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ABSTRACT
Cytochrome

is an 86-residue c-type cytochrome

derived from Chlorobium thiosulfatophilum, an obligately
anaerobic green sulfur bacterium which is among the most
primitive of living organisms-

Here is presented a

structural description of the cytochrome

molecule based

on its crystallographic structure determination at 2.44
O
Angstrom resolution by multiple isomorphous replacement
methods.

The structure is of interest not only because of

its evolutionary significance but also because the cytochrome
C555 rn°lecule

possesses an unusually low oxidation/reduction

potential (Em,^ = +145 mV) in comparison to related members
of the cytochrome c family.

Also, cytochrome

c555

has been

shown to possess activity in the mitochondrial cytochrome c
oxidase system while being unreactive toward the mito
chondrial cytochrome c reductase.

This reactivity pattern

contrasts with that exhibited by other prokaryotic cyto
chromes c and is the reverse of that observed for the
bacterial photosynthetic cytochromes

which react readily

with mitochondrial cytochrome c reductase but react poorly
with cytochrome oxidase.

Consequently, a detailed compari

son of the structures of various c-type cytochromes should
provide information about the chemical nature of these
x

differences in physical properties and chemical reactivi
ties among the c-type cytochromes.

CHAPTER 1
INTRODUCTION
High potential c-type cytochromes are proteins whose
best known function is the reversible transfer of electrons
to sites of phosphorylation of adenosine diphosphate.

These

molecules span both the prokaryotic and eukaryotic kingdoms.
They are heme-proteins composed of a single polypeptide
chain with a single covalently bound protoheme IX pros
thetic group.

The fifth and sixth ligands ar

generally

furnished a histidyl imidazole nitrogen atom and a methionyl
sulfur atom (Salemme et al., 1972; Dickerson and Timkovich,
1975).

Included in this family are mitochondrial cytochrome

c, bacterial photosynthetic cytochromes
denitrificans cytochrome
°551'

c55q/

> Paracoccus

Pseudomonas cytochromes

cytochromes f, and Chlorobium cytochromes c,-,-,-.

Although all of these molecules are homologous, there is
more diversity among the prokaryotic types compared to the
eukaryotic types.

Nevertheless, they all appear to function

similarly as peripheral membrane proteins which serve as
electron donors to the most oxidizing membrane bound
electron acceptor of the oxidative or photophosphorylating
electron transport chain in which they function.
1

The electron transport chains of Chlorobium
thiosulfatophilum, an anaerobic green sulfur bacterium,
eukaryotic mitochondria, and a cyclic purple nonsulfur
bacterial photophosphorylating chain are schematized in
Figures 1 and 2.

In the green sulfur bacterium, Chlorobium

thiosulfatophilum, reducing equivalents are generated by the
oxidation of hydrogen sulfide or thiosulfate which reduce
cytochromes

or c55i'

respectively.

is reduced by either cytochrome

Cytochrome

or c55i' an(^

subse

quently reduces photooxidized Chlorobium bacteriochloro
phyll (Bchl), as deduced by Kusai and Yamanaka (1973).
Photooxidized bacteriochlorophyll reduces a yet undeter
mined molecule (X), probably bacteriopheophytin, and the
electron can subsequently reduce nicotinamide adenine
dinucleotide phosphate (NADP+) (Jones and Whale, 1970).
Alternatively, it is possible that adenosine triphosphate
(ATP) is formed in a cyclic photophosphorylating chain
where cytochrome

can be reduced in a manner similar

to that observed for the reduction of purple nonsulfur
bacterial cytochromes

(Sykes and Gibbon, 1967).

In the

eukaryotic mitochondrial electron transport chain (Figure
2a) either nicotinamide adenine dinucleotide (NADH) or
flavin adenine dinucleotide (FADE^) oxidation provides
electrons which reduce flavoprotein (Fp), which subse
quently reduces coenzyme Q (CoQ).
the cytochrome b-c2 complex.

Coenzyme Q then reduces

The drop in the

NADP+ -n
h300

NADPH^Ferred°Xin^

S=

S

S2\l^Prod
App.-

Em,7 -o
(mv)

--•ATP

C553
C551-

Chlorobium
U300

Figure 1.

BChI

Electron Transport Chain of Chlorobium thiosulfatophilum
are explained in the text.

Details

oj

NADH»i—
f 0<T0*tp

• X »Q •
Bchl [#)

P

FADHj* - •CoQ»
O^OATP
Eh

\d.

O'DATP
^3J |—2H*+ '/iOJ
•-•HIO

A
Figure 2.

0

hrVc.

. C <B.

Bchl

O ATP

crt Ca«

B

Electron Transport Chain of (A) Eukaryotic Mitochondria and (B) a
Purple ftonsulfur Bacterium — Details are explained in the text.
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oxidation/reduction potential is conserved as a high energy
intermediate (^) which subsequently can be used to synthe
size adenosine triphosphate (ATP).

Cytochrome c is then

reduced and in turn reduces cytochrome oxidase (Cu-a-a^)
where a similar drop in oxidation/reduction potential is
conserved by the formation of ATP before oxygen is reduced
to form water (Dutton and Wilson, 1974).

In Figure 2b,

bacteriochlorophyll (BChl) is photooxidized after absorp
tion of light, and reduces bacteriopheophytin (X).
Bacteriopheophytin reduces ubiquinone (Q) .which in turn
reduces cytochrome b, where a drop in oxidation/reduction
potential is again conserved in the formation of ATP.
Cytochrome b subsequently reduces cytochrome C2 which
reduces photooxidized BChl, thus completing the cycle
(Dutton and Prince, 1979).
A number of features represented in these figures
deserve mention.

First, the oxidation/reduction midpoint

potentials of these molecules differ depending on the en
vironment in which they function.

The green sulfur

bacteria have electron transport chains which operate at a
lower potential than the nonsulfur purple bacteria or the
mitochondrion reflecting differences,in their environments.
Second, in the eukaryotic mitochondrial electron transport
chain electrons enter by the oxidation of low potential
molecules where a drop in electrochemical potential is
coupled to produce ATP, whereas in the cyclic electron

6

transport chain of the nonsulfur purple bacteria light is
absorbed in order to provide the energy necessary to make
ATP.

The green sulfur bacteria have a system which util

izes both features; namely, reduced compounds can enter in
a noncyclic oxidative electron transport scheme or alter
natively can produce ATP in a cyclic electron transport
system.

Since both cyclic and noncyclic electron transport

can occur in the green sulfur bacteria, it is possible to
suppose that this electron transport system is a precursor
to the more specialized electron transport systems of
evolutionarily more recent organisms.

Third, c-type

cytochromes make alternating reversible protein-protein
complexes with their respective oxido-reductants.
The structures of various high potential c-type
cytochromes have been solved to high resolution.

The

eukaryotic cytochrome c structure was refined (Mandel et
al., 1977; Swanson et al., 1977; Takano et al., 1977).
Bacterial photosynthetic cytochrome c^ from Rhodospirilium
rubrum was solved by Salemme et al. (1972); Paracoccus
denitrificans cytochrome

was solved by Timkovich and

Dickerson (1972, 1973); and Pseudomonas aeruginosa cyto
chrome Cc;52

was

solved by Almassy and Dickerson (1978).

These molecules share a similarity in a large number of
their physical and chemical properties despite large dif
ferences in size and amino acid sequence.

Thus far, how

ever, it has been difficult to correlate the observed

7

structural similarities and differences in these molecules
to their physical properties and chemical reactivities.
Chlorobium thiosulfatophilum cytochrome c^55 is sufficiently
different in its physical and chemical properties in com
parison to other high potential cytochromes c so that a
comparison of the structure of cytochrome c,-^ with the
structures of other cytochromes c can facilitate the under
standing of the physics and chemistry of cytochromes c and
of electron transfer proteins in general.
Cytochrome c was first reported to be present in
Chlorobium thiosulfatophilum by Kamen and Vernon (1954).
Gibson (1961) first isolated cytochrome
bacterium.

from this

This protein has been studied in several

laboratories (Yamanaka and Okunuki, 1968; Meyer et al.,
1968) and has recently been sequenced (Van Beeuman et al.,
1976).

It is a protein of molecular weight 9030, having

86 amino acid residues and a single covalently bound protoheme IX prosthetic group.
The X-ray structural determination of cytochrome
c555 was un<^er't:aken

for the following reasons.

First, the

obligately anaerobic green sulfur bacteria are considered
to be among the most primitive organisms (Dickerson and
Timkovich, 1975; Dayhoff 1976b).

Second, cytochrome c555

possesses an unusually low standard oxidation reduction
potential (EIII / '
7 = +14 5 mV) compared to mitochondrial
cytochrome c (approximately +260 mV), the bacterial
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cytochromes c^ (+320 mV) , Pseudomonas cytochromes
(+285 mV), or the algal cytochromes f (+370 mV) (Kamen et
al., 1971).

Third, Chlorobium thiosulfatophi1um cytochrome

c,-,-t- has been shown to possess reactivity in the mito
chondrial cytochrome c oxidase system while being unreactive with mitochondrial cytochrome c reductase (Errede
and Kamen, 1977; Davis et al., 1972).

This reactivity

pattern contrasts with that exhibited by other prokaryotic
cytochromes c and is the reverse of that observed for the
bacterial photosynthetic cytochromes c^ which are readily
reduced by mitochondrial cytochrome c reductase but react
poorly with cytochrome oxidase.

Moreover, the reactivity

of Chlorobium thiosulfatophilum cytochrome

c555

with mito

chondrial oxidase does not seem to be directly related to
the large difference in oxidation/reduction potential
between these proteins, since it has been observed that the
cytochrome cci;[- of Prosthecochloris aestuarii (E= n +103 mV),
o d
————————————————
m/ /
another green sulfur bacterium, shows no reactivity with
cytochrome oxidase (Errede and Kamen, 1977; Davis et al.,
1972).

CHAPTER 2
MATERIALS AND METHODS
Pure cytochrome

(strain Larsens) was kindly

provided by Drs. T. Meyer, R. Bartsch, and M. Cusanovich.
In addition, Dr. M. Cusanovich provided whole bacteria
which were used in the isolation and purification of
cytochrome
Isolation and Purification of Cytochrome
from Chlorobium thiosulfatophilum
Strain Larsens
Three hundred gram (net weight) amounts of concen
trated cells were suspended in one liter of a 0.1 molar
potassium phosphate buffer (pH = 7.8) and stirred overnight
in a refrigerated room (temperature = 10°C).

This suspen

sion of cells was then either sonicated in three hundred
milliliter batches on a one-half duty cycle for three
minutes at 10°C or passed through a 20,000 pounds per square
inch pressure differential in a French press in order to
shear the bacterial membranes.

