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ABSTRACT

The crystal structure of the protein cytochrome css; from

DPseudomonas aeruginosa has been solved by the method of multiple iso-

morphous replacement and refined by constrained difference Fourier
methods to an R-factor of 16.2% at 2.0 A resolution.

Crystallization conditions were found at pH 5.6. Three heavy
atom derivatives (K,PtCl,, UO, (NO3),, and NaAu(CN),) were used in the
multiple isomorphous replacement x-ray diffraction phase analysis. A
low resolution protein electron density map was calculated. The pro-
tein main chain was continuous and easily interpreted. The location
of the heme and a few side chains were also determined. The resolu-
tion was extended to 2.4 & and a wire model was built to the electron
density. The map quality was good and almost all atoms fit into
strong density. These coordinates were improved by refinement at 2.0
R resolution to an R-factor of 16.2%. Additional structural informa-
tion was obtained, including individual isotropic temperature factors,
estimates of coordinate errors, and solvent positions.

Cssy has major changes, compared to eukaryotic ¢, in the number
(82 compared to 103) and the sequence of amino acids. Residues which
have been highly conserved in c-type cytochrome structures are altered
or deleted in css;. Homology alignment predictions based on sequence
are discussed. Despite these differences, the overall main chain fold
is conserved, with only one major deletion and some minor deletions

and additions.
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Chapter 1

INTRODUCTION



INTRODUCTION

Eukaryotic cytochrome c is a water soluble heme protein contain-
ing 103 amino acids. It is located on the inner mitochondrial
membrane and is one of the proteins involved in extracting energy
from electron transport. Amino acid sequences of cytochromes c
have been determined for 67 eukaryotic species. From sequence com-
parisons alone, the homology was clear (1). The determination of the
crystal structures of horse and bonito cytochrome c proved the
tertiary structures were identical (2).

Sequence determinations from c-type cytochromes of prokaryotic
species found large differences in the protein chain lengths and the

amino acid compositions. One of these, c, from Rhodospirillum rubrum,

had 112 amino acids and a sequence similar enough to eukaryotic c for
the homology to be clear (3). The subsequent x-ray structure
determination proved this homology (4). Another prokaryotic cyto-

chrome ¢ from Paracoccus denitrificans, was also found to be

homologous despite the numerous insertions of amino acids to produce
the chain length of 134 residues (5).

Another class of cytochromes were found to have the typical
Cys - x - y - Cys - His sequence and a Met axial heme ligand. These
cytochromes cssi contained only 82 residues, with many of the pre-
viously conserved sites apparently altered significantly. Partial
or full sequence homology had been proposed (6-8), but these pre-

dictions differed significantly and were far from conclusive. In



order to determine the relationship between these cgs; proteins and
eukaryotic cytochromes, the x-ray crystal structure determination of

Pseudomonas aeruginosa Css, was started. These results would

precisely answer the question of which residues in cs5; were
homologous to eukaryotic c residues. This would provide information
about the location of important conservative and invariant residues.
The differences in structures could also be correlated with differences
in chemical and biological properties, which is valuable in the
determination of the mechanism of electron transport for cytochrome c.

The proper crystallization conditions were discovered and three
heavy atom derivatives were prepared. The crystal structure was
first solved at low resolution (Chapter 2). From this electron
density map, the main chain fold was correctly interpreted (9). The
location of some key side chains were -also seen. The evolutionary
relationship to eukaryotic cytochrome c was clearly established, and
an approximate sequence alignment was made.

After the crystal structure was solved at low resolution, data
were collected to 2.0 & for the native protein and to 2.4 R for three
derivatives. After refinement of heavy atom parameters, the MIR
phases and the 2.4 R resolution electron density were calculated.

In this electron density map, the main chain was continuous and well
defined. The locations of all side chains were clearly seen extending
from the main chain. This permitted the accurate sequence alignment
to be made between this bacterial cytochrome and those from eukaryotic

species. The alignment, based on tertiary structure, displayed the



location of significant changes in sequence of residues previously

thought to be conserved or invariant in c-type cytochromes.
The accuracy of the wire model coordinates obtained from the 2.4

& resolution map was improved by refinement to an R-factor of 16.2%

(e}
at 2.0 A resolution. In addition to increasing coordinate accuracy,

refinement provided additional structure information. Temperature

factors, solvent binding locations, and estimated of coordinate

errors were determined.
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Chapter 2

LOW RESOLUTION STRUCTURE ANALYSIS



Purification and Crystallization

Pseudomonas aeruginosa cytochrome Css; was prepared from 100 liter

cultures grown under the conditions of Harbury (1) and Ambler (2-4).
The cells were grown for eighteen to twenty hours at 37°C in a medium
containing sodium citrate, KH,PO,, MgSO,, NaNO;, and yeast extract.
Anaerobic conditions, with no agitation of the culture, and nitrate as
the terminal electron acceptor produced the highest yields of cytochrome
Css;- Cells were harvested into a dry acetone cell powder, which was
stored under vacuum in a desiccator at -20°C. The cytochromes were
then extracted from the cells with alumina in 0.10 M NH, (CH;CO0) fol-
lowing the procedures of Harbury (1).

After the final purification step, which separated cytochrome css,,
Css54, and a;urin by elution through a colum of Sephadex SP C-25, the
cytochrome cgss; was lyophilized for concentration and storage.

From previous work on horse cytochrome c, it was thought that
lyophilization might impede cytochrome crystallization. Accordingly,
two modifications replaced the final lyophilization step in order to
eliminate this as a possible source of trouble in crystallization:

(a) the cytochrome css, was stored on Sephadex SP C-25 resin at -20°C
instead of as a lyophilized powder; (b) pressure dialysis of 1 to

2 ml of cytochrome css; through Amicon Diaflow UM-Z membranes at 100
psi of N,(g) was employed to concentrate the protein after elution
from the storage resin. Protein concentrations up to 5% were obtain-

able without the lyophilization procedure.



‘Horio et al (5,6) were the first to crystallize css;. They found
that crystals could be grown from cytochrome after oxidation with
potassium ferricyanide, or reduction with sodium dithionite. Needle-
shaped microcrystals, with approximate dimensions of 0.025 mm by 0.001
mm by 0.001 mm, were formed in a 30 to 40% (NH,),SO, solution at pH 7
to 8 in the presence of sodium dithionite. Cytochrome css; could also
be crystallized into needle and octahedral morphologies from (NH,),SO,
without being reduced, but with a lower yield.

In this study, three methods of crystallization were used in
attempts to produce single crystals of cytochrome css; of suitable size
for high resolution x-ray diffraction analysis. Suitable crystalliza-
tion conditions were tested by using the micro membrane diffusion
method of Zeppezauer (7) and a vapor diffusion method (8). Miniature
batch crystallizations, with approximately 100 ul of protein were also
used after the appropriate conditions were found.

The vapor diffusion method never produced crystals and was soon
discarded in favor of other methods. It suffered from the disadvantage
that the pH could be adjusted only by adjusting the pH of the stock
protein solution prepared before vapor diffusion. With small volumes
of stock solution (60 to 100 ul), this was extremely difficult. 1In the
Zeppezauer procedure, the protein solution rapidly came to pH equilib-
rium with the readily adjustable reservoir solution.

The membrane diffusion cell was constructed with an inside diam-
eter of 1 mm and a 30 mm length, containing a volume of approximately

20 yl. It was prepared for use by cleaning in a H,S0,/HNO; acid



solution for approximately 24 hours and then in saturated NaOH for one
hour. After the clean cell was filled with protein solution, one end
was sealed with Parafilm, held in place with Tygon tubing. The other
end was sealed with Union Carbide cellulose casing membrane. Cellulose
casing, which reportedly has a pore size smaller than standard dialysis
tubing (9), was used to prevent leakage of the 8000 dalton molecular
weight cytochrome Css;. The Zeppezauer cell, with the membrane posi-
tioned upward, then was placed in a vertical test tube containing the
reservoir solution.

The search for the appropriate crystallization conditions began
using a 2% ferricytochrome css; solution and a reservoir solution con-
taining 1.0 M NaCl, 50% saturated (NH,),SO,, and 0.01 M (NH,),HPO,.

The stock protein solution generally contained the same salt concentra-
tions as the initial reservoir solution. This particular initial

(NH,) S0, concentration was chosen because of the success of Horio

et al. (5,6) in obtaining microcrystals at this concentration. The
NaCl was used because of its importance in the crystallization of
c-type cytochromes from horse (10), tuna (11,12), and Paracoccus

denitrificans (13). The (NH.).SO, concentration was incremented by

2%% to 5% of saturation at various time intervals. The pH range of
4.8 to 7.5 was surveyed initially.

Under the above conditions, crystallization cells within the pH
range of 5.6 to 5.9 broduced small crystals. These crystals were
found to belong to space group P2,2,2; with cell constants a = 29.43 X,

b =49.00 &, and c = 49.66 &, with one molecule per asymmetric unit.
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(0,k,2) and (h,k,0) diffraction patterns recorded with a precession
camera are shown in Figure 1.

These crystals had two major problems. First, the crystals were
either too small to be used for high resolution x-ray analysis or they
were severely intertwined without the possibility of being separated.
Second, the conditions and procedure described above for crystal
growth could not consistently produce crystals and, in fact, yielded
them in only a small percentage of the trials.

The crystals have rectangular morphology with one long axis,
parallel to the crystallographic a axis, and two near equal and rela-
tively short axes, parallel to the b and ¢ unit cell vectors. In
single crystals, the long crystal length would generally be around 0.2
to 0.3 mm and the other dimensions approximately a tenth as long.

Very rarely .a single crystal of dimensions up to 0.8 x 0.15 x 0.15 mm
would be formed.

In attempts to improve the crystal quality, the effect of NaCl
and (NH,),HPO, concentrations were examined. In all crystallization
cells which did not contain NaCl, crystals were not produced. However,
it cannot be stated unequivocally that NaCl is necessary for crystal
growth, since crystals also failed to grow in many cells under the
same conditions, but which also contained NaCl. NaCl concentrations
from 0.50 M to 3.0 M all produced crystals, but the average quality
seemed independent of the NaCl concentration within this range. As
with the NaCl concentration, the (NH,),HPO, concentration, on the

average, did not appear to have any effect on the crystal quality
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within the range of 0.0 M to 1.0 M.

