masses. Using the molecular mechanics frequencies
for the copper-macrocycle reference structure, these energies for the 1-A
deformation are 9.1s@d, 16.5 fuf), 41.3 don), 67.3 (vav), and 238.4 kJ
mol~* (pro) (Jentzen et al., 1997).

It is important to remember that the frequencies used for determining
the deformational energies are for the normal modes of the “bare” macro-
cycle. That is, the frequencies are for the carbons and nitrogens of the
porphyrin skeleton, with the hydrogen and metal masses set to zero. These
are not the normal modes of a specific substituted porphyrin, like NiIOEP.
For example, the modeg, of NIOEP is composed of the doming mode of
the macrocycle mixed with in-phase,Amotions of the ethyl substituents.

Itis, in fact, mostly a substituent mode. The substituent motions lower the
frequency of the doming mode of the macrocycle with which it is mixed to

Because we are using a truncated basis set, the minimal basis does not giyg cm* for NIOEP. By using the modes of the macrocycle and not a

exact agreement between the observed and simulated distortion. A measWgecific substituted porphyrin, the method is much more general, and we
of the goodness of the simulated distortion is required. In x-ray proteinobtain estimates of the deformational energy of just the macrocycle. In
crystallography, the mean positional error for a single atom is commonlygeneral, the doming contribution obtained from the NSD analysis is dis-
used to estimate the error in the atomic positions (Luzzati, 1952; Matsuurg&ibuted among several A normal modes for a specific substituted por-

et al.,

1982). (Sometimes the root-mean-square (rms) deviation is alsphyrin. The energetic estimates for tdem deformation obtained from

given for the error estimate in the x-ray crystallography. Assuming aNSD will include the contributions for all of the normal modes of a
normal probability density function for the deviations (or positional errors), substituted porphyrin that includdommode contributions. Because it is

it can be shown that the mean deviation in one dimension is lower than thehe deformational energies of the macrocycle that are of interest, the
rms deviation by a factor of/2/m (Jentzen and Shelnutt, unpublished macrocyclic normal modes are the correct choice for our structural anal-
results). Hence the mean and rms deviations are almost identical, and eaghis, not those of a particular substituted porphyrin.

serves as an error estimate for the atomic positions.) In our case, the mean From the energies of deformatiol,, the perturbation energy causing
deviations,,,, between the simulated and observed out-of-plane displacethe macrocyclic distortion (e.g., steric interaction energy of bulky substitu-

ments, given by

1
oop 2 |(Azs m)n (Azobs)nl (7)

ents) is most easily channeled into $sdandruf deformations, less easily
into thedomandwav deformations, and almost never into e defor-
mation. The actual deformations observed depend not only on the energy,
however, but also on how efficiently a particular normal deformation
relieves the perturbing interaction. This is seen most clearly in the x-ray
crystal structures of symmetrical tetrasubstituted porphyrins, for which a

is a useful quantity that is related to the mean positional uncertainty. In thigiearly pure out-of-plane displacement along only one of the lowest-
equation, the vertical bars represent the absolute value of a scalar quantifyequency normal coordinates is commonly observed (Jentzen et al., 1995,
According to the Luzzati method for analyzing the error in the x-ray 1997). Pure displacements along one of the lowest-frequency normal

structure, the mean positional error for a single atom@10-0.20 A at
1982). Because of the underlyingB,,), and domeddom A,,) distortions, similar to those illustrated in Fig.

~2.0-A resolution (Matsuura et al.,

assumption in the Luzzati treatment, this value is known to be an uppei (Jentzen et al.,

coordinates give the frequently observed ruffledf,(B,,), saddled $ad

1997). Significant distortions along wes/ and pro

limit of the true coordinate errors. On the other hand, the mean positionagoordinates are rarely seen, because the energy required to induce a
error from the diagonal of the least-squares normal matrix (Cruickshankgistortion along a particular normal coordinate goes up as the square of the

1960) gives a lower limit; this value is typically0.06 A (Matsuura et al.,

frequency of the mode. Thus the distortion energy, in this case provided by

1982). However, in our case, the lower- and upper-limit mean errors in théhe steric repulsion of the peripheral substituents, is apparently too small to
atomic positions 4z displacement) are estimated to be lower by a factor of induce significant distortions along these higher frequency normal coordi-
0.5 because of the dimensionality (Jentzen and Shelnutt, unpublishedates. In particular, this explains why the lowest-frequengy mormal
results). Accordingly, the lower and upper limits of the mean positional coordinate at 335 ¢t (twisting of the pyrrole rings as in a propeller) is

error in one dimension are estimated to-b@.03 and 0.10 A, respectively.

not required in the sum of Eq. 1. That is, theo mode is too high in

These statistical errors in the x-ray structure serve as a reference whdrequency and thus usually requires too much energy to contribute signif-
considering the goodness of fit for the simulated conformation. Thus wecantly to the observed distortion. Viewed in another way, caution should
conclude that the minimal basis is sufficient for simulating the hemebe exercised in drawing conclusions from this estimate of the distortion

distortion if the mean deviatiofiOop is lower than or equal to 0.03 A.