The suspension was centri-

fuged at 15,000 revolutions per minute for ten minutes.
The cytochrome containing supernatant was then collected
and made forty per cent saturated in ammonium sulfate.
precipitate was collected and resuspended in 0.1 molar

The
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phosphate buffer (pH = 7.8), resonicated, and centrifuged
as described above.

The supernatant was combined with the

previous supernatant and the precipitate was collected and
frozen.

After stirring the supernatant for at least two

hours in order to assure the dissolution of the ammonium
sulfate, the solution was centrifuged at 15,000 revolutions
per minute for ten minutes.

The precipitate was frozen and

stored and enough ammonium sulfate was added to the super
natant in order to make the final ammonium sulfate concen
tration ninety-five per cent of saturation.

The solution

was then stirred for two hours and centrifuged at 15,000
revolutions per minute for ten minutes.

The precipitate was

collected and dissolved in 0.1 molar potassium phosphate
buffer (pH = 7.8).

This solution contained all of the water

soluble cytochromes and a visible spectrum of the super
natant indicated that no cytochromes were present in that
phase.
The cytochrome containing solution was then de
salted on a Sephadex C-25 ion exchange column and enough
Tris chloride was added to make the solution twenty millimolar (pH = 7.8).

This solution was then passed over a

diethylaminoethylcellulose (DEAE) ion exchange column
previously equilibrated at pH 7.8 with Tris chloride.
Acidic cytochromes c55^

anc^

c553

an<^

ferrodoxin were

adsorbed on this column while basic cytochrome £555 bypassed
the column.

The cytochrome

containing eluent was then

11

adsorbed on a carboxymethylcellulose (CMC) ion exchange
column (pH = 7.8) and the acidic proteins were eluted from
the DEAE column with a 0.5 molar sodium chloride solution
and frozen.

Cytochrome

was then eluted from the CMC

column with a twenty millimolar sodium chloride twenty
millimolar Tris (pH 7.8) solution.

Cytochrome

was

the only cytochrome present in the eluent which contained a
small amount of uncolored protein contaminant as measured
by the ratio of absorbance at 280 to the absorbance at 417
nanometers for the reduced molecule (A280^417 reduced
.22).

=

Ammonium sulfate fractionation was then used to

purify cytochrome c555 to a ratio A28Q/A417#reduced of 0.18
(Meyer, 1970) and to concentrate the protein for subsequent
crystallization.
The absorption spectrum of cytochrome

is

presented in Figure 3 from 250 to 750 nanometers for both
the oxidized and reduced states of this molecule on a Cary
118 spectrophotometer.

The oxidized spectrum showes ab

sorbance at 280 nanometers due to absorption by aromatic
residues on the protein and absorbances at 375 (S-band),
412 (Soret band), and 705 (charge transfer band) nanometers.
In the reduced spectrum, features below about 400 nanometers
are obliterated due to absorption by sodium dithionite which
was used to reduce the cytochrome.

The Soret band is red

shifted to 417 nanometers and an a and 3 band are observed
at 554.8 and 520 nanometers, respectively.

The 705
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o
B

O
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250

600

400

750

A(«m)
Figure 3.

Absorption Spectrum of Cytochrome c555 of
Chlorobium thiosulfatophilum -- The optical
density (O.D.) versus the wavelength (A) is
traced from 250 to 750 nanometers. The absorp
tion maxima are given in the text.

nanometer charge transfer band is bleached upon reduction.
Published extinction coefficients are available (Gibson,
1961; Meyer, 1970).

This absorption spectrum is a measure

of the optical purity of the cytochrome c,-,-,-.
Crystallization and Unit Cell Parameters
of Cytochrome C--. from Chlorobium
thiosulfatophilum
j

j

j

Cytochrome <^555 purified as described was concen
trated to between fifty and seventy milligrams of protein
per milliliter of water by ammonium sulfate precipitation.
Fifty microliters of the protein were then layered over an
equal volume of sixty-five per cent saturated ammonium
sulfate solution 0.1 molar in magnesium nitrate in 6 x 15
millimeter test tubes (Salemme, 1972).

Rod-shaped crystals

were obtained in about one month at room temperature and
were determined to be in space group P2^2i_2j—wi-t1hi unit cell
parameters of a = 48.3 angstroms (A) , b = 24.5^, c = 60.1A,
4o

volume = 7.11 x 10 A.
Original crystals were grown in the monoclinic space
group

with unit cell parameters of a = 48.3A, b = 24.3&,

O
c = 60.1A, 3 = 89.5°.

By the addition of magnesium nitrate

a space group change to ^2-^2-^2-^

was

effected.

The crystals

that were used in data collection were measured to be 0.2
millimeters along their longest direction.
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Preparation of Multiple Isomorphous
Replacement Derivatized Crystals
Many attempts to form heavy atom derivatives were
carried out using between 0.001 and 0.01 milligrams heavy
metal salt per milliliter 65% saturated ammonium sulfate
solution into which a few protein crystals were placed.
After four days of soaking in the heavy metal solutions,
the crystals were mounted in glass capillaries containing a
plug of precipitant solution and sealed with wax.

Three

Angstrom resolution precession photographs were taken of
the hOl zone and these photographs were compared against
photographs of a native crystal for intensity changes and a
possible lack of isomorphism.

Under these experimental

conditions three useful heavy atom derivatives were found.
A uranyl nitrate (UO (NO^)2) derivative was obtained by
soaking crystals in

one microgram UC^(NO^)2 Per milli

liter 65% ammonium sulfate solution, and a mersalyl deriva
tive obtained from a one microgram per milliliter solution
of precipitant.

Although gold chloride (AuCl^ ), platinum

chloride (PtCl. ), and mercuric iodide (KnH I.) showed
4
2 g 4
intensity changes on film no significant phasing information
could be abstracted from these derivatives.

It is, how

ever, possible that these heavy atom complexes could be
useful in phasing and more experiments to test these
potential derivatives are in order.

15

Crystallization conditions as described above were
used except that the temperature was raised to 35°C.
Crystals grew at this elevated temperature faster (in about
2-3 weeks) and were generally larger (2 millimeters along
the shortest edge).

However, these crystals tend to grow

as stacked plates and the yield of single, diffractometer
quality crystals is poor.
Data Collection
Replicated data, including Bijvoet related re
flections, were collected using 0-W step scans on a Picker
FACS1 automated diffractometer having a 560-watt mono- •
chromated copper source.

Crystals were generally mounted

with the crystallographic c-axis along the capillary
cylinder axis; the capillary contained a plug of 65%
ammonium sulfate in order to maintain a humid atmosphere and
was then sealed.

Native and derivatized crystals were

mounted in this way in order to minimize differences in
absorption due to crystal shape.

After optical alignment,

.

o

five to eight relatively intense reflections to 3A resolu
tion were located, automatically centered, and subsequently
refined in a least squares sense (Lenhert, 1974) in order
to obtain cell parameters from which an orientation could
be calculated.

Both unit cell lengths and angles were least

squares fit to these orienting reflections in order to
assure orthorhombicity of the crystals.

Table 1 shows the

16

Table 1.

Unit Cell Parameters of Native and Derivatized
Crystals of C. thiosulfatophilum Cytochrome C555
Used in Multiple Isomorphous Replacement Phase
Refinement
a

b

Native 1

48.5

24.9

Native 2

48.3

K 2 UD 2 (CH 3 COO~) 2
Mersalyl

Crystal

c

a

3

.Y

60.5

90°

90°

90°

24.5

60.1

90°

90°

90°

49.05

24.75

61.2

90°

90°

90°

48.2

24.5

60.3

90°

90°

90°

cell lengths and angles for all crystals

which were sub

sequently useful in multiple isomorphous phase refinement.
Two-0 scans were performed along each cell edge in order to
monitor extinctions and to obtain peak widths which were
subsequently used to determine step scan widths used for
data collection. Scan times varied between 70 and 140
seconds for the different crystals, and background counts
were measured for 4 seconds on each side of a measured re
flection.

Peak times were chosen so as to optimize the

signal to noise ratio of three selected intense reflections
which were subsequently used to monitor crystal decomposi
tion periodically (every 100 reflections).

Complete data

sets were collected on single crystals, which generally
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showed less than 20% decomposition by the end of data
collection, as monitored by these standard reflections.
Absorption correction curves were taken for each
crystal during data collection.

The Picker FASCl diffrac-

tometer geometry is such that a reflection occurring at chi
(x) = 90° is in diffracting position for all values of phi
($).

Thus, each crystal was mounted so that the 001 axis

was coincident with $ (at x = 90°) and a crystal absorption
correction was obtained by counting a particular 001 re
flection for 40 seconds at increments of 10° around $.

At

each 0 value the reflection was centered and counted at the
maximum 20 value.

This centering was desirable since the

reflections are not in general circular but rectangular in
cross section, a phenomenon which results from the convolu
tion of the scattering from the asymmetric unit with the
shape of the crystal.
Background correction curves were compiled for each
crystal as follows.

A reflection with prime values for the

Miller indices (hkl) at sufficiently high resolution to
include the entire sphere of collected data was chosen since
the spoke from 20=0 to the 20 value of that reflection
should have no other reflections on it.

Consequently, at

the prescribed values of w, x, and $, 40 second counts were
taken as a function of 2 0 in one degree increments from
20 = 3.0° to the resolution of the data set.
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The absorption correction curve is generally sym
metric as a function of $, having its maxima and minima
coincident with the crystallographic a* and b* axes.

The

background correction curve is generally smooth and shows a
O
broad maximum between 3.5 and 2.5A resolution due to
scattering by solvent molecules.

In the course of subse

quent data reduction, it was determined that the intensi
ties corrected by measuring the background counts were
generally more accurate and consequently measured back
grounds were applied.
Appendix A contains tables of intensity vs. $ for
absorption corrections and intensity vs. 20 for background
corrections for all crystal used in multiple isomorphous
replacement phase refinement.
Background and Absorption Corrections
X-ray scattering by atoms is considered to be a
phenomenon described as Thomson scattering (Sherwood, 1976)
where a photon is elastically scattered by an electron.
Background scattering is primarily due to scattering of the
diffracted beam by air, the capillary, and the solvent in
side and around the crystal in addition to inelastic
Compton scattering.

This scattering is generally random as

the atoms contributing to it are in motion and their orien
tation becomes averaged over all of the space accluded by
the X-ray beam over the time period of the measurement of
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the intensity.

Since this scattering is not from an ordered

array it will generally make the intensity measured at a
diffraction position higher than it should be and must be
subtracted from the intensity measurement.
Not all of the diffracted intensity of X-rays from a
crystal will be observed, since inelastic collisions occur
between the photons and the matter in the crystal.