The protein concentration did have a significant effect on crystal
growth. As the concentration was increased to 5%, crystal size in-
creased. However, this increase in size was also accompanied by in-
creased precipitation of disordered protein and extensive crystal
twinning. Occasionally, a single crystal of usable size was produced
but barely often enough for a structure analysis.

Of the many procedures used in attempting to alleviate this
problem, one proved to be particularly useful. Initially, the stock
protein solutions were not Millipore filtered because of the small
volumes (0.1 ml) usually handled. Instead, they were centrifuged at
7000 rpm with a Sorvall centrifuge (rotor SM 24) in a 2 ml centrifuge
tube in an adaptor. This removed any large particulate contamination
but apparently did not remove the submicroscopic particles from which
amorphous precipitation was produced. A method was developed which
allowed volumes of protein as small as 0.1 ml to be Millipore filtered
with more than 85% recovery. A Millipore swinny syringe filter
holder with a 0.5 um pore size and 13 mm diameter was filled
with 0.1 ml of stock protein solution. A 2 ml centrifuge tube and
adaptor, cut off so as to hold approximately 0.4 ml, and the filter
holder assembly were inserted into the rotor hole. The protein was
forced through the filter by centrifugation at the minimum speed of a
Sorvall RC-2 centrifuge. The filtrate collected in the tapered centri-
fuge tube could then be transferred quantitatively to the crystalliza-

tion cells. The high recovery rate and efficient removal of particles
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of sizes 0.5 um and larger from very small volumes of protein solutions
proved very useful in this study. This procedure should be useful in
other protein crystallographic studies that are limited to small
amounts of protein.

In addition to Millipore filtering the protein solution, gentle
seeding was also done. This was accomplished by touching a finely

drawn glass needle point to a Cssi crystal and then touching this

tip to the top of the protein solution in the crystallization cell.

The combination of Millipore filtration and seeding relieved the
problem of reproducible crystal growth. With this procedure crystals
grew from a clean solution as opposed to growing out of amorphous pre-
cipitate. This occured even at higher ranges of protein concentration,
which helped in producing larger crystals. The crystal twinning
problem also was somewhat improved. All these observations are con-
sistent with the removal of excell microscopic and submicroscopic
nucleation sites, permitting crystal growth to occur from only a very
limited number of sites.

In addition to the experiments to produce crystals of ferricyto-
chrome css;, crystallization trials of ferrocytochrome css; were set
up. The crystallization conditions were the same as for the oxidized
protein except for a lower initial (NH,).SO, concentration (30%), due
to the lower solubility of the reduced protein (6), and sodium
dithionite as a reducing agent. No crystals were produced in a

limited number of trials. However, considering the reproducibility
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problem discussed above, future crystallization attempts might be
successful under conditions similar to these.

Success was attained in producing ferrocytochrome css; crystals
by reduction of ferricytochrome Css) crystals with an excess of
N2,5,04. The color change upon addition of Na,S,0, indicated the
crystal was reduced. The reduced crystal showed no macroscopic deteri-
oration and diffracted as well as the oxidized crystals of comparable
quality. A diffraction pattern is presented in Figure lc. The inten-
Sity changes from the oxidized to the reduced diffraction pattern are
substantial. With the exception of tuma ferrocytochrome c (12), this
was the first c-type cytochrome capable of changing oxidation state
without either destroying the crystal or having no significant inten-
sity changes. For tuna, no significant conformational changes could
be deteeted, With the size of the intensity changes seen for cssi,
the existence of conformational changes is likely. This structure
may provide a significant comparison after the structure of ferricyto-

chrome css; is solved.

Heavy Atom Derivatives

The general procedure of screening for heavy atom derivatives was
to soak one or two pre-grown crystals in a 2-ml solution of 75%
(NH4)2S0,, 1.0 M NaCl, and the heavy atom complex. The phosphate buf-
fer used during crystal growth was ordinarily omitted from the soaking

solution to prevent undesirable reactions with the heavy atom complex.
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Twenty-three difference compounds, containing eight different
heavy atoms were studied to find suitable derivatives of cytochrome
css1. The types of heavy atom compounds, crystal-soaking conditions,
and crystal-soaking times were selected so as to have the best possible
chance of success. The summary of Baumber et al. (14) of successful
soaking conditions in other protein crystallographic studies proved
very useful. The heavy atom compounds and their concentration ranges
are listed in Table I. The soaking times varied but generally were
several days or longer. The pH of the soaking solution was adjusted
to the range of 5.6 to 5.9 before the crystal was added. In a few
cases, the pH changed significantly during the soaking process and had
to be readjusted.

To determine the success of the derivation reaction, the x-ray
diffraction pattern was recorded photographically with a precession
camera, with a crystal-to-film distance of 90 mm, and with Ni-filtered
Cu x-rays produced by a standard Cu target G.E. CA-8S sealed tube
operated at 45 KV and 15 ma.

The crystals were mounted in thin-walled lithium borate glass
capillary tubes, which were then attached to solid brass pins with a
low melting point wax. Most of the crystal-soaking solution was drawn
away from the crystal, leaving the crystal with only enough liquid to
help prevent dehydration of the crystal. A colum of soaking solution
was placed at the other end of the capillary tube to maintain a con-

stant humidity within the tube. The tube was then sealed with wax and

the brass pin placed in a standard eucentric goniometer head. The
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TABLE I: Heavy Atom Derivative Survey

Concentration
Range (mM)
I. Gold
NaAu(CN) , 0.50 5.00
NaAuCl, « 2H,0 0.05 5.00
KAuBr, 0.10 5.00
KAul, 0.50 5.00
II. Iridium
Na;IrClg 5.00 50.00
K3sITr(NO,) e 5.00
K3Ir(CN)g 5.00
(NH,) ,IrCl, 5.00
III. Mercury
K,HgI, 0.01 0.12
Mersalyl Na 0.50 5.00
PCMPS* 5.00
IV. Osmium
Na,0s0, 5.00
0sCl, 0.50 5.00
V. Platinum
K,PtCl, 0.05 5.00
K,Pt(NO,), 0.05 5.00
K,Pt(SCN), 0.05 5.00
(NH,) ,Pt(CN), 0.03 1.50
VI. Samarium
SmC1, 15.00
VII. Silver
Ag,S0, 0.50 5.00
VIII. Uranium
U0, (NO3) , «6H,0 1.00 50.00
U0, (CH3C0,) «2H,0 1.40 5.82
U0, (S0,) +3H,0 0.50 1.20
K,UO,F. 3.50 5.00

* PQVPS = p-chloromercuriphenylsulfonic acid Li

salt.



16

crystals were aligned optically to within a couple of degrees, followed
by alignment with an accuracy greater than ten minutes, by the standard
procedure of still and 3° precession screenless X-ray exposures.

Only crystals which were small in size or poor in quality were
available for heavy atom derivative screening. This required exposures
from 75 to over 100 hours for a typical 17° precession photograph,
giving high backgrounds. From these photographs, it was sometimes
difficult to determine if intensity changes were in fact real or if
they were a result of crystal decay and background effects. Alignment

also was a serious problem with these crystals.

Data Collection

From th: twenty-three different heavy atom complexes examined,
KoPtCly, KoPt(SCN)4, KoPt(NOs)y, U0, (NO3)2+6H,0, and NaAu(CN). resulted
in clear, significant changes in intensities. The pattern of changes
produced by the three platinum derivatives indicated that they might
possibly share the same heavy atom sites and therefore would not yield
three useful derivatives for isomorphous replacement phase analysis.
Due to these similar diffraction changes and the severe shortage of
Crystals of sufficient quality for diffraction data collection, only
the K,PtCly, UO, (NO3),+6H,0, and the NaAu(CN), derivatives were used
for intensity data collection.

The crystal dimensions, salt conditions, and other crystal data

are given in Table II for the native and derivative crystals from
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which data were collected. Data for the native protein were collected
in 75% (NH,),SO, prior to finding the best solvent conditions for the
derivative reactions. It was subsequently found that the K,PtCl, de-
rivative diffracted better after being soaked in 1.0 M NaCl in addition
to the 75% ammonium sulfate salt solution. Without the 1.0 M NaCl,
the intensity changes were much greater (approximately 37% in one case)
and the unit cell parameters changed more from those of the native
crystal. This indicated that the derivative was less isomorphous.
The differences in solvent between the derivatives with NaCl and the
native without NaCl might have caused problems in the heavy atom
solution.

Two data collection systems were used, as indicated in Table III.
A modified General Electric XRD-490 quarter-circle diffractometer,
aufomated wéth a DEC PDP-8 computer, was used. CuKa x-radiation was
generated with a G.E. CA-8S copper target x-ray tube, operated at
45 XV and 15 ma, and a graphite plane monochromator operated in the
perpendicular mode, in order to minimize intensity fluctuations in the
28 plane. The other data collection system was a Syntex P1 autodif-
fractometer, controlled by a Data General NOVA 1200 computer. X-radia-
tion was produced and filtered as described above, except a Phillips
fine focus Cu target tube was used.

Crystals were mounted and sealed in capillary tubes as described
earlier, but always with their needle axis (a axis) parallel to the
capillary axis. This allowed capillary tubes with a smaller diameter

to be used. Although the crystals were more difficult to mount, the
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smaller capillaries resulted in less x-ray background scattering (15),
which was especially important for the background correction method
described below.

The crystals were aligned on the diffractometer first optically
and then by using standard procedures of measuring x-ray reflections
(16). The more automated system on the Syntex P1 proved more conveni-
ent than the G.E. system. After the crystal was aligned, several re-
flections at representative positions in reciprocal space were scanned
and the crystal unit cell parameters were determined by the method of
least squares. The size of the counter collimator pinholes were ad-
justed so as to obtain the maximum signal-to-background ratio for peak
scans.

Finally, before data collection was initiated, the (8,0,0) re-
flection at x = 90° was scanned at ¢ angles of 0° through 360° at in-
crements of 10°. This was used later for x-ray absorption corrections.