Estimation of the macrocycle distortion energy

energy, because even small deformations for high-frequency modes are
energetically significant.

Whereas using only the minimal basis in the normal-coordinate struc-
tural decomposition is successful for describing the nonplanar heme dis-
tortions for the proteins, the simulated and observed structures significantly

For small displacements (harmonic approximation), the total macrocyclideviate for the high-resolution x-ray crystal structures of synthetic metal-

distortion energy is simply the sum of energy terms for each of theloporphyrins (Jentzen et al.,

1997). In this case, an essentially exact
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simulation is obtained for the out-of-plane distortion by using a basis set otetragonal form of Ni(OEP) is 32.8° (Meyer, 1972; Jentzen

deformations expanded to include the second lowest-frequency mode gft g 1996). The decomposition method reveals for this
each symmetry type (extended basis set). The high resolution of x-ra - : . ;
structures of the synthetic porphyrins allows the small contributions of the)_bomwrln a purGUf deformation type; theuf dlsplacement

higher frequency normal deformations to be observed. A discussion of thé&d 1.456 A (Jentzen et al., 1997). Using a linear relationship,
mathematical procedure for normal-coordinate structural decompositiothe estimated ruffling angle is then 32.62 [22.0 deg &™)
using all of the normal coordinates, a discussion of the limits of using thex (1.456 A)], a value that is close to that observed.)
minimal basis set of normal coordinates, and application to the analysis of

synthetic porphyrin crystal structures and additional protein-bound porphy-

rin structures are given elsewhere (Jentzen et al., 1997). St t Id iti f the h N
ructural decomposition o e hemes In X-ray

crystal structures of proteins

RESULTS AND DISCUSSION : : . . .
The asymmetrical protein environment induces simulta-
Normal-coordinate structural decomposition neous displacements along several or all of the lowest

The description of a porphyrin structure in terms of thef'reque'nc':y normal coordmgtes, making the nonplanar distor-
tion difficult to characterize by eye. However, normal-

normal coordinates is a uniquely useful way of CharaCter-(:oordinate structural decomposition projects these contribu-
izing the macrocyclic structure. Unlike other descriptions, P pro)

the normal-coordinate-structural-decomposition method Oct_|ons I.OUt’ dprowdlng a '\jensn.lve desclrlptgr for. theie
cupies a special status because of the unique relationsh?&??cal'ﬁ;te decS(;rr:Ct(;Jsri?iSd N n?::hérgp(xtear;%’ er;ﬁ:Egl t tg
between the macrocyclic distortion energies and the dis iscover relationsFr)ﬂ s among the ,molecular structure )s/ ec-
placements along the normal coordinates. In other words, f? i f P d biol 9 T ) he | » SP
the displacemerd, for each normal-coordinate deformation troscopic features, and bio ogica unptlon..T € latter state-
is known, then the total macrocyclic-distortion energy (:anment 1;020\?’5 from the unl(zjueh relqgongmp Ibetvc\j/een Fhe
be readily estimated by using Eq. 8. Furthermore, a greaE.orma. € ormgt|onsc{<) and the vibrational and static
simplification occurs when the porphyrin distortion is ex- Istortion energies.
pressed in terms of normal coordinates. The simplification
results from the fact that only a few (five or six) displace-
ments, i.e., thed, for the lowest frequency modes of the
macrocycle, must be specified to fully characterize theThe analysis of the heme groups from sperm whale deoxy-
distortion. The mean deviatiod,,, between the simulated myoglobin provides an interesting first example. The de-
and observed out-of-plane displacements is, in most casespmposition results for crystal structures (Yang and Phil-
not significantly higher than the minimum experimental lips, 1996) of sperm whale myoglobin under various
error of ~0.03 A. In fact, the mean deviation for the crystallization conditions are illustrated in Fig. 2; the dif-
proteins analyzed in this work is, on average, 0.028 A, withferent myoglobin structures are labeled in Fig. 2 with the
a standard deviation of 0.014 A. This value is similar to theBrookhaven Protein Data Bank (PDB) (Bernstein et al.,
expected mean (one-dimensional) positional errors in th&977; Abola et al., 1987; Stampf et al., 1995) reference
X-ray protein structures. codes and the pH of the crystallization. The observed and
Previously used structural parameters for characterizingimulated out-of-plane distortions for one of the deoxy-
the observed distortion can be estimated from the magnitudeemes are shown in Fig.8in a clothesline linear display.
of the normal deformations (Jentzen et al., 1995; Shelnutt dn all, five deoxymyoglobin x-ray crystal structures are
al., 1991, 1992; Medforth et al., 1992; Hobbs et al., 1994)known from three independent working groups. The struc-
For example, the tilt angle N-M-N and the B-NC_, dihe-  tures from Yang et al. (Yang and Phillips, 1996) are from
dral angle of opposite pyrrole planes were used to charaarystals grown at pH 4.0 (1vxa), 5.0 (1vxd), and 6.0 (1vxg).
terize thesad and ruf deformation types, respectively. We The myoglobin structures of Takano (Takano, 1984) and
can now examine the ability of these structural parameterPhillips et al. (Phillips and Schoenborn, 1981), which are
to quantify the contributions of the normal deformations tonot shown in Fig. 2, were obtained from crystals at pH 5.8
a particular structure. It turns out that these structural pa(5mbn) and pH 8.4 (1mbd), respectively. The five deoxy
rameters are good measures of the displacements along easthuctures are remarkably similar, based on the standard
of these normal deformations, that is, these parameters adeviations of the displacements 0.1 A. The deviations
proportional to the associated deformations for small disare similar to those of the 1d-hemes and 1B-hemes of
placements (Jentzen et al., 1997). Moreover, given the prdauman deoxyhemoglobin A crystal structures (Jentzen et
portionality constants, the deformations can be calculatedl., 1997).
from these structural parameters. Thus a 1-A psae Because there are functional similarities between the
deformation is equivalent to a 4.2° decrease in the N-M-Nhemes of human hemoglobin (oxygen transport) and the
pyrrole tilt angle from 180°, and a 1-Auf deformation is  heme of myoglobin (oxygen storage), it was of interest to
equivalent to an increase in the,/&-NC,, dihedral angle of see whether the structural decomposition method would
~22° (Jentzen et al., 1997). (For example, the observedeveal similarities and differences between the heme distor-
ruffing angle GN-NC, of the crystal structure of the tions. The examination of the displacements for the hemes