During

these collisions, energy is absorbed by the matter in the
crystal and as a result, the number of photons observed at
the detector with a particular wavelength is generally
smaller than would occur if no absorption took place.

Al

though the absorption correction described below does not
explicitly account for absorption phenomena theoretically,
it nevertheless provides a method for sealing all of the
intensity data internally.

This is sufficient since the

data which have been corrected for absorption can never
theless be placed on an absolute scale once the structure
is determined.
Although a semi-empirical 20 background curve was
obtained for each crystal from which data were collected,
measured backgrounds were generally used to correct the
diffraction intensities since it was observed that the
number of reflections observed was greater in this case.
Measured, integrated intensities (Io) were corrected for
background scattering according to the following relation
ship:

I

Io

" I BG

(1)

K

where I is the corrected intensity, Igg is the sum of the
intensity measured on each side of the diffraction peak.

K

is a proportionality constant expressed in terms of the
ratio of the time of counting the diffraction peak (tp) and
the total time (tb) of counting of the background on either
side of this peak (K = tp/tb).
Generally, an 001 reflection was used to compile an
absorption correction curve for each crystal used in data
collection.

The ratio of minimum intensity to the intensity

at a particular $ value is plotted as a function of $.

Each

measured intensity then has its particular $ value calcu
lated from an orientation matrix referring the crystal
geometry to the diffractometer geometry.

The background

corrected intensity is then multiplied by this ratio.

Thus

reflections that occur at the maximum of the absorption
correction curve are multiplied by a factor of 1 and re
flection intensities measured at all other values of $ are
hk 1

multiplied
by
)/Imax
c
J a factor of (21max - I.
$
In the case of X-rays diffracted from a single
crystal, the diffracted beam becomes polarized and loses
intensity in the plane of the diffracted beam.

The magni

tude of this reduction is dependent only upon the angle of
incidence of the diffracted beam and this loss in intensity
can be described by a polarization term (p) according to
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the relationship:
-1

p

2

=

1 + _ cos 0

(2)

nA = 2dsin8

(3)

where 0 is given by Bragg1s Law (Equation 3), A is the
wavelength of light used, d is the separation of successive
planes of atoms in the crystal, and n is an integer
(Nuffield, 1966).
The geometry of the scanning motion during the
measurement of intensities determines the length of time
during which a reflection is in diffracting position.

The

time during which the reflection is in diffracting position
is inversely proportional to the ratio of the scanning
velocity to the velocity of the reciprocal lattice point
through the sphere of reflection (Nuffield, 1966).

Thus,

the., intensity will depend upon the angle of incidence of
the reciprocal lattice point upon the sphere of reflection
and the correction factor, L, is given by
L "*" = l/sin20 ;

(4)

combining the expressions for the Lorentz and polarization
factors gives
Icorr

= Io(LP)

^" = Io((1 + cos^0)/2)(l/2sin0cos0)

(5)

where Io is the measured intensity corrected for background

22

and absorption effects, and Icorr i-s the final corrected
intensity.
To summarize, the final corrected intensity from
which structure factor moduli are obtained is given by the
following relationship:
|
, ,| = (I hkl)1/2 = (IOhkl - KI^1) •
1 F,
hkl1
corr
BG
21
— Ihkl
, max
$ wl + cos20 ^
<
1
' Usinecosa'
max

(6)

where l^kl^ is "the structure factor modulus of a reciprocal
lattice point with Miller indices (hkl).
2

Calculation of a(F )
If N are the total counts accumulated by the diffractometer counter for the peak and

and ^ are the total

background counts in the vicinity of the peak (scaled to the
same time of counting as for the peak, then the background
corrected intensity is given by:
No = N -^ - N2 .

(7)

Since the emission of X-rays from an X-ray tube is a
random process in which the number of counts received in '.a
standard time follows approximately a Gaussian distribution
the standard deviation °N0(I) °f the background corrected
count is estimated to be (Blundell and Johnson, 1976):
aN (I) = (N + N1+N2)1/2 .
o

(8)

This value is very likely an underestimate of the probable
error since it does not account for non-statistical varia
tion sin X-ray intensity, such as instability of the counting
circuits, misalignment of the crystal, and inaccuracy in
absorption correction.

Nevertheless, it provides a reason

able indication of the relative reliabilities of different
reflections.

In all subsequent data analysis reflections
2
with ajg (I) greater than |F | are considered to be of low
statistical significance, and are considered to be unob
served.

For reflections whose intensity was measured more

than one time the average values of I and OjqQ(i) were
computed and used in applying the criterion for the observaO
tion of a reflection. The number of data expected to 2.44A
is approximately 4600.

Table 2 shows the percentage of

observed reflections to this resolution.

Typically, the

data sets showed near 60% observed reflection (|F|
aN (I)
0

f°r

>

data sets to approximately 2.25A resolution

(sin Q / X = .2220).
Scaling and Editing of Data
It is generally known that X-radiation impinging on
matter can cause chemical reactions to occur (Blundell and
Johnson, 1976).

One common cause of radiation damage is the

absorption of energy by inelastic scattering of the X-rays.
Atoms which absorb X-rays can form free radicals which can
randomly recombine.

This random recombination of atoms
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Table 2.

Percentage of Reflections Observed with |F| 2
Greater Than a(|F|^) for Crystal Used in Multiple
Isomorphous Phase Refinement to 2.44& Resolution
Percentage

Crystal
Native 1

57

Native 2

61

Uranyl

56

Mersalyl

57

r.esults in a disordering of the crystal.

Consequently, it

is essential to correct for the effect of time decomposition
of a crystal during exposure to X-rays.

The time dependent

decomposition of the crystal can be monitored by measuring
a certain few reflections periodically during data col
lection.

When the intensity of these reflections falls to

between 90 and 80%, radiation damage becomes marked and the
crystal should be replaced.

During the time of data col

lection on cytochrome ^55 the intensities of periodically
measured reflections did not diminish by more than 10-15%
and single crystals were used for the collection of the
entire data set and were subsequently corrected for radia
tion damage in the following way.
All observed reflections in a data set were segre
gated into groups of approximately 1000 reflections and a
search of measurements of a particular reflection in
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different groups was accomplished.

Reflections that were

measured in more than one group were then used to calculate
a scale constant between any two particular groups.

In all

cases there were at least three reflections common between
any two groups and the scale constants obtained for each
individual reflection were least squares fit to obtain
overall scale constants between any two groups.

Since most

data sets were collected at least two times, there are many
more than three reflections which are common to at least two
groups and the least squares procedure converged rapidly to
yield very good values for the scale constants to be applied
to compensate for radiation damage.

Bijvoet related re

flections were treated as though Freidel's law was obeyed,
since the difference in intensity between Bijvoet related
reflections is considerably smaller than the magnitude of
either of the reflections in the pair.
The residual to be minimized is given by
E

=

1J JC

<1/0ijk)

(Iijk-

<vv*i>2

(9)

where i is the reflection index (a particular hkl), j is
the group number, and K is the observation index.
as was described above,
flection i, and
group j.

a is

is the mean intensity for re

is the scale constant for a particular
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Since this is a linear least squares problem, the
mean value of the intensity, Y^, may be formed by setting
the partial derivative of R with respect to Y^ equal to 0
and solving for Y^.

Y. =
1

The value of

J
Ik
J
i_
I (1/7 . )(1/K.)
jk
3

(10)

is incremented after each least squares

cycle and is given as:

l/K

= ii

j

2

(11)

3

The scale R factors are defined as:
/

k

(l^

2

R. = {—
J

z

ik

l j k

)(I

i j k

-(l/K

5
5
a / o . .,) i ..,
13k

) Y± ) 2

}1/2

(12)

i:,k

The overall scaling R factor for the native data is 7.5%;
while the scaling R factor for the uranyl derivative is
5.0% and that for the mersalyl derivative is 3.5%.
Since two complete data sets were collected on the
native protein crystals, it was necessary to scale these
two data sets together.

This was accomplished by merging

the data sets after the intensities were individually
corrected for background, absorption, Lorentz, and polariza
tion effects.

The merged data set was then scaled to itself

by the method described for correcting radiation damage.
2

This procedure was deemed acceptable since curves of |F|

vs. sine/A for each crystal were monotonic and when scale
constants for one data set were applied, the curve of |F1
vs. sin0/A for that crystal coincided with the curve of
|.F I ^ vs. sin0/A for the other crystal.
Initially all observations of reflections with |F
less than iN ( |.F |.2) were eliminated. After initial scale
o
constants were obtained, these constants were applied to
the intensities and four criteria were applied to the re
maining observations to eliminate the outstanding observa
tions of a particular reflection.

The criteria used for

determining the discrepancies between observations of a
particular reflection are:
1. |I-Y,|

The absolute difference between single

observation (I) of a reflection and the mean (Y)
of all observations.
2.

JII-Y
—^—LI

The ratio of the discrepancy to the mean

value of a particular reflection.
3.

J11—Y I
aN (Y'
Q

The value of the discrepancy expressed m

standard terms of deviation of the mean.
4 .

^I I-Y
TI

h

e s i z e o f t h e discrepancy e x p r e s s e d m

terms of the standard deviation for that observa
tion.
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In general, once observation not satisfying (3)
above are removed, criterion (2) was used to eliminate
observations where the ratio exceeded 1.

Once the data had

been edited, new final scale constants were calculated as
described above.
Scaling of Isomorphous Replacement
Derivatized Crystals to
Native Crystals
In addition to the necessity of scaling a particular
data set to account for time decomposition, the success of
the multiple isomorphous replacement (MIR) technique depends
upon the ability to scale the data taken from derivatized
crystals to the data taken on the native crystal.
general, the curves of |.f|.

In

vs. sin0/A for the native

crystal and the derivatized crystals will differ by a
particular linear scale constant (K) due to differences in
size between crystals, and an exponential scale factor (b)
due to differences in the falloff of the scattering factor
amplitude of the heavy metal.

Generally, the intensity of

the diffraction by the native crystal can be related to
that of the derivatized crystal according to the relation:

I F hkl I

native

=

K e x P '~ B p" 6 1

I F hkl I derivative

(13)

In this case, the residual to be minimized is given as:

R

" .£, ( IFhklI n a t i v e - K e x p \
hkl

*

F

|derlvative)2
(14)
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Taking the partial derivative of this expression with
respect to I ^kl ^ derivative

anc^

setting it to 0 gives an

expression which can be solved for B and K in a least
squares sense.
Fourier Functions Used in Structure
Determination
A number of Fourier transform functions are neces
sary for the success of the multiple isomorphous replacement
method used in protein crystallography.