All data were collected by step scans through the w angle. The
scan width was determined by scanning some of the most intense reflec-
tions, determining the width of the reflections, and adding a safety
margin. This resulted in typical scan widths of 0.4° to 0.6°. Re-
flection scan times were calculated for each particular shell and
Crystal so as to have counting statistics such that a satisfactory
percentage of the reflections were observed, by the 3¢ criteria.
Having set the scan width and time, the mumber of w steps was deter-
mined so as to optimize the ratio of the total counting time to the

total scanning time and still have a sufficiently fine w scan.
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A set of three standard reflections for the G.E. diffractometer
and five standard reflections for the Pl diffractometer were measured
every 75 to 100 reflections in order to test for crystal misalignment
and decay. Backgrounds were measured on both sides of the peak, dis-
placed by 0.2° in w from the scan limites. Short background times of
ten to twenty seconds were used. The actual background used in data
reduction was then calculated from a nonlinear least-squares fit to

all the measured backgrounds as described below.

Data Reduction

Observed structure factors (Fobs) were calculated from net
intensities (Inet) and Lorentz and polarization factors. Inet was
computed from the integrated peak scans and background corrections.

The backgrounds were calculated by a nonlinear least-squares
fitting procedure which fit all the measured backgrounds to a function
of the diffractometer angles (15). Fitting all the backgrounds,
measured for relatively short periods of time, to the smooth least-
squares function improved their accuracy to the quality that would have
been obtained by measuring backgrounds for times equal to scan times.
The standard deviation calculated from the least-squares fit was
usually better than a tenth that based on the counting statistics for
the short backgrounds. A summary of some statistics for backgrounds

calculated by the least-squares method is given in Table IV.
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Absorption corrections, based on the (8,0,0) reflection measured

at x = 90° and ¢ angles at 10° increments, were applied to Inet using

the procedure of North et al. (17). The Lorentz factor, L = (sin 29)—1,

for diffractometer data collection geometry (16) was applied to It

The polarization factor, P, for x-ray monochromatized by a graphite
plane monochromator crystal in the perpendicular geometry was also

applied (18,19):

2 2
cos 28 + cos 28
P = Mono

1 + cos? 28
mono

The time decay, determined by the standard reflections measured

every 75 to 100 reflections, was found to be insignificant and no cor-
rection was made.
The standard deviations of the Fobs were calculated as follows

(16) :

where K is a scale constant and N's are X-ray counts.
The resulting Fobs for the three 26 shells of native protein data
were combined into a master file and put on an arbitrary scale. The

derivative data shells were then scaled to the corresponding native
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data shells, using the scaling equation:

- (-Bs?)
Fp = R by & o

where Fp and Fp, are the native and derivative structure factor ampli-
tudes, K is the linear scaling constant, B is the exponential falloff
scaling constant, and s = 2sinf. K and B are determined by a linear

least squares fitting to a Wilson type plot of In {<PP>/<FPH>} Versus

s? (20).

Heavy Atom Solution

Difference Patterson maps (21) were used to determine the coor-
dinates of *he heavy atom binding sites. Three-dimensional difference
Pattersons, using coefficients A = (AF)? and B = 0, were calculated
for the K,PtCl, and U0, (NOj),+6H,0 derivatives. Data to a resolution
of 4 K.(ze = 22.5°) were included.

The three Harker sections for both derivatives are shown in

Figures 2 and 3. The Harker peaks, for space group P2,2,2; are:

1/2

I+

2%

1+

2y 1/2

I+

2X 1/2 1/2 + 2z

1+

/2 1/2 + 2y 2z

The K,PtCl, difference Patterson Harker section at w = 1/2 indi-

cated one major vector peak and two minor vector peaks. Peak A was
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consistent with the major Harker peaks A' on the Harker section v = 1/2
and A'' on the Harker section u = 1/2. A'' was quite clear while A'
was somewhat distorted. All other vector peaks did not produce peaks
on the other Harker sections at appropriate coordinates. For example,
vector peak B should have generated a peak on the indicated line on
Harker sections v = 1/2 and u = 1/2. Vector peaks C and D seemed to
be simply accumulation of noise at the special positions (0,0,1/2)

and (1/2,0,0), while E was related to A.

The U0, (NO;),+6H,0 difference Patterson Harker section w = 1/2
had two major peaks, A (21 contours) and B (15 contours). Peak A was
consistent with the major Harker peak A' on the Harker section v = 1/2
and A'' on the Harker section u = 1/2. Peak A was also consistent with
the smaller A,' Harker peak at the v = 1/2 section and the A;,'' Harker
peak at the u = 1/2 section. A; and A;'' were found to be noise by
the subsequent single isomorphous replacement (SIR) analysis. The
relatively large B vector peak on the w = 1/2 Harker section did not
correspond to any vector peaks at symmetry consistent locations on the
v =1/2 and u = 1/2 Harker sections. In addition, the C peak at
v=1/2 did not have consistent peaks at w = 1/2 and u = 1/2. The D
peaks did have the proper Harker symmetry and indicated a possible
minor binding site.

Although the three-dimensional difference Patterson maps and the
Harker sections in Figures 2 and 3 did indicate the locations of some
possible heavy atom sites, they were generally too noisy to be used as

is with any confidence. Some peaks on the Harker sections were
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completely consistent with peaks on other Harker sections, while there
were also other major peaks which were not consistent. These unex-
plained peaks could simply be noise resulting from errors in the data,
series termination errors, lack of isomorphism, or errors inherent to
the difference Patterson technique. In addition to the heavy atom
contribution to the AF terms, there were also contributions from the
difference in the solvent (1.0 M NaCl) between the native data and the
derivatives. Some of these sources of error will be discussed later.

Difference Fourier maps were calculated in order to verify that
the symmetry consistent large peaks in the difference Pattersons are
really results of heavy atom vectors. These maps were also used to dis-
tinguish other peaks resulting from additional heavy atom sites from
noise peaks. The Fourier phases used were the SIR phases from refined
heavy atom sites which correspond to a consistent Harker vector set.
Although SIR phases contain much larger errors than multiple isomor-
phous replacement (MIR) phases, they are very useful in solving for
heavy atom positions (21).

The resulting SIR phased AF Fourier maps will also allow the
atomic coordinates from the Pattersons to be placed on a common origin
and will assist in locating minor sites.

The K,PtCl, derivative produced cleaner Harker sections than the
UO, (NO3), +6H,0 derivative, and sites A, A', and A'' formed the peaks
with the largest relative peak heights. Coordinates based on this
substitution site were subjected to six cycles of alternating least-

squares refinement and SIR phase calculations. The results are shown
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" ip Table V. A UO,(NO;),-6H,0 difference Fourier was then computed
using these phases and the coefficients listed in Table V. A pseudo
projection down the z axis of the resulting map is displayed in

Figure 4, with the contours being displayed only for the z section of
maximum density for each peak. The result was one major peak (A),
several minor peaks only slightly above the general noise level of the
map, and no peak higher than the general noise level at the coordi-
nates of the K,PtCl, phasing site. This major peak corresponded to the
Harker vectors labeled A, A', and A'' in the U0, (NO;),+6H,0 difference
Patterson in Figure 3. No other site was obvious and the inclusion of
minor U0, (NO;),+6H,0 binding sites was postponed until the more
accurate MIR phases were obtainable.

The same procedure was carried out using the UO,(NO;),+6H,0 SIR
phases and K,PtCl, AF terms to calculate a K,PtCl, difference Fourier.
Four cycles of UO,(NO;),+6H,0 SIR phase refinement were computed based
on the major peak in the U0, (NO;),6H,0 AF map (site A in Figure 4)
and the corresponding vector peaks (A, A', and A'') in Figure 3. The
refinement parameters are listed in Table V, and the resulting
K,PtCl, AF Pourier map is displayed in Figure 5. This pseudo projec-
tion AF map was contoured at a lower level and has a lower noise level
than the corresponding U0, (NO,),+6H,0 AF map.

This smaller scale results from the smaller figure of merit from
the U0, (NO;),+6H,0 phase analysis. The smaller figure of merit could
indicate that there is either more error in the U0, (NO3) ,+6H,0 AF's

Or that the derivative is less isomorphous. This was consistent with
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the larger percentage change in AF for the uranyl derivative, as com-
pared to the platinum derivative, and the higher noise level in the

U0, (NO3) ,+6H,0 difference Patterson. Again, there was a single major
peak in the difference map, which was consistent with the ?est Harker
peaks in the difference Pattersons. Also, there was no strong evidence
of any minor sites and there was no feedback at the coordinates used
for the phasing.

As a control, the coordinates from sites A;, A;', and A,'' in the
U0, (NO3) ,+6H,0 difference Patterson, which also form a consistent set
of Harker peaks, were subjected to eight cycles of SIR phase calcula-
tions and atomic parameter least-squares refinement. These sites
formed a consistent set of Harker peaks, in terms of their locations on
the Harker sections, and they had significant intensity. However, they
were not thought to be real because one peak was coincidental with the
previously proven site A, and the other two were at special positions
where errors tend to accumulate. As seen in Table V, the heavy
atom occupancies refined to less than 1/3 that of site A and the figure
of merit was over 5% lower than site A. The K,PtCl, difference Fourier
calculated from these phases is given in Figure 6. As was expected,
there were no sites significantly above the average noise level.

The two heavy atom derivatives, solved very convincingly by dif-
ference Pattersons and SIR-phased difference Fouriers, were then com-
bined for MIR phase analysis. With the improved MIR phases, the
atomic parameters of the known sites were further refined, additional

sites were located, the NaAu(CN) , derivative evaluated, and the
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protein electron density map computed.

The general procedure used for completing the MIR refinement in-
volved an alternating process. First, computer cycles of MIR phase
calculations and least-squares heavy atom parameter refinement were
calculated to convergence. This was followed by calculations of dif-
ference Fourier heavy atom maps and double difference Fourier error
maps. Adjustments were made from these maps, when necessary, and the
process was begun again. The double difference Fourier, or error
synthesis, uses the derivative lack of closure, €, as the Fourier
amplitudes and the phases calculated for the derivative structure
factors (24,25). This synthesis is used because it results in a lower
error level, compared to a AF synthesis, and allows easy evaluations
of errors in heavy atom occupancies and temperature factors.

The occupancy A and the isotropic temperature factor B would not
successfully refine together because of very strong correlations be-
tween the two parameters at this low resolution. Rather than refine
these individually, in alternating cycles, the temperature factors
were adjusted by Wilson-type plots of In {<AF>/<f>} versus s (10) and
by computed double difference maps.