Deoxymyoglobin
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FIGURE 3 X-ray crystal structures of the heme groups of deoxymyo-
Displacement (A) globin (A) (Yang and Phillips, 1996), peroxidas®) (Finzel et al., 1984),
and P450 C€) (Li and Poulos, 1995). The out-of-plane distortion is illus-
FIGURE 2 Out-of-plane displacements for the heme groups of x-raytrated in a clothesline display of the observéeta¢k lineg and simulated
crystal structures of deoxymyoglobin, metmyoglobin, and carbonmonoxy-red lineg displacements of the 24 atoms with respect to the mean plane.
myoglobin (Yang and Phillips, 1996; Takano, 1984; Phillips and Schoen-The PDB reference code, the location of the axial ligand in the simulation,
born, 1981). PDB reference codes are also given. In the simulation, thand the x-ray crystal structure resolution for myoglobin are given in the
macrocycle is oriented according to FigA3 The x-ray crystal structure legend of Fig. 2 (1vxg). Similar information for yeast cytochrome
resolution and crystallization condition are 1vxa (2.0 A), pH 4; 1vxd (1.7 peroxidase andBacillus megateriuncytochome P450 are given in the
A), pH 5; 1vxg (1.7 A), pH 6 for the deoxy protein; 1vxb (2.0 A), pH 4; legend of Fig. 4.
1vxe (1.7 A), pH 5; 1vxh (1.7 A), pH 6 for metmyoglobin; and 1spe (2.0
A), pH 4; 1vxc (1.7 A), pH 5; 1vxf (1.7 A), pH 6 for carbonmonoxymyo-
globin (vang and Phillips, 1996). carbonmonoxymyoglobin. Yang and Phillips showed that
that a lateral displacement of the heme occurs at pH 4, but
not at pH 5 and 6 for these myoglobin derivatives. Simi-
in deoxymyoglobins (Fig. 2) shows that the heme is primardarly, the NSD results show a large change in out-of-plane
ily domed (0.3 A), and a small but a significanta\(y) conformation at pH 4. Specifically for metmyoglobin at pH
contribution (0.15 A) is also present. The total heme dis4, the saddling increases, the ruffling changes sign, the
tortion is 0.4 A. For comparison, the-hemes of human doming increases, and the and y-waving contributions
deoxyhemoglobin are also primarily domed (0.5 A), butchange sign relative to myoglobin at pH 5 and 6. The
exhibit a secondaryuf deformation (0.3 A); the8-hemes increase in doming at pH 4 is consistent with the lengthen-
exhibit almost equal amounts of tsadanddomdeforma-  ing of the Fe-Hi8® bond from 2.15 A at pH 6 to 2.50 A at
tion types (0.4 A) (Jentzen et al., 1997). The total distortiongoH 4. Carbonmonoxymyoglobin also shows differences in
for the a- and B-hemes are both 0.6 A. These deformationsthe out-of-plane conformation at pH 4 compared to the pH
indicate a specific asymmetrical interaction between thes and 6 proteins. Specifically at pH 4, the saddling changes
protein environment and the heme group. sign, ruffling may increasex-waving becomes more nega-
There is little change in the structure of deoxymyoglobintive, andy-waving vanishes. Doming remains constant. The
with pH. This is reflected in the limited lateral displacement lateral shift of the heme group of carbonmonoxymyoglobin
of the heme in the structures at different pH (Yang andat pH 4 is in the direction opposite that of the shift for
Phillips, 1996). The NSD results show that the pH has anetmyoglobin. In addition, comparing the three myoglobins
minimal effect on the out-of-plane distortion of the heme asat pH 6 shows ligand binding effects on the structure of the
well (Fig. 2). This is not the case for metmyoglobin and macrocycle. For example, the six-coordinate met- and car-
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bonmonoxymyoglobins show less doming than five-coordi-attached heme, these distortions are caused by only the weak
nate deoxymyoglobin. nonbonding interactions (van der Waals, hydrogen bonding,