These functions are

given here without proof as most X-ray crystallography texts
can be consulted for a derivation of these functions
(Sherwood, 1976).
The structure factor F,hkl
, n can be calculated as
Fhkl =

-f-iexP[2lTi <hx + kY
j

J

+ £z)]

<15)

where Fj is the scattering factor of a particular atom;
Xj, Yj, Zj are the fractional unit cell coordinates of that
element, j is the number of atoms; and hkl is the Miller
index of that particular reflection.
The electron density and difference electron
density functions are given as:
p(x,y,z) = l/v(-~)1//2 E Fhklexp[— 2Tri(hx + ky + £z)]
hkl

(16)

Ap(x,y,z) = 1/V(~)1/2 Z A|Fhkl|sxp[-2Tri(hx + ky + Jlz)]
hkl

(17)
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where A[Fhkl|is the difference in observed structure factors
between derivatized and native protein reflections.
The Difference Patterson function p(u,v,w) is given
as
p(u,v,w) = (~)1//21/V £ (| AF , -j|)2exp[-2ui(hu + kv + lw)]
Z7r
hkl
(18)

where u,v,w are differences in coordinates expressed in
fractions of the unit cell lengths.

The Patterson is useful

because no phase information is necessary to compute this
function and heavy atom positions can be obtained with only
an ambiguity in the sign of the coordinates of their posi
tions by use of this function.

In space group p? ? 9 ,

there are four equivalent positions given as x,y,z; 1/2 + x,
1/2-y, Z; X, 1/2+y, 1/2-z; and 1/2-X, y, 1/2+Z.

Thus

certain sections of the Patterson function, namely those
corresponding to u=l/2, v=l/2, and w = l/2, need be
computed in order to obtain the coordinates of the heavy
atom positions of a particular derivatized crystal.
The multiple isomorphous replacement method of
phase determination can be applied using these functions
and the general outline of the method as applied to cyto
chrome C555 is described below.
The Multiple Isomorphous Replacement Method
The multiple isomorphous replacement method was used
by Perutz et al. (1960) and formalized by Blow and Crick
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(1959).

It has subsequently been the only method which has

been successful in solving unique protein crystal structures.
The differences in structure factor amplitudes between the
native protein crystal and one soaked in a heavy metal
solution are used to calculate a difference Patterson
function which can be used to locate the positions of
binding of the heavy metals in the protein crystal unit
cell.

One heavy metal derivative crystal will give two

choices for the phase of the protein reflection and generally
two or more derivatives must be prepared.

Figure 4 shows an

Argand diagram which graphically illustrates the method.
The structure factor amplitude and phase of the heavy metal
are known and the structure factor amplitudes of the native
crystal I Fp I

anc^

derivatized crystals I

I

are

known.

Circles of a radius equal to these amplitudes are drawn from
either end of the heavy atom vector (F ).

The intersection

of these two circles gives two possible choices for the
phase of the protein structure factor amplitude.

As more

derivatives are included in the calculation the ambiguity
in the phase calculation is eliminated and in accurate
choice for the phase of the protein structure factor
amplitudes is obtained.
Heavy metals also scatter X-rays anomalously.

The

anomalous differences between otherwise Freidel related
reflections can be used to provide additional phase in
formation.
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Figure 4.

Argand Diagram Illustrating the Single Isomorphous
Replacement Method
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The phase refinement of cytochrome C55,- was
accomplished to 2.44A resolution, usi.g a computing system
developed at the University of California, San Diego, in the
laboratory of Dr. J. Kraut.

All derivatives that refined

had anomalous data which were treated as an independent
isomorphous replacement for the purposes of phase calcula
tion.

After each cycle of phase calculation a cycle of

least squares parameter refinement was performed.

Initially,

one uranyl site was located from a difference Patterson
synthesis and refined.

Upon convergence of the phase re

finement for this site, difference Fourier maps were
calculated to all derivatives.

Subsequent sites were first

located from these difference maps and then their Patterson
coefficients were calculated and verified before inclusion
in the phase calculation.

Derivative to parent crystal

scale factors (K) and temperature factors (B) were pre
viously refined (as described above) and maintained with
these values during the course of phase refinement. Anoma
lous scattering scale constants were set to their theoreti
cal values and were not refined.

Table 3 lists the refined

parameters and statistics for the multiple isomorphous
phase replacement of cytochrome c555*
O
merit was .71 to 2.4 4A.

The final figure of

Figure 5 shows the falloff of the average figure of
merit as a function of sin6/A.

The falloff in the figure

of merit is fairly slow until sinG/X = .2 (2.44A resolution)

Table 3.

Derivative

Site

Refinement Statistics

x/a

y/b
J/

z/c
'

$

B

rMSFn

R,
1

R

2

K

C

K
anom

Uranyl

1

.12

.55

.04

6.3

21.3

.56

9.9%

57.7%

1.75

1.06

.17

Mersalyl

1

.15

,40

,43

6.1

21.1

.58

10.1%

63.2%

2.15 -3.86

.10

2

.26

.87

.05

1.1

14.0

B is the heavy atom temperature factor
$ is the heavy atom occupancy
rMSE is the root mean square closure error, |Kexp(c(sin0/A) )FR(obs)-Fn(calc)|
rMSF„ is the root mean square heavy atom structure factor
rl
Z |Kexp(c(sin0/X)FH(obs)-FH(calc)|
R = —
=
x 100%
£ kexp(c(sine/A) jF^Cobs)
H
hkl
_ S f|Kexp(c(sinB/A)2)FH(obs)+(F(obs)| - FH|
'2
j
x 100% summed only over the
E|Kexp(c(sin0/A) )FH(obs) + (F(obs)|
centric reflections
K and C are the crystal to crystal scale and temperature factors,
respectively
K
are the anomalous scattering scale factors
anom
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2.44 A
O.O

Figure 5.

Graph of the Mean Figure of Merit (F.O.M.)
Versus Sine 0/A

where it drops sharply.

This sharp drop occurs at the

limit of the data collected for the uranyl derivative.

The

region from sin0/A = .2 to sin0/A = .22 is phased only by
the mersalyl derivative including its anomalous contribu
tion.

The cytochrome

electron density map was thereO
fore computed using data to 2.44A resolution.
Refined phases were combined with parent structure
O
factors to compute a 5A electron density map in order to
define the approximate molecular envelope.

An attempt to

establish the correct molecular enantiomorph by calculation
of the parent Bijvoet difference Fourier maps using phases
calculated from refined and inverted heavy atom positions
proved ambiguous (Kraut, 1968).

Consequently, parent maps

were computed by using phases from refined and inverted
sites and the highest peaks on these were compared with the
parent Bijvoet difference Patterson map.

One single con

sistent solution was found for the largest peak examined,
and subsequently appeared to be centrally located in density
corresponding to the size and shape of the heme prosthetic
group. An electron density map, incorporating data to
O
O
2.44A resolution, was expanded to a 2 cm per A scale and
contoured on transparent plastic sheets.

A model was built

on this scale in a Richards optical comparator (Richards,
1968) according to the protein sequence of Van Beeuman et
al. (1976), and coordinates were measured by the method of
Salemme and Fehr (1972).

CHAPTER 3
... , RESULTS
The Oxidized Structure of Chlorobium
thiosulfatophilum Cytochrome <^555
at 2.44A Resolution
Figure 6 shows the heme plane electron density.

The

fit of the heme to the electron density is good and indi
cates the quality of the fit for the remainder of the
molecule.

Figure 7 shows a unit cell packing diagram of

c^^^ in space group P2jL2i2jLm
cytochrome

T^e

molecular envelope of

spans the entire b axis and the molecule is

more or less centered between x = 0, 1/2 and z = 0, 1/2.
Further, inspection of the unit cell diagram shows that for
the most part, all intermolecular contacts conform to
reasonable van der Waals radii.
Cytochrome

crystals have been observed to

change space group from p~

9

~

with one molecule per

asymmetric unit to P2^ (unique axis on b) with two molecules
per asymmetric unit.

The diffraction patterns for each of

these space groups are similar as judged by inspection of
precession photographs of the centric zones.

The $ angle

in the monoclinic crystals is close to 90° (approximately
89.5°) and some 001 reflections for odd 1 appear, and it
became necessary to verify that the space group change was
37

Figure 6.

o
Heme Electron Density at 2.44 A Resolution — Contours occur at 0.10,
0.16, 0.32, 0.48, 0.64, 0.80, and 0.90 of the positive dynamic range
of the electron density map. Also shown are the covalent attachment
points to the polypeptide chain (Cys 14 and Cys 17) and the positions
of the heme propionic acid side chains (P). These points serve to
orient the heme v/ith respect to the electron density.

Figure 6.

o
Heme Electron Density at 2.44 A Resolution
CO
00

Figure 7.

Stereoscopic Packing Diagram of the Cytochrome 6555 Unit Cell — The
a axis is horizontal (48.3 A), the c axis (60.1 A) is vertical, and
the B axis (24.5 A) is perpendicular to the plane of the paper.

u>

consistent with the diffraction pattern.

An origin shift

of 1/2 of the unit cell occurs causing a phase shift of
180° between the two unit cells and has been rationalized
as a small rocking of the molecules along the b axis
(Figure 7) causing a change in position of some atoms by
O
at most 0.3A. Thus the molecules of
whether in the
monoclinic space group or the orthorhombic are very close
in their orientation and no large errors will be intro
duced if the

c555

crystals are assumed to be pseudo-

orthorhombic at low to moderately high resolution.
Heavy Atom Binding Locations
Inspection of the molecular coordinates for
cytochrome

shows that the one uranyl acetate binding

site occurs near asparagine 43, separated from the S-oxygen
O
by approximately 4A. The major mersalyl site occurs near
the chain ground residue so while the minor mersalyl site
occurs near asparagine 66.

All heavy atom binding sites

were located at the molecular surface, implying that the
molecular envelope was determined correctly, and that no
internal rearrangement of the molecule occurred upon the
binding of the heavy metal ions.
Folding of the Polypeptide Backbone
Figure 8 is a schematic representation of the
cytochrome

backbone.

In this ribbon drawing, the alpha

carbon positions are shown as bends in the ribbon.

The

Figure

8.

a-Carbon Ribbon Drawing of the Cytochrome
stereo drawing of the front view.

\

C555

Molecule — This is a
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cytochrome

molecule consists of an a-amino terminal a-

helix (residues 1-12) followed by the residues furnishing
the covalent thioether heme linkages (cystein residues 14
and 17) and the fifth iron ligand (histidine^l8). It is
O
apparent from the 2.44A model that residues 14-21 are a
continuation of the amino' terminal a-helix which has been
broken by approximately 30° from the axis of the amino
terminal a-helix.

It has been previously noted (Theorell

and Akesson, 1941; Salemme et al., 1972) that if the resi
dues CXXCH in c-type cytochromes possess a-helical secondary
structure, then these residues are in a position to form
the proper covalent attachments to the heme.