The MIR refinement was begun using the SIR coordinates and re-
fined for six cycles. The resulting phases were used to calculate the
new K,PtCly and U0, (NO3),<6H,0 difference Fourier maps in Figures 7
and 8. These maps confirmed the sites found in the earlier SIR phased
maps, with the peak-to-noise level greatly improved. Again, the

K,PtCl, difference map was cleaner, but this time both maps were
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calculated from the same figure of merit.

The new MIR phases were then used to calculate the NaAu(CN), AF
Fourier map in Figure 9. A difference Patterson map was not previously
calculated for this derivative in view of the large amount of noise in
the K,PtCl, and UO,(NO;),+6H,0 difference Pattersons and the poorer
quality of the NaAu(CN), data due to the extremely small crystal used
for data collection.

The AF Fourier map was indeed quite noisy compared to the K,PtCl,
and U0, (NO;),+6H,0 AF Fouriers. However, a single site (site A) was
located which was significantly above the background.

Refinement was continued with fifteen more cycles of three de-
rivative MIR phase refinement. The In {<AF>/<fH>} vs. s Wilson plot
for the NaAu(CN), derivative indicated that the isotropic temperature
factor shou’d be less than zero (-3.03). This was indicative of the
fact that there was something seriously wrong with this data set. The
difference map calculated for the NaAu(CN), derivative also indicated
that there was a problem. The NaAu(CN), peak was surrounded by a
spherical diffraction ripple, indicating that the temperature factor
was too low.

The NaAu(CN), temperature factor was set arbitrarily at 2.5, a
value judged as not too unreasonable from the X,PtCl, and
U0, (NO3) ,+6H,0 derivatives. Thirteen more cycles of refinement were
done and new difference and double difference maps calculated. The

new maps were improved slightly over the last set. However, the noise
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level was still high, and the (FPH - PP) and fH were not scaled

properly. The ratios of <AF>/<fH> increased with increasing resolu-

tion.

At this point, the NaAu(CN), derivative data were reexamined, the
data between 26 = 20.0° and 22.5° were eliminated, and the remainder of
the data to 26 = 20.0° were rescaled. The temperature factor was ad-
justed from a Wilson-type plot to 0.08.

The K,PtCl, and U0, (NO3),+6H,0 derivative data between 286 = 22.5°
and 29.0° were added to the lower resolution data and refinement was
initiated again for nine cycles. The elimination of the shell of
NaAu(CN)., data between 268 = 20.0° to 22.5° and rescaling of the re-
mainder of the data resulted in improvements in the refinement
statistics (i.e., the root mean square lack of closure and the
R-factors). The refinement converged to a mean change in ¢best of
0.42°, a mean relative error of 1.1745, and the figure of merit and
R-factors given in Table VI. A display of the native structure
factors and the refinement statistics as a function of resolution are

given in Figure 10.

Reexamination of the Difference Pattersons

The SIR and MIR phased difference Fouriers in Figures 4 through 9
and subsequently calculated difference Fouriers and double difference
Fouriers had very low noise levels compared to the difference Patter-

sons in Figures 2 and 3. The noise in the Pattersons could have been
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a result of inherent errors in the method, lack of sufficient resolu-
tion, random or systematic errors in the data, or possibly a result of
the native and derivative data being collected under different salt
conditions. The first two explanations, inherent errors in the differ-
ence Patterson method and lack of resolution, are extremely unlikely
since this method has frequently been used with success at this reso-
lution, without the large noise levels found here. Also, a difference
Patterson calculated from the subsequent independent high resolution
analysis, with a resolution maximum of 4 &, resulted in much lower
noise levels.

In order to determine if the problem was an effect of different
salt conditions, a difference Patterson was calculated for the K,PtCl,
and U0, (NO3) , «6H,0 derivatives using only reflections with 26 between
15° and 22.5°. The low order reflections, between 20 = 2° and 15°,
are affected more strongly by salt conditions and were eliminated to
see if this would improve the difference Patterson. After rescaling
the data, Harker sections were calculated and plotted in Figures 11
and 12. Some of the noise peaks were reduced significantly relative
to the heavy atom vector sites. However, the new maps also contained
some noise peaks with increased intensity. In general, the modified
Harker sections are no better than the original ones.

Harker sections were also calculated for the low resolution
K,PtCl, derivative data minus the native data that were collected in
the subsequent high resolution analysis. These native data were col-

lected in 75% (NH,),S0, and 1.0 M NaCl, as were the derivative data.
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The K.PtCly, data were scaled to the new native data and then they were
both put back on a scale approximately equal to the other difference
pattersons. The computed Harker sections are displayed in Figure 13.
These sections are very noise free and are a significant improvement
over the other original difference Pattersons.

These results show conclusively that the high noise level in the
difference Pattersons was not a result of random or systematic errors
in the derivative data. It is also unlikely that the problem was a
result of errors in the native data, since phase refinement, heavy
atom AF and AAF maps, and the protein Fourier maps were calculated
and interpreted without difficulties. The most likely source of the
high noise level in the difference Pattersons is the different salt
conditions. When data were collected under the same salt conditions,
the problem was eliminated (Figure 13).

In summary, it was seen that the difference Fourier method proved
to be a powerful tool in the solution of the heavy atom derivatives,
even when difference Patterson methods had major problems. Difference
Fouriers, even with the relative inaccurate SIR phases, are much less
susceptible to the noise problems seen in the difference Pattersons.
Once a major site for one derivative is located, difference Fouriers

with SIR phases can be used with confidence to solve other derivatives.
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Low Resolution Electron Density Map

The MIR phases calculated using the refined heavy atom parameters
in Table VI were used to calculate the electron density map. This map
was contoured onto plexiglass. The strongest feature in the map was
the heme. In addition to the heme, the N- and C-terminal alpha
helices were quite obvious. The rods of main chain density in the
extended chain structure between residues 50 and 64 were particularly
dense. The main chain densities were continuous and well above the
noise level with only one minor exception. Careful examination of
this density and considerations of the various distances from known
reference points allowed the chain path to be followed with .
confidence. A few side chains were located, including the Trp 56
residue that was found to be hydrogen bonded to the buried propionic
acid.

A stereo view of the main chain density is shown in Figure 14.
This front orientation was chosen to match the front view of other
Cytochromes. The observed tilt of the heme in Figure 14 relative to
other c-type cytochromes was verified at high resolution.

Additional features with respect to the low resolution structure
are presented in Appendix I. A more detailed discussion of csj,
will be postponed until after the refined high resolution structure

determination has been presented in Chapter 3.
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FIGURE LEGENDS

Figure 1.

(a) (0,k,%) precession photograph of oxidized P. aeruginosa

cytochrome Cssi. The crystal size was approximately 0.6 x 0.075 x 0.05
m3. A 20° precession angle was used with an exposure time of 65 hours.
() (h,k,0) precession photograph as described in (a), except
from a crystal with dimensions 0.25 x 0.05 x 0.10 mr, a precession
angle of 17° and an exposure time of 94.4 hours.

(c) (0,k,2) precession photograph of css, after crystal reduction
with Na»S20,. A crystal size of 0.6 x 0.075 x 0.05 mm® was used for

this 17° precession photograph, exposed for 81 hours.

Figure 2. K;PtCl, (AF)? Patterson sections at 4 R resolution.
(a) (%,v,w) Harker section.
(b) (u,’,w) Harker section.

(¢) (u,v,%) Harker section.

Figure 3. U0, (NO3),+6H,0 (AF)? Patterson sections at 4 R resolu-

tion.
(a) (4,v,w) Harker section.
(b) (u,%,w) Harker section.

(©) (u,v,%) Harker section.
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Figure 4. U0, (NO3) 2 *6H,0 projected AF Fourier with PtCl, SIR
phases from site A of Figure 2. The Fourier coefficients are
A= (AFUOZ x FM x cos¢best) and B = (AFUO2 x FM x 51n¢best). The pro-
jection is down the z axis with the section of highest density being
contoured for each peak. Contours begin at 400 and increment at 400.

The z coordinates and peak heights are shown.

Figure 5. KyPtCly projected AF Fourier with UO;(NOs3)2+6H,0 SIR
phases from site A of Figure 3. The Fourier coefficients are

A= (AF,, x PM x cos¢best) and B = (AFPt x FM x 51n¢best). The pro-

Pt
jection is down the z axis with the section of highest density being
contoured for each peak. Contours begin at 200 and increment at 200.

The z coordinates and peak heights are shown.

Figure 6. K,PtCl, projected AF Fourier with UO,(NOj),+6H,0 SIR
phases from site A of Figure 3. The Fourier coefficients are
A = = M x 3 =
(AFPt x M x cos¢best) and B (AFPt x FM x 51n¢best). The pro
jection is down the z axis with the section of highest density being
contoured for each peak. Contours begin at 200 and increment at 200.

The z coordinates and peak heights are given.

Figure 7. X,PtCl, projected AF Fourier with K,PtCl, and
U0, (NO3) 2 +6H,0 MIR phases after six cycles of refinement of sites A
from Figures 2 and 3. The projection is down the z axis with the

section of highest density being contoured for each peak. Contours
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begin and increment at 400. The z coordinates and peak heights are

given.

Figure 8. U0, (NO3),+6H,0 projected AF Fourier with K,PtCl, and
U0, (NO3) 2 *6H,0 MIR phases after six cycles of refinement of sites A
from Figures 2 and 3. The projection is down the z axis with the
section of highest density being contoured for each peak. Contours

begin and increment at 400. The z coordinates and peak heights are

given.

Figure 9. NaAu(CN), projected AF Fourier with K,PtCl, and
U0, (NO3) 2 *6H,0 MIR phases after six cycles of refinement for sites A
from Figures 2 and 3. The projection is down the z axis with the
section of highest density being contoured for each peak. The contours
begin and increment at 800. The z coordinates and peak heights are

given.

Figure 10. Summary of MIR refinement statistics for cytochrome

Css1.

Figure 11. K,PtCl, (AF)? Patterson sections with a resolution
range from 5.9 Z.to 4.0 R.

(@) (4,v,w) Harker section.

(b)  (u,%,w) Harker section.

(¢) (u,v,%) Harker section.
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Figure 12. UO2 (NOs)2*6H20 (AF)? Patterson sections with a
resolution range from 5.9 R to 4.0 K.

(a) (%,v,w) Harker section.

(b) (u,%,w) Harker section.

(c) (u,v,%) Harker section.