Temperature-dependent x-ray crystallography of myoglo-axial ligation) between the heme and the surrounding protein.
bin gives a picture of the protein as a condensed inner core
with semiliquid outer shells. This suggests that the numbe
of conformational substates is less in the vicinity of the
heme group. In fact, seven heme-contact residues have vemlhe c-type cytochromes all have covalently attached heme
small mobilities for myoglobin (Frauenfelder et al., 1979). groups, and it might be expected that the protein could
These residues, together with the axial ligands and othedistort the heme more through these strong linkages. Indeed,
heme-contact residues, are undoubtedly responsible fahe hemes of the-type cytochromes are generally more
maintaining the observed nonplanar structure of the hemenonplanar than those bound to the protein only by weaker
Nevertheless, conformational substates are averaged in tieractions (Hobbs and Shelnutt, 1995). In fact, the struc-
x-ray structures and thus in our analysis of the heme contural decomposition results show some support for the idea
formation. A different mechanism for maintaining the hemethat the covalently linked segment of the protein plays a
conformation is suggested below foitype cytochromes.  pivotal role in causing the observed distortion.

The hemes of hemoglobin and myoglobin are alike in that The mitochondrial cytochromes (Ochi et al., 1983;
they all exhibit significant doming and are only moderately Bushnell et al., 1990; Takano and Dickerson, 1980) provide
nonplanar compared to other hemoproteins. It is also interan instructive example (see legend of Fig. 4). The hemes
esting to note that the hemes of hemoglobin are morexhibit a largeruf deformation (0.7-1.0 A), with minesad
nonplanar than for myoglobin, indicating additional out-of- (—0.1 to —0.3 A) andx- andy-wav (0.1-0.2 A) contribu-
plane strain. Moreover, the heme of deoxymyoglobin andions (Fig. 4). The total observed distortion ranges from 0.8
the a-hemes of deoxyhemoglobin are alike in that tteen  to 1.1 A. (The heme of rice cytochroneeis illustrated in
deformation dominates. For thgzhemes, thelomandsad  Fig. 5 A.) Thewaux) andwawy) contributions are small,
deformations are nearly equal. but they have the effect of making tiheesecarbon located
between pyrroles | and Il the farthest atom from the mean
plane (Song et al., 1996; Jentzen et al., 1997). The conser-
vation of this structural feature of the hemes of cytochromes
Fig. 3 B andC) illustrates the heme distortion typical of ¢ has been noted (Hobbs and Shelnutt, 1995; Jentzen et al.,
two other types of noncovalently linked heme proteins. Thel997). Because pyrroles | and Il also bear the covalent
contribution of each deformation type to the observed conattachment points for the protein, this suggests that the
formation is graphically shown in Fig. 4. The decomposi- peptide segment between and including the cysteine resi-
tion results for three representative proteins of each typéues (linking the protein to the heme) is instrumental in
point out the similarities and variations in the heme confor-generating the nonplanar distortion. This view is supported
mations within each group. by the fact that a significant difference in structure among

The hemes of the peroxidases (Finzel et al., 1984the cytochromes exists for yeast isozyme 2. Isoenzyme 2
Sundaramoorthy et al., 1994; Kunishima et al., 1994) exis the only mitochondrial cytochrome available for which a
hibit strong saddling €0.6 to —0.9 A) and a moderate nonconservative sequence difference occurs in the two res-
ruffling (—0.3 to—0.7 A); other deformations are small and idues between the cysteines. (The amino acid residues be-
negative 0.1 to—0.2 A) or are not significant (see legend tween the covalently bonded cysteines are for isozyme-1
of Fig. 4). Clearly, the protein matrix induces large total Ala-GIn and for isozyme-2 GIn-Gin. For isozyme 2 (1lyea),
distortions of the macrocycle (0.7-1.2 A) for the peroxi- the total observed and simulated distortions are 0.732 and
dases and strongly influences the types of deformation thd.698, respectively. The main contributions are tiué
occur. Indeed, the distortion for the peroxidases is one of th€0.480 A) and almost equal amounts way(x) (0.316 A)
largest observed so far for hemes in proteins, and is unusuahdwawy) (0.380 A) deformation types. Trsad(0.061 A),
for a heme that is not covalently linked (vide infra). dom (0.064 A), andpro (—0.063 A) deformations are sta-

The cytochromes P450 (see legend of Fig. 4) show ndistically insignificant.) The strong similarity in the struc-
more than 30% sequence homology, yet the hemes of cytural decomposition results for the othertype cyto-
tochromes P450 (Li and Poulos, 1995; Hasemann et alchromes, some of which are shown in Fig. 4, also supports
1994; Poulos et al., 1986) are all ruffled by more than 0.3 Athe assertion of the importance of this segment.