This amino

terminal a-helix is finally terminated by glycine 21, a
known helix breaker (Lewis and Scheraga, 1971; Chou and
Fasman, 1974a, 1974b).
Residues 21 through 39 form the lower right hand
quadrant of the cytochrome

molecule.

Residues 21-24

form a type I hairpin bend, sending the chain toward the
right lower rear of the molecule furnishing hydrophobic
heme contacts and some essential hydrogen bonds (discussed
below).

Residues 31-34 appear to form a type II hairpin

bend positioning the chain to cross the heme plane behind
and below the heme as seen in Figure 8.

The region of poly

peptide chain between residues 31-38 is somewhat disordered
and proved difficult to build, so that some changes in the

location of the side chains may result from structure re
finement.
Residues 37-44 have a-helical secondary structure
and this length of chain begins at the lower left side of
the molecules ascending toward the left center.

The chain

is then in position to form a large extended loop comprising
the lower left side and bottom (residues 45-56) before
extending along the front of the molecule (residues 57-61)
positioning the chain to form the sixth iron ligant
(methionine 60).

The chain then extends toward the rear on

the top left .side of the heme (residues 62-71) before
terminating with a carboxy terminal a-helix (residues 7286) which descends from the top left side of the molecule
toward the right bottom side, forming the rear portion of
the molecule.
As in the case of other cytochromes c of known
structure, the heme prosthetic group of cytochrome

is

essentially completely enveloped by polypeptide chain,
creating a hydrophobic heme environment allowing heme access
only at a small exposed edge of the heme at the front of
the molecule.
Heme Contacts
The hemes of all c-type cytochromes are essentially
in a hydrophobic environment.

The immediate environment

surrounding the plane of the porphyrin in cytochrome
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is composed of hydrophobic side chains.

To the right side

of the heme, van der Waals contacts are made with tyrosine
10, cysteines 14 and 17, histidine 18, methionines 22 and
23, alanine 25, proline 26, valine 28, and tyrosine 53.
The left side and rear of the heme are surrounded by isoleucine 50, valine 47, methionine 43, glycine 42, isoleucine
37, methionine 60, proline 61, alanine 62, glycine 64,
leucine 69, valine 74, alanine 78, valine 79, and methionine
81.

There are no polar or hydrophilic side chains within

van der Waals contact distance of the heme.
External Side Chains
All hydrophilic and polar side chains are found at
the exterior of the molecule.

Tyrosine 1 and aspartic acid

2 are found at the amino terminus and are solvent exposed.
The hydroxy1 oxygen of tyrosine 10 is exposed to solvent as
is the side chain of aspartic acid 11.
lysine 20 are also exposed.

Threonine 19 and

The threonine side chain is

found near the front outside of the molecule while the
lysine side chain points toward the carboxy terminus.
Lysine 2 7 is located on the rear left surface with its side
chain pointing toward the solvent between the loop formed
by residues 31-34 and the carboxy terminus.

Aspartic acid

30 and lysine 31 have their side chains pointing toward the
rear of the molecule on the lower left side of the heme.
Lysine 38 and asparagine 42 are located on the exterior
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surface of the 40's a-helix.

Methionine 42, alanine 44, and

valine 40 form a small hydrophobic exterior patch in the
length of the chain beginning the large extended loop region
of cytochrome Cj-,-,-.

Lysines 50 and 53 form a hydrophilic

region at the bottom of the molecule, while lysines 57 and
63 have their side chains found on the lower and upper left
parts of the left side of the heme.

Glycine 65, asparagine

66, lysine 68, aspartic acid 71, and threonine 80 form an
extended hydrophilic region along the top left side of the
heme from the front to the back of the molecule.

The

carboxy terminal a-helix has a hydrophilic edge toward the
back of the molecule formed by asparagine 76, tyrosine 80,
glutamine 84, and lysine 86.
Hydrogen Bonding Networks in Cytochrome
The amino 40's and carboxyl terminal a-helices have
typical bonding patterns.

There are hydrogen bends between

residues 20 and 23, and residues 34 and 31, which form $bonds.

Residues 14 through 21 are also hydrogen bonded in

an a-helical configuration.

The amide hydrogen of methio

nine 2 3 is hydrogen bonded to the carbonyl oxygen of
cysteine 17, while the amide hydrogen of alanine 25 is
hydrogen bonded to the carbonyl oxygen of histidine 18.
The front heme propionic acid appears to be bonded by
serine 49 and threonine 56 while the rear heme propionate
group appears to be hydrogen bonded by tryptophan 34 and the
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6-nitrogen of histidine 37.

The carbonyl oxygen of proline

26 is a hydrogen bond acceptor for the 6-nitrogen of
histidine 18.
The Role of Glycine Residues in Cytochrome
Glycine has been known to fulfill at least two
functions in proteins:

i^is often found in tight corners

where no side chain can be found or it is found in regions
where the polypeptide chain must make turns either by $bends or by a conformation with $ and

angles that would be

sterically forbidden for other amino acids.
cytochrome

Glycine 6 in

occurs at the amino terminus at a position

which comes into van der Waals contact with the carboxy
terminal a-helix and the extended loop near leucine 69.
Glycines 21 and 24 are in a bend region (i.e., positions
1 and 4) and they are in close contact with position of
the chain allowing methionines 22 and 23 (positions 2 and
3 of this turn) to make the hydrophobic van der Waals
contact with the heme.

Glycine 29 is also at a tight

contact point and allows for the chain to extend toward the
outer left rear of the molecule.

Glycine 41 is in the

center of the 40's helix on the hydrophobic side in tight
van der Waals contact with valine 46 and methionine 60.
Glycine 52 forms a tight van der Waals contact with the
chain at the lower center portion of the molecule.

Glycines

55 and 58 are necessary in the sense that their carbonyl
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oxygens would be too close to the side chain if these
residues were other than glycine, and glycine 73 of the
carboxy a-helix forms a tight van der Waals contact between
the amino terminal a-helix and leucine 69.

This leaves

glycines 64 and 65 on the extending region before the
carboxy terminal a-helix and glycines 75 and 84 on the
carboxyl terminal a-helix in positions that could possibly
be substituted by polar or hydrophilic side groups.
Structural Comparison of c-Type Cytochromes
Cytochromes c, c2,

and

are very

similar despite a rather large variation in chain length
(82-134 amino acids).

Each protein has an amino terminal

a-helix prior to formation of the thioether linkages and
histidyl ligand to the heme.

This is followed by a portion

of chain which describes the lower portion of these mole
cules.

In the large c-type cytochromes (c, c^r and Cj-5q)/

the chain extends toward the rear of the molecule where it
turns forward to the right of the heme to form a large loop
which extends back toward the rear of the molecule on the
left side of the heme.
(Cj_,-c- and

The smaller c-type cytochromes

show an approximately twenty amino acid

deletion in this region.

Cytochrome

forms .its lower

right side quadrant primarily by an .a-helix (residues
26 through 34) unlike cytochrome c^^^.

However, both of the

smaller molecules cross the heme plane at the lower rear to

the left side of the molecule where all of the cytochromes
have a piece of ct-helix (residues 39-50 of cytochrome c55^'
60-70 in eukarytic mitochondrial cytochrome c, 61-71 of
cytochrome

, and 72-91 of cytochrome C^q) which extends

from the lower left side toward the front upper left side
of the heme.

In the larger molecules the chain extends

upward along the front left side furnishing the methionine
ligand to the heme iron before extending toward the rear
top left side of the heme.

In the smaller molecules the

chain proceeds downward from the previously mentioned ahelix in order to form a large extended loop at the bottom
of the molecule before turning upward at the front of the
molecule to furnish the methionyl iron ligand.

The smaller

c-type cytochromes then extend toward the rear of the
molecule in a fashion similar to that observed for the
large cytochromes c.

All of the c-type cytochromes then

terminate with an a-helix which begins on the upper left
sides of the molecules behind the heme and descends to the
lower right sides still behind the heme.

Figure 9 shows a

schematic diagram of the a-carbon skeleton of the tuna mito
chondrial cytochrome c which graphically demonstrates the
structural differences between the large c-type cytochromes
and the smaller ones.

The hatched sections are the loca

tions of deletions that are structurally observed while the
arrows show how the large deletion in the middle of the
large molecules is compensated for in the smaller ones.
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Figure 9.

P

m

a-Carbon Ribbon Drawing of Mitochondrial Cytochrome c Illustrating
Structural Deletions and Rearrangements Relating this Molecule to the
Smaller c-type Cytochromes
KD
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The heme environments of all the c-type cytochromes
are similar insofar as the heme is essentially enveloped by
hydrophobic side chains (Salemme, Kraut, and Kamen, 1973;
Dickerson and Timkovich, 1975; Almassy and Dickerson, 1978).
In each of these molecules only a small portion of the heme
edge is exposed to solvent.

Although the exact chemical

nature and location of hydrophobic side chains surrounding
the heme is not well conserved, these molecules all have
similar ratios of saturated to unsaturated side chains in
the vicinity of the heme (Dickerson and Timkovich, 1975;
Almassy and Dickerson, 1978; Salemme et al., 1973;
Stellwagen, 1979).
The distribution of hydrophilic side chains in ctype cytochromes is highly asymmetric.

Cytochromes c, c

and c55q have large positively charged hydrophilic pathces
surrounding their exposed heme edges (Salemme, 1977).
cytochrome

s:*-x

In

positively charged residues occur in

the front hemisphere of the molecule (Almassy and
Dickerson, 1978), although possibly fewer lysines surround
the heme crevice.

In cytochrome

lysines 57, 63, and

68 surround the heme crevice.
In cytochromes c,

c^., and c^55 the histidyl

iron ligand is hydrogen bonded to a proline carbonyl oxygen
approximately 10 residues past the histidine.

All of the

c-type cytochromes have their propionic acids hydrogen
bonded, and there seems to be structural conservatism in the
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requirement for tryptophan to furnish a hydrogen bond to the
rear propionate and either a serine or threonine to furnish
one hydrogen bond to the front propionic acid.
The structural similarities found among the c-type
cytochromes give information necessary to align the
sequences of these various c-type cytochromes, since dif
ferences in chain size and sequence are too large to align
these molecules by the normal sequence alignment methods
used for eukaryotic cytochromes c.
chromes c, c^,'Cj-50, and
(Ambler, 1975).

The sequences of cyto

are shown in Figure 10

The regions of strict sequential conserva

tism are the primary locations for alignment.

From these

locations, namely the thioether linkages and the methionine
and histidine ligands, the chain was extended by looking for
regions showing secondary and tertiary structural homology.
In regions where the tertiary structural homology is not
apparent an attempt was made to align the sequences by
minimizing the differences in polarity
the amino acids in question.

and charge among

Conserved secondary struc

tures are indicated along with the positions of residues
that make conserved hydrogen bonding interactions among
these proteins.
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Figure 10.