Figure 13. KyPtCls (AF)? Patterson sections, calculated with 4 A
resolution native data obtained from the subsequent high resolution
structure analysis.

(a) (%,v,w) Harker section.

(b) (u,%,w) Harker section.

(¢) (u,v,%) Harker section.

Figure 14. Stereo view of the main chain fold of cytochrome css;

at low resolution.
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Figure 14
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Chapter 3

STRUCTURE DETERMINATION AND REFINEMENT AT 2.0 & RESOLUTION



71l.

MATERIALS AND METHODS

Extraction, Purification, and Crystallization

A dry powder of Pseudomonas aeruginosa (strain P6009) bacterial

cells, and purified ferricytochrome css, were the generous gift of Dr.

Henry Harbury. P. aeruginosa cells were grown and the cytochromes

isolated and purified by the method of Harbury (1) and Ambler (2).
The purified protein was stored until used for crystallization on
Sephadex SP-25 or as a lyophilized powder at -20°C.

Crystallization trials were initiated using the micromembrane
diffusion technique of Zeppezauer (3,4). Capillary cells 1 mm in
diameter and 30 mm long were filled with approximately 20 ul of 2.0%
protein. One end of the capillary tube was covered with Union
Carbide cellulose casing. Dialysis tubing was not used because it
permitted leakage of the relatively small protein from the cell. The
cell was placed in a reservoir containing the crystallizing medium.

Small rectangular crystals of cytochrome cCss, grew in diffusion
cells from reservoir solutions containing 40-50% saturated (NH,),SO,,
1.0 M NaCl, and 0.01 M (NH,),HPO, in the pH range 5.6 to 5.9. The
crystal length along the a axis was generally 0.2 to 0.3 mm, while
the lengths in the b and c directions were approximately one-tenth as
great. In extremely rare cases, a single crystal would grow with
dimensions up to 0.8 x 0.15 x 0.15 mm. The crystal space group was
P2,2,2, with unit cell dimensions a = 29.43 &, b = 49.00 &,

C = 49,66 K, and one molecule per asymmetric unit. There were two



725

difficulties involved in using these crystals for high resolution
single crystal structure analysis. First, the crystals tended to be
either too small, or else highly intertwined multiple crystals that
could not be separated. Second, crystals could not always be grown
from these conditions and many months often went by without successful
growth of new crystals. Both these problems were alleviated to some
extent by increasing the protein concentration to 5%, passing the
protein solution through a Millipore filter to remove micronuclei,
and seeding. Centrifugation at approximately 7,000 rpm in a 2-ml
centrifuge tube was originally the final purification step prior to
crystallization. Although this procedure removed some particulate
impurities and crystallization nuclei, it was fairly ineffective.
Relatively large amounts of precipitation still appeared in the cells
before crystals began to grow. Millipore filtration was more success-
ful and volumes of protein as small as 0.1 ml could be filtered with
better than 85% recovery. In this procedure, a Millipore Swinny
filter holder for syringes (13 mm diameter) was filled with approxi-
mately 0.1 ml of protein solution. A 2-ml centrifuge tube and adaptor
with their top halves cut off, and the filter holder assembly were
placed inside a Sorvall SM24 rotor tube. The protein was forced
through the Millipore membrane by centrifugation at the minimum speed
of the Sorvall RC-2 centrifuge. In addition to being able to Milli-
pore filter very small volumes of protein with high recovery rates,
the procedure avoided the foaming that usually occurs when protein

Solutions are passed through Millipore filters with syringes using
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pressure. This procedure eliminated noncrystalline precipitation,

reduced crystal twinning, and allowed higher protein concentrations to
be used, which increased crystal size somewhat.

Heavy Atom Derivatives

Heavy atom derivatives were prepared by transferring crystals to
75% (NH,),SO, solutions with 1.0 M NaCl at pH 5.6 to 5.9, containing
various metal complexes. The extensive experience summarized by
Baumber et al. (5) was used as a guide in deciding on crystallizing
conditions and variables.

In all, eight different heavy metals in the form of twenty-three
different heavy atom compounds‘were tested under various soaking con-
centrations and times. Five complexes gave clear, unambiguous in-
tensity changes, probably resulting from nearly identical heavy atom
binding sites. Because of this, and the shortage of good crystals,
diffractometer data were collected for only the K,PtCl,, the

U0, (NO4) , +6H,0, and the NaAu(CN), derivatives listed in Table I.

Data Collection and Reduction

Data reduction, heavy atom refinement, multiple isomorphous
Teplacement (MIR) phase calculations, and constrained difference
Fourier refinement were done almost entirely on a Data General NOVA

= minicomputer with a 32K, 16-bit-word core, floating point hardware,
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- magnetic tape drives, a 2.5 megabyte moving head disk, and matrix

;ine printer and plotter. An IBM 370/158 computer was used for some

Fourier calculations.

X-ray diffraction data were collected with a General Electric
XRD-490 quarter circle diffractometer controlled with a PDP-8 computer.
cuk radiation was generated with a GE CA-8S Cu target x-ray tube
op;iated at 45 KV and 18 ma and a graphite plane monochromator in the
perpendicular geometry.

Crystals were mounted in capillary tubes with diameters as small
as possible (0.5 mm) in order to reduce background scattering (6).
After crystal alignment, the (8,0,0) reflection at x = 90° was
measured at phi angles from 0° to 360° in increments of 10° to find
the best phi zone for the data collection and for absorption correc-
tions (7). Unit cell parameters were determined by scanning 15 to 20
reflections, spanning a representative sample of reciprocal space.

Data collection was started at 28 = 26°. 28 shells of increasing
resolution, containing 800 to 1000 reflections, were collected to a
maximm resolution permitted by counting statistics. The 28 = 2° to
26° shell was collected at the very end. This was done because the low
resolution reflections are not affected as much by crystal decay (8).
Also, backgrounds were counted for longer times in this shell and the
additional crystal exposure then did not affect other data. The order
in which the data shells were collected was the same for the native

and all derivatives.
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The background measurements were made on both sides of the peak
at w offsets of 0.10° to 0.20° from the limits of the peak scan. For
29 greater than 26°, the background times were ten to fifteen seconds
per side. These short backgrounds were used to calculate more accurate
packgrounds by means of a linear least squares fitting routine (6).

The backgrounds for the more difficult to fit 28 = 2° - 26° shells

were collected with the total background times equal to the scan times.
Crystal decay of approximately 10% was corrected for by measuring

three standard reflections at intervals of 100 reflections and applying
a linear time correction to the intensities.

w step scans were used. The scan width was determined by the size
of the largest reflections for each particular crystal. The scan time
was adjusted, depending on the intensities for the particular crystal
and the 28 -hell, to obtain satisfactory counting statistics. All data
for the native and each heavy atom derivative were collected on a
single crystal each.

After correcting for the background, absorption, and crystal
decay, Lorentz (9) and polarization (10,11) corrections for mono-
chromatized x-rays were applied to the intensities and structure
factors, lFobsl’ were calculated. The lFobsl of heavy atom derivatives
were then scaled to the native data (12). A linear and exponential
scaling constant were computed for each derivative 28 shell to scale

the derivative |[F | to the native data.
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Structure Solution

The distribution of native Fobe and the fractional changes in
structure factors for the derivatives are displayed as a function of
scattering angle in Figure 1. The average changes in structure
factors for each of the derivatives were quite similar. The major
heavy atom binding sites were located from (AF)® difference Patterson
maps calculated from each derivative to the resolution indicated in
Table I. Harker sections for these Patterson maps are shown in
Figures 2-4. The K,PtCl, difference Patterson map indicated the
presence of two major sites. These sites were consistent with the
single K,PtCl, site that was unresolved in the low resolution (4 ﬁ)
structure determination (13). Single sites were found in the
U0, (NO3) »*6H,0 and NaAu(CN), difference Patterson maps. These sites
were also the same as those found in the low resolution analysis.

Refined MIR phases were obtained by alternating cycles of MIR
phase calculations (14,15) and least squares heavy atom parameter re-
finement (16,17). Additional minor sites were located and heavy atom
parameters were adjusted from heavy atom difference Fouriers and error
syntheses (18). The Patterson map vectors were converted into atomic
coordinates, with the relative origin ambiuity having already been
solved from low resolution single isomorphous replacement (SIR) phased
AF Fouriers (13). Phase refinement was started with the Patterson map
heavy atom coordinates and temperature factors calculated for each

derivative from Wilson-type plots of In {<aF>/<f>} versus s?. Ten
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cycles of least squares refinement of coordinates and occupancies were
carried out, with isotropic temperature factors being adjusted when
necessary. At this point, double difference maps were calculated for
each derivative. No additional sites were found for the K,PtCl, de-
rivative, one additional site was found for the UO,(NOj3),+6H,0 deriva-
tive, and two additional sites were found for the NaAu(CN), derivative.
The additional UO,(NOj),+6H,0 derivative site had also been found in
the low resolution analysis (13).

Based on these new sites, 26 cycles of refinement were completed.
During this refinement, temperature factor refinement was begun which
resulted in individual temperature factors for each site instead of
the Wilson plot average temperature factors for all sites of the same
derivative. New double difference maps were then calculated and two
additional minor UO, (NO;),+6H,0 sites were added. From the NaAu(CN),
double difference map, it was apparent that this major site should be
refined with anisotropic temperature factors. Final refinement cycles
from here resulted in the atomic parameters and refinement statistics
in Tables II and III.

The distribution of the figure of merit for all 2643 reflections
with sin 8 to a resolution of 2.4 A is shown in Figure 1. The average
figure of merit was 0.924 for centric reflections and 0.763 for all
reflections. The ratios of the mean lack of closure error to the
changes produced by the heavy atoms is also shown in Figure 1. The

significantly higher values for the uranyl derivative along with other
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TABLE III: Multiple Isomorphous Replacement Refinement Statistics

Figure of Merit
Mean Relative Errorl

K, PtCls Derivative:

RMS E2

3
RKraut

4
Reullis

U0, (NO3),+6H,0 Derivative:

RMS EZ

3
RKraut

4
Reuitis

NaAu(CN), Derivative:

RMS B

RKraut .

RCullis4

All
Data

0.

16.

11.

RKraut

1
2
3
4
RCullis

MRE = mean relative error (17).

763

<35

54D

092

75

« 115

RMS E = root mean square lack of closure (17).
= ¥ (lack of closure)/r |F
= % (lack of closure)/r|AF| (20).