On the other hand, there is no clear pattern in the small The oxidized cytochromesmight have been expected to
contributions from the other deformation types. The totalbe more distorted than the reduced proteins because of the
distortion is 0.4—0.5 A. slight preference of low-spin Fe(lll) for short metal-nitro-

For both peroxidases and cytochromes P450, the defogen bonds (Hoard, 1973; Scheidt and Reed, 1981). The
mation types that contribute to the structure of the heme arslightly smaller Fe(lll) (1.986 A) relative to Fe(ll) (1.997 A)
maintained across the natural variation in the amino acid sgScheidt and Gouterman, 1983) favous or saddistortions
guence that occurs for the different species represented. lbecause these deformations contract the porphyrin core
addition, because none of these proteins has a covalent(Bong et al., 1996). However, structural decompositions of

Mitochondrial ferricytochromes ¢

Peroxidases and cytochromes P450
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T T i—— T T 1 the reduced proteins show no clear consequence of the Fe
Q g yeast oxidation state change. For yeast isozyme-1 cytochrome
;é (Berghuis and Brayer, 1992; Louie and Brayer, 1990), the
5 ! fanganese oxidized form is more distorted, but for tuna cytochrome
& (Takano, 1984; Takano and Dickerson, 1980) there is no
A. ramosus . S .
CL L L1t Wik clear connection between oxidation state and total distor-
1.2 1.0 -0.8 -0.6 -0.4 -0.2 0.0 02 04 06 tion. In fact, comparing 10 crystal structures of wild-type
= —— I ——— s mitochondrial cytochromes in ferro and ferri forms shows
B. megaterium BM-3 no clear differences (Jentzen and Shelnutt, unpublished
4 results). In particular, the conserved contributions from
x _nsem'omonm sp TERP strong ruffling and moderat&- and y-waving exhibit no
consistent oxidation-state-dependent differences. It is pos-
P. putida CAM sible, however, that a larger group of structures or other
e ™ e e e e types of heme proteins will show oxidation-state-specific
E rice structural differences. Systematic oxidation-state changes
9 are found in the in-plane structure of the heme in the
2 E horse resonance Raman spectra (Kubitscheck et al., 1986), but
these are likely to be far too small to show up in the crystal
Gon Em E, f i om o @ ,““,’a, structures of the proteins.
Alcaligenes sp NCIB
. Ferricytochromes ¢’
X ? A. denitrificans NCTC ) . . ]

& The distortion of one of thélcaligenescytochromeg’ is
—-ﬁ'- R. molischianum illustrated in Fig. 5B. The hemes of ferricytochromes
b e (Dobbs et al., 1996; Finzel et al., 1985), like the mitochon-

F P deiiitrificans drial cytochromes, show a conserved distortion. The total
o observed distortions are0.5 A. However, as can be seen
5 ‘5-h R. capsulatus from Fig. 4, their structures are markedly different from
L~ . . .
those of the mitochondrial cytochromesThe conservation
R. rubrum is understandable for thalcaligenesstrains, because the

b e e sequence homology is greater than 90% (Dobbs et al.,
-06-04-02 00 02 04 06 08 1.0 12 1996). However, because the sequence identity is only
displacement (A) ~30% for the Alcaligenes strains andRhodospirillum
molischianumsignificant heme conformational differences
FIGURE 4 Out-of-plane displacements for the heme groups of selecteghatyyeen these proteins are observed. Nonetheless, they all

hemoproteins x-ray crystal structures. Color codes are the same as in Fig. P _ _
2. For the peroxidases, the macrocycles are oriented as shown inEig. 3 Bossess mamlyad( 0.3t0-0.4 A) andruf (0'1 0.3 A)

Axially ligated histidine is located below the mean plane. The PDB deformations, unlike the mitochondrial cytochromes, which
reference code and the x-ray crystal structure resolution for each proteire primarily ruffled.

are Baker's yeastSaccharomyces cerevisjaeytochromec peroxidase
(2cyp), 1.7 A (Finzel et al., 1984); manganese peroxidase fPbanero-
chaete chrysosporiurlmnp), 2.1 A (Sundaramoorthy et al., 1994)- - - - -
thromyces ramosygeroxidase (1arp), 1.9 A (Kunishima et al., 1994). In all cytochromes’ were oriented with the macrocycle peripheral substituents
peroxidases, a water molecule is localized on the distal side of the hem&S Shown in Fig. B. Axially ligated histidine is located below the mean
For the cytochromes P450, the macrocycle is oriented with its peripheraPlane. The amino acid residues between the covalently bonded cysteines
substituents as shown in Fig.G The axial sulfur ligand is located above &€ Lys and Ala. The resolution of the x-ray crystal structures and PDB
the mean plane. The resolution of the x-ray crystal structures and PDEEference codes ardlcaligenes sp.strain NCIB 11015 cytochrome’
reference codes amacillus megateriur8 P450 (2bmh) (dimer of two  (1€g0), 1.8 A (Dobbs et al., 1996)caligenes denitrificansstrain NCTC
identical chains A and B; chain A is shown in Fig.C3, 2.0 A (Li and 8582, cytochrome’ (1cgn), 2.2 A (Dobbs et al., 1996Rhodospirillum
Poulos, 1995)Pseudomonas STERP P450 (1cpt), 2.3 A (Hasemann et molischianumcytochromec’ (2ccy), 1.7 A (Finzel et al., 1985). Cyto-