Amino Acid Sequence Alignment of Cytochromes c,
c2' c550' c551' anc^ c555 — Lines are drawn under
segments of a-helix. Boxes show conserved
residues. The residues are represented by the
single letter amino acid code as indicated.
Codes: A = alanine; R = arginine; N = asparagine;
D = aspartic acid; C = cysteine; Q = glutamine;
E = glutamic acid; G = glycine; H = histidine; I =
isoleucine; L = leucine; K = lysine; M = methionine;
F = phenylalanine; P = proline; S = serine; T =
threonine; TV = tryptophan; Y = tyrosine; V = valine;
B = asparagine/aspartic acid; Z = glutamine/
glutamic acid; X = unknown amino acid.

CHAPTER 4
DISCUSSION
The Molecular Evolution of c-Type Cytochromes
Anfinsen (1959) noticed that proteins of similar
function were related in their amino acid sequences, while
Kendrew et al. (1960) and Perutz et al. (1960) noticed that
the tertiary folding of hemoglobin and myglobin was similar.
These authors demonstrated that the chemical sequence of a
protein and its three dimensional folding are conserved to
some extent among the species producing that protein.

Once

the sequences of several eukaryotic cytochromes were deter
mined (Margoliash, 1963; Smith and Margoliash, 1964), a
great similarity in their sequences was observed and corre
lated to the phylogenetic relatedness of these species.
Margoliash and Fitch (Fitch and Margoliash, 1967, 1968;
Margoliash and Fitch, 1968; Margoliash, Fitch, and
Dickerson, 1968) used different matrix techniques to con
struct a phylogenetic tree of the eukaryotic kingdom.
Assuming that only point mutations are possible, these
authors made a computer search for the best phylogenetic
tree, such that for every pair of species, the distance from
species 1 to the common branch point and back to species 2
will agree with the observed differences in cytochrome
53
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sequence between these species.

These authors also used a

method of minimum mutations to deduce phylogenetic trees of
eukaryotes, where they assumed that only single base muta
tions could occur, and that the rate of mutation was
constant.

Thus it was possible to find a self-consistent

although possibly artificial sequence of the ancestral DNA
which coded for the evolutionarily earliest eukaryotic
cytochromes c.

By counting the number of mutations neces

sary to get from one sequence to another and ordering the
sequences by the number of point mutations a phylogenetic
tree can be constructed.

Dayhoff (1975, 1976a, 1976b)

and McLoughlin and Dayhoff (19 73) have also used the amino
acid difference matrix method to construct eukaryotic
phylogenetic trees.
These methods both are fairly accurate and have been
successful in producing a eukaryotic phylogenetic tree based
on cytochrome sequences when compared to the phylogenetic
trees deduced from comparative anatomical and fossil record
information.

The one serious discrepancy that occurs from

either of these methods is that rattlesnake cytochrome c is
farther from the other reptiles and birds in amino acid
sequence than it should be.

Dickerson and Timkovich (1975)

have suggested that this discrepancy may be due to errors in
the sequence of the rattlesnake cytochrome c molecule.
The success in deducing the phylogeny of the
eukaryotes by sequence alignment using c-type cytochromes
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has prompted some investigators to try this method to
deduce the phylogeny of the prokaryotes (Dayhoff, 1976a,
1976b).

The amino acid sequence of Rhodospirillum rubrum

cytochrome

was found to be homologous to that of the

mitochondrial cytochrome c, but to have several insertions
and deletions (Dus, Sletten, and Kamen, 1968).

These in

sertions and deletions were established as structurally
plausible by Salemme et al. (1973).

Subsequently, however,

the amino acid sequences of eleven other cytochromes

have

been shown to be as different from the mitochondrial cyto
chromes c as from one another (Ambler, Meyer, and Kamen,
1976; Meyer, Ambler, and Kamen, 1979).
Ambler (1974) argues that it is not possible to
deduce phylogenetic trees from the prokaryotic cytochrome c
sequences because these molecules vary greatly in size,
number of hemes, spectral and physical properties, and in
function.

Meyer et al. (1979) argue also that phylogenetic

trees based on sequence differences in prokaryotic cyto
chromes c are prone to large errors.

These authors show

that the per cent sequence difference among twelve cyto
chromes JC^ are no greater than the per cent sequence differnces of the cytochromes c^ compared to twelve of the most
divergent species of mitochondrial cytochrome c.

These

authors feel that the most serious problem in using pro
karyotic cytochrome c sequences to construct phylogenetic
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trees is that the number of mutations corresponding to large
sequence differences cannot be predicted with any accuracy.
Inspection of the alignments of amino acid sequences
of prokaryotes by Dayhoff (1976a, 1976b) shows that no con
sideration was given to tertiary and secondary structural
features of the cytochromes in the positioning of insertions
and deletions.

In particular, these authors have not con

sidered the existence of what appear to be structurally
conserved a-helical regions and they failed to include the
correct deletions as determined by X-ray crystallography.
Also, it has been observed that most cytochromes c have at
least one tryptophan residue which seems to be structurally
if not sequentially conserved (Dickerson and Timkovich,
1975; Salemme, 1977).
chromes

In particular, Pseudomonas cyto

do not have a sequentially conserved tryptophan

but do compensate for this by having a different tryptophan
(residue 56) in a chemically similar environment (Almassy
and Dickerson, 1978).

Further, cytochromes c,

C55Q'

and C555 have structurally conserved prolines which accept
a hydrogen bond from the 6-nitrogen of the histidine
furnishing the axial iron ligand (Salemme et al., 1973;
Dickerson and Timkovich, 1975).
cytochrome
line ,

Pseudomonas aeruginosa

also shows this sequentially analogous pro

57

Figure 10 is an attempt to align the sequences of
the cytochromes c of known structure by (1) placing the
totally invariant residues (cysteines 14 and 17, histidine
18, and methionine 80 of tuna cytochrome c in alignment),
(2) aligning the three conserved a-helices, and (3) placing
the sequentially homologous proline and tryptophan residues
in alignment, and (4) deleting the appropriate contiguous
residues as determined by X-ray crystallographic studies.
The use of these structural constraints helps to place the
remaining regions of chain in alignment by shortening the
lengths of chain where alignment according to sequence
homology must be made.

It is clear that a very different

alignment from that of Dayhoff is obtained when these
structural constraints are applied; however, even with the
application of these constraints there is substantial ambi
guity in the alignment of these remaining segments.

It

therefore seems unlikely that even with the structural con
straints that can at present be applied a phylogenetic tree
for the prokaryotic kingdom can be deduced by cytochrome c
sequence alignments only.
There has also been an attempt made to order the
prokaryotic kingdom by morphological and functional features
in addition to cytochrome c sequential homologies (Dickerson
and Timkovich, 1975; Almassy and Dickerson, 1978).

These

authors argue that the green sulfur bacteria which are
obligately anaerobic facultative autotrophs preceded the
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purple sulfur bacteria since they do not have a Calvin
cycle.

Further, the green sulfur and purple sulfur

bacteria precede the purple nonsulfur bacteria since the
purple nonsulfur bacteria are facultative anaerobes, i.e.,
the purple nonsulfur bacteria can respire in the presence of
oxygen.

The nitrogen fixing bacteria follow the nonsulfur

purples primarily because they have lost the ability to
photosynthsize and depend upon respiration.

Other organisms

subsequently evolved from these nitrogen fixers.

The

chloroplasts and cyanobacteria are thought to have evolved
rather early by a separate route from the green sulfur
bacteria.
It is possible to argue that the purple nonsulfur
bacteria may have preceded the green and purple sulfur
bacteria because the purple nonsulfur bacteria are hetero
trophic and as such made use of fixed carbon compounds which
were assumed to be in high concentrations in the primordial
ocean.

As these organisms depleted the reduced carbon, the

autotrophic bacteria evolved by some unknown evolutionary
mechanism, possibly by gene transfer.

It can however be

argued that the metabolic machinery for reducing carbon
evolved from an ability to fix CC>2 as the green sulfur
bacteria do.
The green sulfur bacteria have chlorophyll con
taining vesicles (Cohen-Bazire, Junisawa, and Pfennig, 1969)
whereas neither the purple sulfur nor the purple nonsulfur
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bacteria have chlorophyll containing vesicles.

Instead

these bacteria have chlorophyll attached to portions of the
cell membrane and these chlorophyll centers are contiguous
with the cytoplasmic membrane (Oelze and Drew, 1972;
Pfennig, 1967, 1977; Pfennig and Truper, 1974).

On this

basis it may be argued that the purple sulfur bacteria pre•

ceded the green bacteria since the vesicular formation can
be considered to be evolutionarily more recent.

The green

sulfur bacterial vesicles can be thought to be predecessors
of chloroplasts.

Almassy and Dickerson (1978) realize this

possibility and account for it by branching the chloroplast
divergence from the green sulfur bacteria.

In addition,

since the green sulfur bacteria can directly reduce pyridine
nucleotides, whereas the nonsulfur purple bacteria do not
(Sykes and Gibbon, 1967), it may be maintained that the
green sulfur bacteria are more evolutionarily recent.

How

ever, it may be argued that the nonsulfur purples in fact
had this ability but lost it, thereby introducing the possi
bility that the nonsulfur

purple bacteria are more recent

evolutionarily as Almassy and Dickerson (1978) have proposed.
Currently, insufficient information exists by which
to order the polarly flagellated gram-negative, rod-shaped
bacteria on the basis of morphological, cytological, and
biochemical data and any phylogenetic trees that are con
structed cannot be accepted as established.

60

The results of sequence alignment using eukaryotic
cytochromes c, and the cytological, morphological, and
biochemical similarities found among bacterial organisms
strongly suggest that c type cytochromes do in fact form a
divergent molecular family spanning the eukaryotic and prokaryotic kingdoms.

The tertiary structures of c-type cyto

chromes from a number of prokaryotic species are known and
found to be similar in their folding patterns despite their
size and composition differences.

The fact that the cyto

chrome from an obligately anaerobic green sulfur bacterium
is very similar in molecular folding to mitochondrial cyto
chrome c strongly suggests that these molecules are members
of a divergent molecular family.
Figure 11 shows the a-carbon backbones of cyto
chromes c,

r and

It is clear from this figure that

the chain folding among these molecules is similar, as it
is to cytochrome 0555 (Figure 8) and 055^ (Figure 12).

As

has been discussed above, the major difference between the
larger c-type cytochromes and the smallers ones is a dele
tion of the bottom portion of the larger molecules in order
to form the smaller ones.