(19] .

Centric
Data

0.924

0.114
0.425

0.194
0.700

0.126

0.457
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refinement statistics in Tables 11 and III indicate that this deriva-
tive was the poorest.

A map of the protein electron density to a resolution of 2.4 A
was calculated, using the centroid MIR phases and the native structure
factors weighted with figures of merit. The density was plotted onto
acetate sheets by computer and placed in a Richards box, where a
Kendrew wire model was constructed to fit the density. The molecular
pboundary was unambiguous. The heme and alpha helices were especially
prominent in this map. The polypeptide chain was continuous and could
be followed quite easily. The only difficulty in main chain inter-
pretation was around Ala 35, Gly 36, and Gln 37, where the chain is
extended out from the molecular surface and the electron density is
not as intense. Most of the main chain carbonyl oxygens were nicely
defined, and were very useful in constructing the wire model. Certain
aromatic and proline residues were the most dense side chains. How-
ever, other residues of this same type were not especially dense.

The same is true for ionized side chains exposed to the solvent. Most
of them were defined well enough to be confident of their location,
but several were blurred and did not rise above the map noise level.

The root mean square error level (15) was computed to be 0.16 e/R?
from the final phase cycle. This value was obtained after placing the
data on an absolute scale, following structure factor calculations
during refinement (to be discussed later). On this scale, the iron

atom was at a density of 3.12 e/R% well-defined side chains were at

b

approximately 1.0 e/ﬂa, and the average main chain was around
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0.75 e/R*. The electron density averaged at all atomic centers was

calculated to be 0.62 e/R3.

Structure Refinement

The Css1 structure was refined by a constrained difference
Fourier technique, using programs developed by Chambers and Stroud (21).
The details of this refinement procedure have been described by them,
so only a brief summary will be presented here, including modifications
to the earlier methods and aspects specific to css;. Constrained
difference Fourier refinement is a cyclic process by which the rela-
tively inaccurate MIR coordinates and phases are improved. After
initial coordinates are obtained, (a) structure factors (Fcalc) are
calculated and scaled to the observed structure factors (Fobs); (b) a

difference Fourier map is calculated using !Fobsl = |8 | amplitudes

calc

and calculated phases, ¢ (c) coordinates and temperature factors

calc’
are shifted using conventional equations (9,22); and (d) the coor-
dinates are constrained to fit the difference map density and at the
same time have bonding parameters that are consistent with those
observed in amino acid and small peptide high resolution structures.
This automated procedure is cycled until no further improvement
in the structure can be obtained. At that point, the difference map

and atomic coordinates are plotted on plexiglass and visually in-

Spected. Manual adjustments of coordinates are made based on
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difference map densities, and the automated refinement process is
started again.

Structure factors were calculated by the conventional method.
Atomic scattering factors were calculated from the data of Forsyth and
Wells (23). Isotropic temperature factors were applied using the
expression exp (-Bsin®8/22%), with B being allowed to assume any of
seventeen possible values distributed between 6 R2 and 40 R2. The
structure factor results were used to put the Fobs data on an absolute
scale. A plot of In {<I>/<f®>} versus sin®6/A2? yielded the scale factor
and an overall temperature factor of 12.4 Az, Throughout the refine-
ment, the refined average temperature factor was approximately 17 Az,
Four-parameter scaling of chalcl to IFobsl was used, fitting in
1n {<Fobs>/<Fca1C>} to the function A,exp(-A,s?) + Azs? + A,. Despite
the significant overall improvement obtained at low resolution in
using this scaling over linear scaling (see Figure 6), reflections
with d>7 & were still omitted from difference maps. This was done in
order to eliminate low order ripples resulting from scaling errors
that will affect atomic parameter shifts adversely. Temperature
factor shifts were especially vulnerable to this type of error. The
pProgram ran in one and three quarter hours for 5430 reflections to
2.0 & resolution.

Difference maps were initially calculated on the IBM 370/158
Using a conventional Fourier program and later using a fast Fourier
transformation program (24) written for space group P2,2,2, and

adapted for the NOVA 800 (25). The difference maps were calculated
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with 2 grid interval of approximately 0.85 A. In the final stages of
refinement, significant improvement was obtained for the higher
resolution data by decreasing the grid intervals to 0.5 A. The FFT
program ran in one-half hour to two hours, depending on the grid size.
Computations of shifts to coordinates and temperature factors,
based on difference map densities, were made using conventional
equations (9,22). The shift to atomic coordinates is AX = -2Ng/C for
a noncentrosymmetric structure, where AX is the coordinate shift, N is
the shift factor, g is the difference map density gradient at the
atomic center, and C is the curvature at the atomic center in the
corresponding Pobs synthesis. The gradient g was evaluated by fitting
the difference map densities to a three-dimensional quadratic function
(21). During early stages of refinement, curvatures proportional to
the atomic number were used, with the shift factor proportionality
constant being chosen to produce reasonable shifts (21). In later
stages of refinement, significant improvements were found by using
shifts calculated from real curvatures, computed in a separate pro-
gram. Curvatures were calculated for all combinations of atom types

and temperature factor groups. The curvature along the x axis is

calculated as (22,26):

_Am2
—far [ mh*f exp(-Bs?)
hkg

where m is the multiplicity, and the summation is over the appropriate
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resolution of data. The curvature was taken as the average of the
values calculated along the three principle axes. Using real curva-
tures and a shift factor of 1.0 speeded up the rate of convergence
and eliminated the need to guess at a proportionality constant.

The difference map density was evaluated at the new atomic center.
If the atom had been moved into lower density, the shift was cut in
half. If it was necessary to cut the shift in half more than three
times, the shift was set to zero. The average shift during the
initial refinement was as large as 0.4 K, but as the R-factor was
reduced, the average shift was also reduced. At R = 34%, the average
shifts decreased to approximately 0.2 R and then down to 0.1 A during
the final cycles of refinement.

Temperature factors initially were computed from difference map
densities at atomic centers (21). However, throughout most of the

refinement, temperature factor shifts were calculated from the

equation (22):
4B = 2.0 N(8*p/31?)/(9C/8B) exp(-2 G /s )

(320/6r2) is the difference map curvature, averaged from the values
Calculated along the three crystallographic axes. (dC/4B) is the
derivative of the atomic curvature with respect to B and is evaluated

as (22):
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42

7 Y mf exp(-Bs?) s

hkg

Grad is the root mean square coordinate shift and Smax is the maximum
shift permitted. The exponential term partially decouples the coor-
dinate and temperature factor shifts as described previously (21).

The shifting program ran in approximately one-half hour.

During the calculation of curvatures for use in the shifting
progranm, estimated errors in the atomic coordinates were calculated by
the method of Cruickshank (27). The standard deviations of peak
positions were calculated from the quotient of the standard deviation

of the electron density slope and the curvature. The standard devia-

tion of the electron density in the x direction was calculated as:

_ 4n 2 . :
o (0p/8x) = Va {héz mh* (Fpg Fcalc)z}

where V, a, h, and m are the cell volume, the axis length, the reflec-
tion index, and the reflection multiplicity. The total estimated error
was calculated from the ¢'s along each axis. This calculation 1s based
on the assumption that the error in the structure factors can be
approximated by the distribution of AF = Fobs—Fcalc and that this dis-
tribution is normal with no systematic errors. The curvature was cal-
Culated for each atom type and temperature factor group as described

above. Estimated errors in the electron density were also calculated

27,
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The constrained coordinates were obtained from the unconstrained
difference map coordinates by a least squaresconjugate-gradient mini-
mization routine (21,28-31). The constraining shifts were applied to
the coordinates so as to minimize deviations between calculated and
jdealized (32,33) bonding parameters. The residual contained terms for
bond lengths (L), bond angles (A), bond torsion angles for planar
atoms (T), and terms for atoms with chirality (C). In addition, there
was a term that minimized the distances the atoms had been moved from
the original position to the constrained position. The residual was

calculated as follows:

= 7 = 2 I Ty - 2 DR | 2 T ¥ 2
R “iZhL(L LS) + hAZMA(A AS) 4 hTZuT(T TS) + W MC(C Cs)

+Z l/B(r-ro)2

where W's were global weights for each type of constraint and w's were
local weights, assigned to each specific constraint. T, was the
starting coordinate and r was the constrained position. How closely
the structure approached the ideal structure was determined by the
weightings. This minimization procedure was applied to a molten zone
of residues, usually containing three amino acids. After a sufficient
number of cycles had been calculated for a particular zone to be well
Constrained, the program then moved to the next zone. In general,
better results were obtained by using relatively small W's and a large
number of cycles. All bond lengths and angles in the structure were

included in the constraining process. Torsion angles of 0° to 180°
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— used to planarize groups of atoms. The heme was treated like the
amino acid residues, but without a connecting amide bond. Residues
attached to the heme had pseudo-atoms which constrained the geometry
of the connection. These atomic coordinates were frequently equated
with the corresponding real atom coordinates. The constraining pro-
gram required three-quarter hour to execute.

An important observation with regard to the constraints was that
the best results were not always obtained by constraining the structure
after each cycle of shifts in the refinement cycle outlined above. A.
certain points, the one-shift and one-constraint process did not
result in improvements in the structure. Computing several cycles
consisting of shifts, structure factors, and difference maps without
any constraints followed by the application of constraints would
generate an improvement that was inefficient or not possible from the
one-shift and one-constraint cycle. On the other hand, letting the
structure deviate too far from ideality by applying too many shifting
cycles without constraints would lead to a poorer structure after the
final constraints were applied.

Difference maps on a scale of 0.25 inch per angstrom and the
latest coordinates were plotted onto plexiglass sheets for visual
inspection when the automated procedures failed to produce any further
improvements. Careful evaluation of these minimaps was critical to
Successful refinement. These maps were frequently difficult to inter-

pret, especially at the beginning of the refinement when the noise

level was relatively high. At this point, not all changes were made
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with a high degree of confidence. Despite making some incorrect
movements, the overall changes improved the structure so that the
qutomated procedure could transcend the local minimum. The occasion-
ally incorrect interpretations from the minimaps were discovered in
subsequent minimaps. As the R-factor approached 20%, these maps

pecame much more noise free and the interpretations were made with
confidence. In Css,, the manual adjustments were almost always applied
solely to the side chains, although movement of a main chain carbonyl
oxygen was occasionally encountered. The magnitudes of the shifts

were almost always larger than could be made by the automated program.
In addition to simple translations, the other types of common move-
ments made were rotations applied to side chains of Val, Thr, Asp, and
Glu residues. On several occasions, groups of atoms were cycled
between two different conformations in alternate minimaps. This
occurred for ionized side chains on the molecular surface.