al., 1994)Pseudomonas putidzeamphor P450, substrate-free (1phc), 1.6 A chromec’ is a dimer of two identical chains, A and B. In Fig.& the
(Poulos et al., 1986). A water molecule is an axial ligand to the heme irorflothesline display of the heme group in chain A is shown. For the
in all structures. For the cytochromes the macrocycle is oriented as cytochromes,, the macrocycle was oriented with its peripheral substitu-
shown in Fig. 5A. The axial histidine is located below the mean plane. The ents as shown in Fig. B. Axially ligated histidine is located below the
amino acid residues between the covalently bonded cysteines are Ala af@ean plane. The resolution of the x-ray crystal structures, the amino acid
GIn. The resolution of the x-ray crystal structures and PDB reference codekgsidues between the covalently bonded cysteines, and PDB reference
are rice embryo cytochrome (1ccr), 1.5 A (Ochi et al., 1983); horse codes aréParacoccus denitrificansytochromec, (1cot), 1.7 A, Lys-Ala
(Equus caballusheart cytochrome (1hrc), 1.9 A (Bushnell et al., 1990);  (Benning et al., 1994)Rhodobacter capsulatus/tochromec, (1c2r), 2.5
albacore tunaThunnus alalungaheart cytochrome (3cyt), 1.8 A (Ta- A, Lys-Thr (Benning et al., 1991). Cytochrong is a dimer of two

kano and Dickerson, 1980). Cytochromeis a dimer of two identical identical chains, A and B. In Fig. 6, the clothesline display of the heme
chains, O (outer molecule) and | (inner molecule). In FigApthe group in chain A is showrRhodospirillum rubruncytochromec, (3c2c),
clothesline display of the heme group for the outer molecule is shown. Thel.7 A, Leu-Ala (Bhatia, 1981).
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FIGURE 5 X-ray crystal structures of the heme groups of cytochrome - ——‘”':*%“-Er‘ -

(A) (Ochi et al., 1983), cytochrome’ (B) (Dobbs et al., 1996), and - {
cytochromec, (C) (Benning et al., 1994). The out-of-plane distortion is T
illustrated by a linear display of the observdilack lineg and simulated

(red lineg displacements of the 24 atoms with respect to the mean plane : . . .
The PDB reference code, the location of the axial ligand in the simulation,FIGURE 6 Edge-on and top views of the covalently linked peptide

and the x-ray crystal structure resolution for each protein are given in thl?slegment of the heme group of cytochroméice embryos; Ochi et al.,
legend of Fig. 4. 983) and cytochrome (Alcaligenes sp.Dobbs et al., 1996). The peptide

segments are Cys-Ala-GIn-Cys-His and Cys-Lys-Ala-Cys-His, respec-
tively. The hydrogen-bonding interactions in the backbone are indicated by
solid lines. Figures were created with the molecular visualization program

In |ight of the differences in heme conformations for RasMol (Sayle and Milner-White, 1995). The PDB reference code and the
x-ray crystal structure resolution for each protein are given in the legend of

cytochromeg andc/, it is interesting to examine the short, Fig. 4.
covalently linked peptide segment to see how it differs for
the two, and, in addition, to see whether these differences are

conserved for the two types of proteins. Fig. 6 compares the . . .
. . . most planar of the hemes in hemoproteins. The magnitude
conformation of this protein segment from the x-ray crystal . . . .
. _of nonplanar distortion varies from virtually planar (0.1 A)
structures for one of the proteins from each group. Of partic-

ular interest is the difference in the number of hydrogen bond%0 moderately distorted (0.5 A). Thus the heme is nearly

within the peptide backbone. This difference in hydrogenpla.nar bqt appears o .be poised to d|st'ort. That is, gertam
I . ; ~._amino acid sequence differences can shift the scales in favor
bonding in the peptide segment could easily cause the differ-

. ; . of a more nonplanar conformation. In fact, all of the pro-
ences in heme conformation by altering the forces on pyrrOIeiseins. have significant differences in the two amino acids
I and 1. The differences in the orientation of the histidine h ine link | h |
ligand could also contribute to the differences in heme confor2etween the cysteine linkages (Lys-Ala, Lys-Thr, Leu-Ala),

. , but apparently only the Lys/Leu difference in the first residue
mation for cytochrome andc'.

seems to cause a significant distortion (frrubrun).