Since it is thought that the

eukaryotic mitochondrial cytochromes c are the most evolutionarily recent molecules in this family, it can be
supposed that these cytochromes c evolved by a gene inser
tion from the smaller cytochromes c.

This type of reasoning

can be extended to say that the cytochromes C2 of the
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Figure 11.

Ribbon Diagram of Cytochromes c, C2, and C55Q
Showing Their Common Evolutionary Origin — The
A in this figure represents a common ancestor.

Figure 12.

a^Carbon Drawing of the Pseudomas aeruginosa
Cytochrome C552. Molecule
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nonsulfur purple bacteria are evolutionarily closer to the
eukaryotic mitochondria than to the green sulfur bacteria,
since all of the cytochromes c2 have this extra portion of
chain.

Further, since there is a large number of point

mutations that has been found among the eukaryotic cyto
chromes c and among the nonsulfur purple bacterial cyto
chromes c it may be argued that point mutations occur more
frequently than insertions or deletions of large segments
of DNA.

It may therefore be argued that deletions and

insertions measure evolutionary progress on a longer time
period than do point mutations-

Given the assumption that

the insertion of the segment of chain which forms the bottom
of the larger cytochromes c is a measure of the evolutionary
progress of the gram-negative polarly flagellated bacteria,
a tentative phylogenetic tree can be constructed along one
of the following two pathways:

green sulfur insertion-.nonsulfur purple
bacteria
bacteria
Paracoccus
»- eukaryotes
deletion
+• Pseudomonas
or
nonsulfur purple deletion green sulfur
+- bacteria
bacteria
Paracoccus

eukaryotes
Pseudomonas
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Although it is not possible to distinguish these
schemes based on the available tertiary structural informa
tion, the first scheme is preferred to the second primarily
because the nonsulfur purple bacteria are facultative
anaerobes.

The eukaryotes in all of the proposed schemes

are considered to be the evolutionarily most recent organ
isms, and the Pseudomonas and Paracoccus are placed just
prior to the eukaryotes because they cannot photosynthsize.
The inclusion of Pseudomonas (82 amino acids) as
more recent than the green and purple bacteria does not
contradict the hypothesis that the mechanism of evolutionary
progress is insertion, since the inclusion of the 30's
helix, a structurally convergent tryptophan argue
that cytochrome

converged from the larger c-type cyto

chromes (Almassy and Dickerson, 1978; Giesow, 1979).
Regulation of Oxidation/Reduction Potentials
in c-Type Cytochromes
Cytochrome c oxidation/reduction potentials vary
between Em,^-200 to about Em, =+400 millivolts, presumably
i

/

reflecting the oxidation/reduction potentials of their
physiological oxidoreductases»

However, the exact chemical

nature of the factors responsible for heme oxidation/
reduction potentials is unknown.

Kassner (1972, 1973) pro

posed that changes in hydrophobicity were responsible for
heme oxidation/reduction potential regulation.

Stellwagen

(1979) proposed that the extent of water exposure of the
hemes in various heme proteins is primarily responsible for
this regulation.

Salemme et al. (19 73) proposed that hydro

gen bonding interactions among amino acid side chains are
important factors in potential regulation of cytochromes
in order to account for the observed change in Em,^ vs. pH
in

rubrum cytochrome cMoore and Williams (1977) pro

posed that differences in the length of the iron-methionine
bond were responsible for the differences in oxidation/
reduction potential of these molecules.
Kassner's (1972, 1973) proposal is based on results
of the oxidation/reduction midpoint potential charge ob
tained when the meso-heme dimethyl ester pyridine complex
is dissolved in water or benzene.

He argues that differ

ences in cytochrome c oxidation/reduction midpoint poten
tials are essentially due to changes in hydrophobicity in
the heme environment of these proteins.
If the heme is buried in a low dielectric hydro
phobic interior of the protein, it will be more stable in
the reduced form where the charge on the heme is zero,
compared to the oxidized form where the heme has a net
positive charge.

Although this theory accounts for much

of the difference observed between aqueous heme complexes
and cytochrome c, it does not, as far as heme exposure can
be equated in hydrophobicity, account for the difference in
observed midpoint potential of cytochrome c555 and other
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cytochromes c of higher potential.

It is also evident that

this difference is not primarily related to the low
molecular weight of

c55 '
5

because its size and molecular

configuration are similar to that of Pseudomonas aeruginosa
cytochrome

having a midpoint potential of +285 mV, and

it is probably similar to the algal cytochromes f
residues, Em,^ = +330 to +385 mV).
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Nevertheless, the

possibility exists that differences in the nature or confor
mation of amino acids in van der Waals contact with the heme
may be responsible for the observed differences in
oxidation/reduction potentials of these proteins.

This is

however difficult to prove at present.
Stellwagen (1979) compared the percentage exposure
of the heme group in cytochromes c,

, c55g' myoglobin,

hemoglobin, and cytochrome b^, and found a correlation
between the per cent exposure of the heme and the oxidation/
reduction potentials of these molecules.

Inspection of

Stellwagen's calculations shows that the exposed propionic
acids in the globins and cytochrome b^ account for much of
the observed differences in heme exposure between these
proteins and the cytochromes c and ascribes this difference
as the reason for the differences in their midpoint poten
tials.

However, <^555

mV (cytochrome

an^ c55^

differ by approxim&tly +145

is close to the globins in oxidation/

reduction potential) yet it has buried, hydrogen bonded
propionic acids like all other cytochrome c of known
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structure, including c55^-

i-s therefore not possible to

explain the observed difference between cytochrome c555
cytochrome

an^

based on Stellwagen's argument that the

exposure of the propionic acids controls the oxidation/
reduction potential of cytochromes c.

Once a sufficiently

accurate coordinate set is obtained for cytochrome c555' it
will be interesting to calculate the extent of heme exposure
and to compare it to the heme exposure of cytochrome c55^*
It is expected, however, that no large differences in heme
exposure will be observed based on visual inspection of
these two molecules.
Lastly, the proposal of Moore and Williams (1977)
has not been borne out since to the resolution of cytochrome
structures no significant differences in iron methionine
sulfur bond lengths have been reported.
In cytochrome

the amide hydrogen of lysine 27

appears to be exposed to solvent whereas in the larger
cytochromes c this amide hydrogen is in a hydrophobic en
vironment.

The carbonyl oxygen of proline 26 is hydrogen

bonded to the S-nitrogen of histidine 18 which is ligated to
the heme iron.

Thus, in cytochrome

there appears to be

a direct link between the heme and the solvent.

This may

in part be responsible for stabilizing the charge;on the,
heme in the oxidized molecule.
follows:

This can be schematized as
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F e d 11)

Fe(ll l)f

Fe(li;°
I

In the oxidized form of the molecule, a structure is
visualized where the charge on the heme iron can be dis
placed to the solvent primarily by shortening the hydrogen
bond between c=0 and H-Nal; this can be considered to be a
lengthening in the H-Nal bond along resulting in an effec
tive charge delocalization and this charge can be partially
dissipated by water.

When the cytochrome

molecule is

reversibly reduced, the charge on the iron is zero, and the
H-Nal shortens.

This type of mechanism could partially

account for the stabilization of the oxidized molecule
(Careri, 1977).
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On the Reactivity of c-Type
Cytochromes
Stellwagen and Shulman (1973) monitored the reaction
of cytochrome c with iron hexacyanide and have interpreted
the reaction in terms of the following mechanism:
-4
Cytochrome c (III) + Fe(CN)^

C2

-3
cytochrome c(II) + Fe(CN)g
where C-^ represents a complex between oxidized cytochrome c
and ferrocyanide and C2 represents the complex between
reduced cytochrome c and ferricyanide.

The complex forma

tion of cytochrome c with hexacyanides was subsequently
confirmed by Miller and Cusanovich (1975) using stopped-flow
kinetic measurements.

These results coupled with observa

tions of ligand binding of ionic ligands to the iron atom
of cytochrome c imply that oxidation/reduction reactions of
cytochrome c occur via an outer-sphere mechanism
(Cusanovich, 1976); i.e., the transfer of the electron to
and from cytochrome c occurs at a site removed from the
iron atom, at least for reactions involving rather large
substrates that cannot easily penetrate the cytochrome to
displace the methionine ligand (George and Tson, 1952;
Greenwood and Palmer, 1965; Sutin and Yandell, 1972).
There have been a number of studies which support
the idea that the site of oxidation/reduction of cyto
chrome c is at the exposed heme edge (described in the

results above).

Fanger and Harbury (1965) show that

trifluoreacetylation of all of the lysine residues in cyto
chrome c rendered the modified protein inactive toward
reduction by the succinate oxidase system, while a totally
guanidated cytochrome c molecule reacted comparably to the
unmodified protein in the same system (Hettinger and
Harbury, 1965, 1969).

White and Elliot (1972) found that

gladiolic acid, which reacts with lysine residues, rendered
cytochrome c inactive with the beef heart cytochrome c
oxidase system and the NADH-cytochrome c reductase system.
Wada and Okunuki (1969) observed that a monosubstituted
derivative of cytochrome c triphenylated at lysine 13 lost
half of its activity with bovine cytochrome c oxidase.
Polylysine and other polycations have been shown to render
cytochrome c inactive toward the cytochrome oxidase (Davies,
Smith, and Wasserman, 1964; Smith and Conrad, 1956) and
toward NADH cytochrome c reductase (Smith and Minneart,
1965).

Miller and Cusanovich (1975) using a modified

Debye-Huckel theory to interpret the kinetics of oxidation
and reduction of cytochrome c have implicated a net positive
charge in the cytochrome c molecule as important in the
formation of a complex between cytochrome c and its oxidoreductants-, while V7ood and Cusanovich (1975) showed similar
results for the oxidation/reduction reaction of R. rubrum
cytochrome C2*

Hodges, Holwerda, and Gray (1974) have

interpreted their kinetic results on the basis of an outer
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sphere electron transfer complex formation localized at the
front heme exposed edge of cytochrome c.

Salemme et al.

(1973) compared the structures of R. rubrum cytochrome c^
and horse heart cytochrome c and found that both molecules
showed a cluster of positive charge surrounding the exposed
heme edges of these proteins and have proposed that this
charge distribution is at least partially responsible for
the formation of electron transfer complexes of c-type
cytochromes with physiological and nonphysiological oxioreductants.

These structural observations have subsequently

been confirmed by Dickerson and coworkers for cytochromes
c, c„,
and crr
.n (Dickerson and Timkovich, 1975) and for
2.
DDL)
cytochromes

(Almassy and Dickerson, 1978).

Further in

a hypothetical study of a possible electron transfer complex
between cytochrome c and cytochrome b,., Salemme (1976)showed that the best electrostatic complementary fit of
these molecules placed the heme planes of these molecules
facing each other via their exposed edges with their heme
planes in near coincidence.