Each time a difference map was plotted on plexiglass for visual
inspection, an automatic peak searching program was executed to locate
possible solvent. The prospective solvent peaks obtained from the
sCreening program were examined in the plexiglass map and evaluated as
to whether they were solvent or density arising from other sources.
The criteria used for this evaluation were the difference map density,
the peak shape, and the proximity to protein atoms. Care was used so
45 not to place solvent in density arising from protein coordinate
€rrors. New solvent peaks were added conservatively in an attempt to

include only real solvent. Difference map densities and refined
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jsotropic temperature factors from previously included solvent were
2150 examined to eliminate solvent molecules which no longer seemed
reasonable. At the end of refinement, forty-two solvents remained in
the structure, out of ninety-four inserted during refinement. Solvent
peaks were given full oxygen scattering factors. Initial temperature
factors were based on the difference map density.

After making the manual adjustments to the appropriate coordi-
nates, including additional solvent and deleting previously defined
solvent that did not refine, new structure factors were calculated
and the automated refinement was started again. The manual adjust-
ments and solvent changes always increased the R-factor 24%% to 5%, but
it then fell quite rapidly to below the value where it hung up prior
to visual inspection and manual adjustments.

The refinement progress is displayed in Figure 5, in which the
R-factor is plotted at each structure factor calculation. Refinement
steps that were discarded for one reason or another and were not
directly involved in getting to the refined set of coordinates are not
shown. A detailed description of all calculations is presented in
Appendix III.

Refinement was begun by running nine cycles of atomic shifts and
constraints in the MIR electron density map prior to the calculation
of the first difference maps. Shifts were obtained by the same pro-
Cedures as in difference map refinement except the gradients were

obtained from the MIR map. This procedure resulted in an improvement
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in the R—factor* from 48.6% to 43.3%. Attempts to obtain further im-
provements from shifting coordinates in the MIR map were unsuccessful.
After converging to 43.4%, the MIR map was plotted onto plexiglass
minimaps, along with the initial wire model coordinates and the 43.3%
R-factor coordinates. In general, there was a significant improve-
ment in the fit of the model to the MIR electron density. The electron
density at atomic centers increased from 0.62 e//i3 for the wire model
coordinates to 0.73 e/R3. The structure was also significantly more
constrained. The improvement in the model fit to the density can be
attributed to the reduction of errors that resulted in trying to fit
the Kendrew model to the electron density in the Richards box.
Although most of these errors are not obvious in the Richards box,
they become very apparent in the minimaps. After model fitting, there
were a small number of residues that did not fit the MIR electron
density as well as before. This is probably a result of the new
structure being more tightly constrained than the wire model coordi-
nates. Although the fit did not produce the best possible set of MIR
coordinates, the accuracy was more than enough to begin refinement.
Using the complete set of 5430 reflections to 1.96 R resolution.
with an R-factor of 43.3%, the first difference map was computed.
After three cycles of difference map refinement, the R-factor dropped

rapidly to 35.7%. At this point, it was realized that the heme atoms

R = ) (IF B (WAL |
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were being overshifted. To alleviate this problem, their temperature
factors were set to 7 A%, while the protein temperature factors re-
mained at 14 A2. This resulted in increased heme atom curvatures and
smaller heme atom shifts, relative to the protein atoms. This, along
with the more accurate temperature factors in the structure factor
calculation, resulted in a decreased R-factor to 33.7% after one cycle.

Attempts to improve these coordinates further using the automated
shifting program failed, and minimap I was contoured on plexiglass
with the atomic positions marked. The overall noise level was quite
high and there were not too many obvious changes to make. The impor-
tant feature was that the temperature factors for a great number of
residues were obviously incorrect and using an average temperature
factor of 14 &2 was not acceptable.

After making a few manual adjustments, the structure factors were
calculated. The R-factor was found to increase to 36.2%, and auto-
mated difference map refinement was continued. Two cycles lowered
the R-factor back to 33.6%. At this point, refinement of isotropic
temperature factors for individual atoms was begun. In addition, 380

reflections with assigned |F = 0 (which included reflections with

obs‘
measured |F0b5|<0) were eliminated from the structure factor calcula-
tions and difference maps. Three more cycles of refinement resulted
in the R-factor dropping from 33.6% to 25.8%.

Since the R-factor could not be induced to fall below 25.8%,

Mminimap II was contoured. The difference densities were much smaller

in this map, both in terms of density arising from noise and from
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temperature factor errors. As a result, shifts that needed to be
applied to coordinates were more obvious. In addition to the manual
shifts, 35 solvents were added from the map. As usual, these adjust-
1

Automated shifts in the difference maps were again started, but

N

ments resulted in an increased R-factor (R = 30.0

this time real curvatures were used in place of the artificial curva-
tures set according to atomic number. Ten cycles reduced the R-factor
from 30.0% to 21.5%. During the course of this refinement, reflections
with (a) d>7 & resolution and (b) lFobS|<20 were eliminated from the
structure factor calculations and difference maps. Reflections with
d>7 R were eliminated to reduce scaling errors that would introduce
errors into atomic parameters, especially temperature factors. Reflec-
tions with |FObS|<20 were eliminated because of their unreliability.
The dramatic improvement in the subsequent difference maps indicated
that these modifications were necessary. The estimated effect 6n the
R-factor was -0.7% and -1.3%, respectively.

Minimap III, calculated at R = 21.5%, had a much lower noise level
than did previous maps. As a consequence, coordinate shifts were much
more obvious. The relatively large, positive, and diffuse noise
levels observed in previous maps in alpha-helical regions of the pro-
tein had disappeared in this map. The general background noise level
around the heme decreased. Although these improvements could have
resulted from the better coordinates due to the additional refinement,
they are probably a more direct result of the removal of the }Fobsl<20

reflections.
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After coordinate shifts were made, 25 solvent molecules were
added and eighteen were removed, structure factors were calculated to
yield an R-factor of 26.4%. As seen in Figure 5, automated refinement
was continued through two more minimaps calculated at 18.9% and 17.5%
followed by a last set of automated refinement cycles to a final R-
factor of 16.2%. The refined structure included 42 solvent molecules.

The R-factor is displayed in Figure 6 as a function of the reso-
lution. The difference between the four-parameter and linear scaling
of Fcalc to Fobs is shown. The average change in phase is presented in
Figure 7 as a function of resolution. The differences shown are
between the refined phases and both the MIR phases to 2.4 A resolution
and the calculated phases of the wire model coordinates to 2.0 ]
resolution. The average changes in phase angles to the indicated
resolution were 40.9 & and 54.2 3, respectively, In addition, the
average phase change was calculated to be S4.1° between the MIR phases
and the initial wire model phases. The phase change between the
refined phases and the MIR phases, weighted by the figure of merit,
is also displayed in Figure 7. The smaller average change of 34.5°
indicates the figure of merit is a good weighting function. MIR
electron density maps calculated from a Fourier summation weighted by

the figure of merit will increase the relative weights of terms with

MIR phases closer to the refined phases.
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RESULTS

Heavy Atom Binding Sites

As with other cytochrome structures (34), K,PtCl, was found to
bind in a double site to a methionine side chain, a consequence of
statistically random binding to one or the other of the two electron
lone pairs on the sulfur. In native cytochrome Css;, one of these
two K,PtCl, binding sites was relatively exposed and fully occupied,
while the second site was within 2.1 & of the epsilon oxygen atom
of Gln 37 from a symmetry related molecule and only partially
occupied. The major UO,(NOj) ,6H,0 site was approximately 3.5 A
from the side chain carboxylate of Glu 4 while the third site was
also near this residue. The other two sites were more than 5 A
from any native protein residues. The major NaAu(CN). binding site
was closest to the exposed heme pyrrole ring 2 (3.6 )\ away) , while

one minor site was near Pro 60 and the other near arginine 47.
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Protein Structure

The main chain conformation of Pseudomonas aeruginosa cytochrome

Cssy found at low resolution (35) has now been verified by this
refined high resolution structure. The structure is illustrated by a
ribbon drawing and stereo view of the alpha carbons in Figures 8 and 9.
There was no difficulty in following the main chain path. The back-
bone conformation began with an extremely well-defined N-terminal
helix, followed by attachments to the heme at residues Cys 12, Cys 15,
and His 16. This was followed by a loop on the right side from
His 16 to Val 23, similar to the 20's loop in eukaryotic cytochrome c
(36,37). After this loop, a stretch of chain near the bottom of the
heme led to the back of the molecule. Then, instead of looping below
the heme to the front of the molecule and back again, as in other
c-type cytochromes (36-39), the css; chain cut across the bottom rear
to start the 40's helix. The 40'x helix to the left side of the heme
was followed by a loop of chain down to Trp 56 below the heme, and
back up again to make the Met 61 axial heme attachment. This extended
loop supplied a polypeptide cover for the heme at the bottom where the
loop described earlier had been deleted, by comparison with other
c-type cytochromes. The chain then traveled from Met 61 to the upper
left rear, to the beginning of the final C-terminal helix.

The Ramachandran angles ¢ and  were calculated from the refined
coordinates for each alpha carbon in the main chain. The results are

listed in Table IV and plotted in Figure 10, along with the Pullman
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K10
G11
€12
V13
Al4
C15
H16
A17
118
D19
T20
K21
M22
V23
G24
P25
A26
Y27
K28
D29
V30

Phi

85
123
110
100
123
130
100
127

98
258
130
126

97

53

43

48
107

68

54
106

60

93

57
133
116
106
118
110
116

TABLE 1V.