3
b ®

N ,

Ferrocytochromes c, Cytochromes c4

The Paracoccus denitrificangytochromec, (Benning et  Another interesting example is the four-heme cytochromes
al., 1991, 1994; Bhatia, 1981) distortion is illustrated in Fig.c; (Morimoto et al., 1991; Higuchi et al., 1984; Morais et
5 C (also see legend of Fig. 4). This is the one proteinal., 1995; Czjzek et al., 1994, 1996), for which the four
among those analyzed so far in which the heme distortion isemes in the proteins vary remarkably in their structure.
not clearly conserved (Fig. 4). These are also among thelere, too, the differences in structure can be associated with
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variations in the peptide segments linking the hemes to theysteines covalently bound to the heme—are conserved.
protein (Jentzen et al., 1997). Fig. 7 shows the structuraHeme 4 is the exception to the conservation of heme con-
decomposition results for each of the four hemes for cytoformation. Hemes 4 have different distortions for the-
chromesc,; from six different strains. (The total observed sulfomicrobium baculaturstrains than for the others. Ex-
distortions are, on average, 0.83(5), 0.98(16), and 0.51(1%mination of the amino acid sequences for the proteins
A for all hemes 1, hemes 2, and hemes 3 (the values imeveals that these strains have a deletion of two of the four
parentheses are the standard deviations). The overall distaesidues that are present between the cysteines for heme 4 of
tion for hemes 4, excluding thB. baculatumstrains, is the other cytochromes; (Table 1). This clearly points to
1.17(8) A. Finally, the total observed distortions for hemesthe pivotal role of this short protein segment. Furthermore,
4 from theD. baculatumstrains are 0.8 and 0.4 A, respec- hemes 1 and 3, like hemes 4 of the strain®obaculatum
tively. The heme numbering scheme is based on the appeahe mitochondrial cytochromes and the cytochromes,

ance of the heme-binding cysteine residues in the primarpave only two residues between the cysteine linkages, and
sequence, e.g., heme 1 has the lowest numbered cysteinesll) exhibit a positiveruf deformation. This observation
Hemes 1 through 3 maintain similar conformations in theagain indicates the importance of this heme-linked protein
proteins from the strains ddesulfovibrio vulgaris(Mori- ~ segment. In contrast, hemes 2 and 4, excluding the strains
moto et al., 1991; Higuchi et al., 1984). desulfuricans from D. baculatum all have four residues between the
(Morais et al., 1995)D. gigas (Matias et al., 1996), and cysteines, and, in this case, the main distortion type can be
Desulfomicrobium baculaturfCzjzek et al., 1994, 1996), either aruf or asaddeformation. Thus not only the number
and this conservation is surprising, because only a fevof residues between the cysteines is important, but also the
residues—other than the eight axial histidines and eightypes of residues and the multitude of interactions between

lwad

D. Gigas

leth

FIGURE 7 Out-of-plane displace-
ments (minimal basis) for the four
heme groups in the x-ray crystal
structures of cytochromes, from D.
vulgaris [Hildenborough (Morimoto
etal., 1991) and Miyazaki (Higuchi et
al., 1984)],D. desulfuricangATCC

2cym

D. Vulgaris

2cdv

=_—
—
—_—

heme 1
heme 2

27774 (Morais et al., 1995)], D. gigas
(Matias et al., 1996), and two strains
from Desulfomicrobium baculatum
[Norway 4 (Czjzek et al., 1994) and
Norway NCIB 8310 (Czjzek et al.,
1996)]. For the cytochromes;, the
displacements were obtained by ori-
enting the macrocycle with its periph-
eral substituents as shown in Fig. 5.
The PDB reference codes and the x-
ray crystal structure resolutions are
Desulfovibrio vulgaris strain Hilden-
borough (2cym), 2.0 A (Morimoto et
al., 1991); Desulfovibrio vulgaris
strain Miyazaki (2cdv), 1.8 A (Higu-
chi et al., 1984)Desulfovibrio desul-
furicans strain ATCC 27774 (2cyr),
1.8 A (Morais et al., 1995)Desulfo-
microbium baculatumstrain Norway
4, (2cy3) 1.7 A (Czjzek et al., 1994)
and strain Norway NCIB 8310 (1czj),
2.2 A, (Czjzek et al., 1996); ardes-
ulfovibrio gigas (1wad), 1.8 A (Ma-
tias et al., 1996).
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TABLE 1 Covalently linked peptide segments of the four heme groups in cytochrome c; from Desulfovibrio vulgaris
(Hildenborough and Miyazaki), D. sulfuricans (ATCC 27774), D. gigas, and Desulfomicrobium baculatum (Norway 4 and Norway
NCIB 8310)

D. vulgaris D. vulgaris D. vulgaris D. desulfuricans D. baculatum D. baculatum
Hildenborough Hildenborough Miyazaki D. gigas ATCC 27774 Norway 4 NCIB 8310
(1cth) (2cym) (2cdv) (Awad) (2cyr) (2cy3) (1czj)
Heme 1 CGD—-C GD-C GD-C ODb—-C UT—C uQ—-C QQ-C
Heme 2 CCTA® GTAR CATAGC CITDQC aGSsS® CITS&C MTE®
Heme 3 cvVG—C uG—-C uG—-C s —C CA—C ©—C uG-C
Heme 4 CKKSKC KKSKC KGSIC KGSC CAKSKC C-G-KC N-S-C

All of the fifth and sixth axial ligands of the heme iron atoms are histidine nitrogen atoms. One-letter symbols are used for the amino acids (Bayhoff an
Eck, 1972).

these residues and with nearby amino acids are similarlienning, M. M., T. E. Meyer, and H. M. Holden. 1994. X-ray structure of

; ; i ; ; ; the cytochrome gisolated fromParacoccus denitrificansefined to
important in determining the details of the heme distortion. 1.7-A resolution Arch. Biochem. Biophys10:460—466.