Complementary charge inter

actions were shown between lysine residues at positions 13,
27, 72, and 79 of cytochrome c and the carboxyl groups of
aspartic acids 48 and 60, glutamic acid, and the most
exposed heme propionate of cytochrome b^, respectively.
Taken together, the results of the chemical modifi
cation, kinetic, and structural studies on cytochromes c
suggest that both oxidation and reduction of these molecules
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occurs at the same site, remote from the iron atom, namely
the exposed heme edge of these molecules, and that comple
mentary electrostatic interactions are important in estab
lishing the specificity of reaction.
Davis et al. (1972) and Errede and Kamen (1977) have
shown that cytochrome

from C. thiosulfatophilum

possesses reactivity in the mitochondrial cytochrome c
oxidase system while being unreactive to mitochondrial
cytochrome c reductase.

This reactivity pattern contrasts

with that observed for other prokaryotic cytochromes c and
is the reverse of that observed for bacterial photosynthetic
cytochromes

which are readily reduced by mitochondrial

cytochrome c reductase, but react poorly with mitochondrial
cytochrome c oxidase.

The reactivity of C. thiosulfatophilum

cytochrome Cj-,-,- with cytochrome oxidase does not appear to
be directly related to the former molecules1 low oxidation/
reduction potential, since it has been observed that the
homologous cytochrome C555 of Prosthecochloris aestuarii
(Em,^ = +105 mV) shows no reactivity with mitochondrial
cytochrome c oxidase or reductase (Errede and Kamen, 1977).
Figure 13 shows the surface topographies of mito
chondrial cytochrome c, R. rubrum cytochrome c^'

anc^

H-

denitrificans cytochrome Cj-j-q (Salemme, 1977) at the front
of these molecules.

As can be seen from this figure all

three molecules share an essentially uninterrupted positive
charge distribution surrounding the exposed heme edge

Figure 13.

Surface Topographies of Cytochromes c,
and
Showing the
Distribution of Positively Charged Groups Surrounding the Heme
Crevice

u>
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composed of lysine residues.

The small circles illustrate

the extent of the excursion of the lysine side chains from
the 3 carbon positions and bold faced symbols mark the posi
tions of conserved lysine residues.

From these drawings it

is evident that mitochondrial cytochrome c lysines 13, 27,
72, 79 find their counterparts in lysines 13, 27, 75, 90 of
cytochrome c^; and lysines 14, 33, 84, and 99 of cytochrome
Cj-i-q, respectively.

Cytochrome <^555 from Chlorobium

thiosulfatophilum has lysine residues 57 and 63 which
correspond structurally to lysines 2 7 and 13 of mitochondrial
Q
cytochrome c. Also, it is apparent from the 2.44A MIR
structure of cytochrome

that there are no lysines found

at positions analogous to lysines 72 and 79 of mitochondrial
cytochrome c.
If one assumes that the dependent site mechanism
proposed by Errede and Kamen (1977) is correct, then it is
possible to correlate the differences in rate of oxidation
and reduction of cytochromes c,

/

an^

by the cyto

chrome oxidase and the NADH cytochrome c reductase to differencesin the distribution of lysine residues on the front
surfaces of these molecules, since these authors have been
able to interpret their steady state results in terms of
complex formation which is partially electrostatic in
nature.
On the basis of the similarities and differences in
the distribution of lysine residues around the perimeter of
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cytochromes c , c and
reactivity of cytochrome

it is possible that the untoward the mitochondrial

reductase is due in part to the inability to form a good
electrostatic complex because cytochrome <^555 lacks lysines
at positions 72 and 79 of horse heart mitochondrial cyto
chrome c.
Studies previously mentioned implicate lysine 13 as
necessary for the binding of cytochrome c to mitochondrial
oxidase; it is also possible that lysine 27 of mitochondrial
cytochrome c is necessary to form a productive complex based
on the fact that cytochrome C555 binds to the oxidase.
Since R. rubrum cytochrome c^ has structural analogs to
lysines 13 and 27 of mitochondrial cytochrome c, it is
probable that there are other factors which are important
to the binding of cytochrome c with its oxidase; in
particular, polar and hydrophobic interactions may be
important in prescribing the specificity of reaction of
cytochromes c.

CHAPTER 5
SUMMARY
As the result of numerous chemical and physical
studies, a model of the reaction of mitochondrial cytochrome
c with its physiologic oxidoreductants can be proposed
(Figure 14).

In this schematic the cytochrome c molecule

is visualized as a water soluble protein which is in an
aqueous environment located on the outer surface of the
inner mitochondrial membrane.

The cytochrome c molecule is

thought to be adjacent to the outer membrane surface with
its exposed heme edge pointing toward this surface and the
motion of the cytochrome c can be thought to be primarily
restricted to the two dimensional surface of the membrane.
Oxidized cytochrome c will then be reduced by the membrane
bound cytochrome c reductase and subsequently reduce cyto
chrome oxidase.
The high rates and specificity of reaction of cyto
chrome c in vivo compared to in vitro systems can then be
explained partly on the basis that cytochrome c is always
in position to react via the exposed heme edge by virtue
of its restricted mobility on the membrane surface and that
cytochrome c specifically attracted to the site of oxidation
or reduction by electrostatic charge interactions and the
76

Schematic Visualizing the Alternating Protein-Protein Complexes
Formed by Mitochondrial Cytochrome c with Mitochondrial Cytochrome
c Reductase and Mitochondrial Oxidase
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charge on the heme iron.

One last feature of this type of

model is that short circuiting of the electron transport
chain cannot occur since their exposed heme edge can never
achieve the proper orientation and separation necessary to
cause direct oxidation of mitochondrial oxidase by mito
chondrial cytochrome c reductase.

APPENDIX A
ABSORPTION AND BACKGROUND CORRECTIONS
Tables of intensity versus $ and intensity versus
20 are presented for all crystals used in MIR phase refine
ment.

The absorption corrections are given for 0° <

<

360° for all crystals, while the background corrections are
given from 20 = 3.5° to the 2 0 limit for the particular data
set considered.
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Table A.l.

Background Correction for First Native Crystal

29

Counts/40 Sec

26

Counts/40 Sec

3.5
4.0
4.5
5.0
5.5
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0

950
600
490
440
390
380
350
320
310
300
300
320
350
380
400
430
470
500

19.0
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0

550
620
650
690
720
720
720
710
690
660
630
600
580
550
510
480
430
400
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Table A. 2.

Background Correction for Second Native Crystal

26

Counts/40 Sec

20

3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0

809
506
416
383
342
297
298
247
277
285
304
328
300
352
353
415
453
493
563
554
590

23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0
38.0
39.0
40.0
41.0
42.0

Counts/40 Sec
626
640
650
662
668
642 '
554
653
585
610
465
430
384
374
339
295
299
303
288
310

82

Table A.3.

Background Correction for Uranyl Derivative

20

Counts/20 Sec

20

Counts/20 Sec

3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0

980
700
660
620
570
550
530
540
550
570
590
610
640
680
730
800
870
970

20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0

1030
1080
1120
1160
1190
1190
1170
1130
1090
1050
990
930
860
800
740
670
620
570

-
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Table A.4.

Background Correction for Mersalyl Derivative

20

Counts/40 Sec

20

Counts/40 Sec

3.5
4.0
4.5
7.0
8.0
9.0
10.0
11.0
13.0
14.0
15.0
16.0
19.0
20.0
21.0
22.0
25.0

247
281
296
238
252
221
227
251
216
233
244
266
361
350
389
446
453

26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0
38.0
39.0
40.0
41.0
42.0

377
434
395
400
395
387
308
320
286
313
279
245
228
196
227
216
208
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Table A.5.

$

0.15
5.15
10.15
15.15
20.15
25.15
30.15
35.15
40.15
50.15
55.15
60.15
65.15
70.15
75.15
80.15
85.15
90.15
95.15
100.15
105.15
110.15
115.15
120.15
125.15
130.15
135.15
140.15
145.15
150.15
155.15
160.15
165.15
170.15
175.15

Absorption Correction for First Native Crystal

Counts/40 Sec
14350
14250
14100
13900
13750
13500
13250
12800
12350
11750
11100
10300
8350
7750
7400
7200
7100
7100
7200
7400
7750
8350
10300
11100
11750
12350
12800
13250
13500
13750
13900
14100
14250
14350
14400

$

180.15
185.15
190.15
195.15
200.15
205.15
210.15
215.15
220.15
225.15
230.15
235.15
240.15
245.15
250.15
255.15
260.15
265.15
270.15
275.15
280.15
285.15
290.15
295.15
300.15
305.15
310.15
315.15
320.15
325.15
330.15
335.15
340.15
355.15
355.15

Counts/40 Sec
14400
14350
14250
14100
13900
13750
13500
13250
12800
12350
11750
11100
10300
8350
7750
7400
7200
7100
7100
7200
7400
7750
8350
10300
11100
11750
12350
12800
13250
13500
13750
13900
14100
14400
14400
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Table A.6.

Absorption Correction for Second Native Crystal

$

Counts/30 Sec

320.
310.
300.
290.
280.
270.
260.
250.
240w
230.
220.
210.
200.
190.
180.
170.
160.

13000
13000
13200
13400
13000
12500
11500
10700
10600
11500
12400
13100
13600
13700
13900
13800
13800

$

150.
140.
130.
120.
110.
100.
90.
70.
50.
30.
20.
10.
00.
350.
340. '
330.

Counts/30 Sec
13800
13300
13200
12600
12000
10900
9600
7800
7700
9000
9700
10600
10900
11500
12100
12500

o o in O
o o CN in
CN CM o 00
KO VO
in
i—1 i—i 1—j i—i

O
O
rin
rH

o
o
*3<
tn
H

o 00 00 00 00000 O 0 00 O
o LD 0 0 in m 0 in 0 0 in m O 0 0 0 in
rH 00 in rH vo CN
rH r- ro <T>
in in 00 *3< 00
LT)
ro ro CN CN rH 1—I 0 0 0 0 0 1—I 1—1
rH 1—I rH rH 1—1 rH 1—1 rH rH 1—1 rH 1—1 rH rH 1—I 1—1 1—1
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Table A.8.

Absorption Correction for Mersalyl Derivative

$

Counts/20 Sec

$

359.
09.
19.
29.
39.
49.
59.
69.
79.
89.
99.
109.
119.
129.
139.
149.
159.
169.

675
670
660
650
620
575
525
400
350
350
400
525
575
620
650
660
670
675

179.
189.
199.
209.
219.
229 V
239.
249.
259.
269.
279.
289.
299.
309.
319.
329.
339.
349.

Counts/20 Sec
675
670
660
650
620
575
525
400
350
350
400
525
575
620
650
660
670
675
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