Benning, M. M., G. Wesenberg, M. S. Caffrey, R. G. Bartsch, T. E. Meyer,
M. A. Cusanovich, I. Rayment, and H. M. Holden. 1991. Molecular
CONCLUSIONS structure of cytochrome,dsolated fromRhodobacter capsulatugeter-
| . | . f i<h mined at 2.5-A resolution]. Mol. Biol. 220:673—685.

_Norma -coordinate structura dgcomp_osmon urnishes arberghuis, A. M., and G. D. Brayer. 1992. Oxidation state-dependent
important new probe of the protein environment of the heme conformational changes in cytochroraed. Mol. Biol. 223:959-970.
active site that, in some cases, reveals previously hiddeBernstein, F. C., T. F. Koetzle, G. J. B. Williams, E. F. Meyers, M. D.
influences of the protein on the conformation of the heme. Brice, Jh R. Rodgers, O. Kekhnard, T. Shi@anoschi,handl fI}I/I- fTasumi-
These influences undoubtedly result from the observation 1977: The Protein Data Bank: a computer-based archival file for mac-

. . romolecular structuresl. Mol. Biol. 112:535-542.
that functionally related proteins share the same class cEhatia, G. E. 1981. Refinement of the crystal structure of oxidizbd-

tertiary structures, especially near the functional domains dospirillum rubrumcytochrome ¢. Ph.D. thesis. University of Califor-
(Lesk and Chotia, 1986a,b; Sweet, 1986; Hasemann et al., hia, San Diego.
1995)_ At present, direct relationships between the hema8ushnell, G. W., G. V. Louie, and G. D. Brayer. 1990. High-resolution

structure and its biological function are still not evident; gﬂ?ggiﬁ’ggl structure of horse heart cytochromed. Mol. Biol.

however, thg normal-coordinate structural decompo_smorbruickshank, D. W. J. 1960. The required precision of intensity measure-
method provides the needed framework for systematic ex- ments for single-crystal analysidcta Crystallogr.13:774-777.
ploration of the role of nonplanar distortions of tetrapyrrolesczjzek, M., F. Payan, F. Guerlesquin, M. Bruschi, and R. Haser. 1994.
in biochemical mechanisms. The method brings to the fore Crystal structure of cytochrome; drom Desulfovibrio desulfuricans
the participation of the low-frequency vibrational modes of '\o™a at 1.7-A resolution]. Mol. Biol. 243:653-667.

. - zjzek, M., F. Guerlesquin, M. Bruschi, and R. Haser. 1996. Crystal
the heme and symmetry properties of the prOtem'hemg structure of a dimeric octaheme cytochromg(kl, 26000) fromDe-

interaction. In this way, the structural decomposition sulfovibrio desulfuricandNorway. Structure.4:395—404.

method potentially facilitates the discovery of correlationspayhoff, M. O., and R. V. Eck. 1972. Atlas of Protein Sequence and
between spectral properties and specific types of distortions, Structures. Biomedical Research Foundation, Washington, DC.

and these structural and spectral correlations should aid in tHeobbs, A. J., H. R. Faber, B. F. Anderson, and E. N. Baker. 1996.

h f lati hios betwi h truct d f fi 3-Dimensional structure of cytochronsefrom two Alcaligenes species
Search 1or relationships between heme structure and Tunction. 5y he implications for four-helix bundle structurescta Crystal-

logr. D. 52:356—-368.

) ) ] ) Finzel, B. C., T. L. Poulos, and J. Kraut. 1984. Crystal structure of yeast
We thank Ms. Yan Qiu for help in preparation of the manuscript and cytochromec peroxidase refined at 1.7-A resolutiod. Biol. Chem.
figures. 259:13027-13036.

Sandia is a multiprogram laboratory operated by Sandia Corporation, &inzel, B. C., P. C. Weber, K. D. Hardman, and F. R. Salemme. 1985.
Lockheed Martin Company, for the U.S. Department of Energy under Structure of ferricytochrome’ from Rhodospirillum molischianurat
Contract DE-AC04-94DP85000. 1.67-A resolutionJ. Mol. Biol. 186:627—643.

Frauenfelder, H., G. A. Petsko, and D. Tsernoglou. 1979. Temperature-
dependent x-ray diffraction as a probe of protein structural dynamics.
Nature.280:558-563.
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