Psi

338
304
148
147
141
134
145
124
130
186
191
1357
161
167
172
330
349
142
168
326
317

74
143
357
551
330
148
143
143
128

97

Ramachandran Angles

Residue

A31
A32
K33
F34
A35
G36
Q37
A38
G39
A40
E41
A42
E43
Va4
A45
Q46
R47
148
K49
N50
G51
S52
Q53
G54
V55
W56
G57
P58
159
P60

Phi

126
121
115

91
231

55
101
116
262
115
122
118
107
118
126
116
101
124
105

85
279

30

20
281
105

71
331

94

80
100

Psi

138
134
127
193

60
215
317
314
186
157
143
139
136
139
136
145
144
133
132
176
537
328
521
153
133
183
358
170
325
336



Table 1V

Residue -

M61
P62
P63
N64
A65
V66
S67
D68
D69
E70
A71
Q72
73
L74
A75
K76
w77
V78
L79
S80
Q81
K82

(continued)

Phi

92
107
120

80

93

58

90
118
110
116
120
118
124
106
121
108
103
124
113

84
102

86

Psi

304
343
323
327
244
343
356
152
150
133
142
132
137
142
134
155
142
1352
162
191
147

98.
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quantum energy boundaries at 3 kcal/mole above the global minimum of
energy (40). Only a few residues had Ramachandran angles outside this
3 kcal/mole contour, Met 22 being one example. The residue

homologous to Met 22 in eukaryotic cytochrome c (Lys 27, just before
the sequence Val-Gly-Pro) also lies outside this barrier on the
Ramachandran plot, and close to the css; position (41). The only
other css; residues outside this contour level were Gly 51 and Ala 35,
with small side chains.

A very unusual region of main chain conformation includes Pro 58
through Pro 63. This stretch of six residues contained three prolines.
The structure in this region was very similar to the structure of
polyproline (42) as seen in Figure 11. In this stereo figure, the
threefold left-hand helix of polyproline is presented to the left and
Css; 1s presented in a similar orientation on the right. The Rama-
chandran angles for residues Ile 59 through Asn 64 ranged from 80° to
120° for ¢ and 304° to 343° for y (Table IV). This is the region in
the Ramachandran plot where the polyproline helix is located (43).

In both the unrefined and refined structures, most of the side
chain atoms were well defined in electron density. Internal side
chains were particularly good. As discussed under Methods, some
terminal atoms for charged residues on the molecular surface extended
into density at the noise level, and their coordinates were less
precisely known. Data which can be used to assess coordinate reli-

ability will be presented below. A detailed comparison of the side
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chain structure with the other c-type cytochromes will be made in the
Discussion section.

Figure 12 shows the effect of refinement on the atomic coordi-
nates for main chain atoms, side chain atoms, and all atoms combined.
Average distances from the MIR wire model to the final refined coor-
dinates are plotted for each residue. For the entire structure, the
average distances were 0.74 &> 1.15 R and 0.94 A for main chain atoms,
side chains, and all atoms. The largest deviations in the main chain
atoms were in the regions of Ala 35 through Gly 39 and Gln 81 and
Lys 82. These were the two regions in the MIR structure where the
electron density was not very clear and the initial positions were less
accurate. The first group of residues was a loop extended away from
the molecular surface into solvent. Gln 81 and Lys 82 were at the
C-terminus. Unfortunately, refinement did not improve either of
these areas to the quality of the rest of the structure. From Figure
12, it is apparent that most of the large side chain movements are
associated with charged residues on the surface of the molecule. An
exception to this observation is the side chain of Ile 59. The large
change during refinement resulted from a rotation about the bond
between the alpha carbon and beta carbon.

Figure 13 shows the antiparallel sheet structure between Gly 51
and Asn 64, including the polyproline-like stretch around the heme
methionine attachment. Figure 13a was prepared with the initial MIR
electron density and coordinates. The second difference map at

R = 25.8% is plotted in Figure 13b to illustrate the information one



101.

can obtain from such a map. In this map, Ile 59 had not yet been
rotated about its alpha-carbon/beta-carbon bond as described above.
Figure 13c illustrates the final difference map at R = 16.2%, and 13d
the final ZFobs-Fcalc electron density map.

Several sections of the css, structure approximately perpendicular
to the N-terminal alpha helix are shown in the stereo Figure 14. The
residues included in this figure are Val 5, Leu 6, Phe 7, and Lys 8.
The improvement in the electron density in going from the MIR map
(14a) through difference maps (14b,c) to the final ZFobs-Pcalc electron
density map (14d) is clear. In some cases, the refined coordinates
fit the MIR electron density even better than did the measured MIR
coordinates themselves. This is seen in the fit of the alpha and beta
carbons of Phe 7 in Figure 14a. Val 5, Leu 6, and Phe 7 were residues

that were defined well in the MIR map. Lys 8 is an example of an

external ionized residue with less well-defined electron density.

Temperature Factors, Coordinate Errors, and Constraints

Difference map refinement has the advantage of being able to
determine individual isotropic temperature factors very accurately.
In the early refinement stages of cytochrome css;, it was apparent
that much of the difference map density was a result of errors intro-
duced by using an overall temperature factor. As an example, many
external side chains were located in strong negative density with no

positive density within the vicinity. Allowing temperature factors
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to refine significantly improved the quality of the difference map and
permitted errors in coordinates to be seen more easily. In contrast
to the results observed for the refinement of bovine beta-trypsin (44)
and bovine trypsin and bovine trypsin inhibitor (45), it was found that
the temperature factors could be obtained accurately and were a signif-
icant parameter in the description of the css; structure. A small
percentage of the refined temperature factors were significantly
different from the values of temperature factors for adjacent atoms.
This may have resulted from the influence of atoms in close proximity
at this resolution. However, the general temperature factor distribu-
tion was very consistent and physically meaningful.

Compared to small molecule crystal structures, the average
temperature factor of 17 &2 for the refined Cssy structure was quite
large. This is a general result seen in many protein crystal struc-
tures. Large temperature factors may be a result of thermal motion
or crystal disorder, with the latter effect probably being more
significant (46). The high percentage of solvent in the unit cell
contributes to this effect.

Refinement of individual isotropic temperature factors was begun
after minimap I in Figure 5. The effect of refinement on the average
temperature factor for each residue is seen in Figure 15. The
average temperature factor is given for each residue in minimaps II,
I1I, IV, V, and in the final structure. The average temperature factor
for the entire structure at each of these points is given in Table V.

Main chain atoms and neutral side chains, which were usually located
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TABLE V

Average Temperature Factors at Different Stages of Refinement

Minimap Main Chain Atoms Side Chain Atoms A1l Atoms
11 13.3 19.5 16.5
I1I 14.1 20.9 17.6
IV 13.8 19.9 17.0
Vv 12.9 20.2 16.8

Final Structure 13.2 19.7 16.6
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in the interior, had consistently lower temperature factors than
ionized side chains that were located on the molecular surface and
exposed to solvent. It is apparent from Figure 15 that the average
main chain temperature factors (a) were lower than those for the side
chains, (b) generally were more uniform from one residue to another,
and (c) did not change as much during refinement. These observations
are all consistent with their well-defined electron density. Excep-
tions included main chain atoms in residues Ala 35, Gly 36, Gln 37,
and Lys 82. As discussed above, the first three residues were exposed
to solvents and Lys 82 was the terminal residue. The higher tempera-
ture factors for these residues indicated disorder. In addition to
main chain atoms, heme, aromatic, hydrophobic, polar, and even some
charged residues in Figure 15 refined to low temperature factors. For
these residues, the electron density was well defined and the accuracy
of the coordinates was high.

The ionized surface side chains behaved less well, with a few
exceptions. Residues with average refined temperature factors greater
than 30 A? included Glu 4, Lys 8, Asp 19, Thr 20, Lys 28, Glu 41,
Glu 43, Arg 47, Asp 69, Gln 72, Lys 76, and Lys 82. For many of these
residues, only the terminal atoms were ill defined. However, all side
chain atoms had large temperature factors and undefined electron
densities in the case of Lys 82. Exceptions to this rule included
the exterior residues Lys 10 and Glu 70. Although charged and on the

molecular surface, these residues have lower temperature factors and
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well-defined electron densities. Their ordered structure was a result
of hydrogen and ionic bond stabilization.

In addition to temperature factors indicating thermal motion,
statistical disorder, and the quality of the electron density map in
the final structure, changes in temperature factors during refinement
can be correlated with the accuracy of the changes in coordinates.
Residues where coordinate fit to the electron density is significantly
improved during refinement should show a relative decrease in the
associated temperature factor. Alternately, a residue moved into an
incorrect position as a result of either an error or misinterpreta-
tion of the difference map will have an increased temperature factor.
A residue which had properly converged might show a small increase in
temperature factor while other residues are refined to lower tempera-
ture factors and the overall temperature factor is maintained constant.

Temperature factors for aromatic residues illustrate some
important points. These were residues that were well defined in the
MIR electron density map. They did not need large manual shifts, and
the automated shifts during refinement were small (for example, see
Figure 12). In Figure 15, Phe 7, Phe 34, and Trp 56 all show small
decreases in their average temperature factors during refinement.

This is the expected behavior for residues whose positions improve only
slightly because of an initially good fit. Tyr 27 and Trp 77 started
out with relatively high temperature factors for this type of residue,
but decreased nicely during refinement. There are many other examples

of this type of improvement for residues in Cssi.
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Some residues showed large decreases in temperature factors
because of large coordinate shifts during refinement. Val 23 is the
most striking example. Figure 16 shows the initial MIR map (16a),
the first difference map (16b), the final difference map (16¢c), and
the final ZFobs_Fcalc map (16d). The improvement in difference maps
and coordinate fit coincided with the marked decrease in the tempera-
ture factors from 28 A% to just over 10 R2 in Figure 15b. A very
similar improvement is also seen for Ile 59 in Figure 13. Rotation

about the Ca-C bond improved the difference map and lowered the

B
temperature factors significantly.

Residue Leu 44 provides a particularly nice example of the impor-
tance of temperature factors in particular and the ability to detect
errors from difference map refinement in general. During the measure-
ment of coordinates from the wire model, a paper tape punching error
occurred. The coordinate conversion program, which converts the
voltage output from a coordinate measuring device to atomic coordi-
nates, converted the wire model Leu 44 to a Val 44. This error went
undetected through initial refinement cycles. As the R-factor dropped
into the 20's, visual inspection of the minimaps revealed something
was in error. Adjustments were attempted by rotations about the
alpha-carbon to beta-carbon bond and extension of the Val 44 gamma-
carbons into the positive density just beyond their reach. Neither
of these corrections resulted in the removal of the positive density.

As refinement approached an R-factor of 20%, the temperature factor

for the y2-carbon atom increased to 40&2, while the g-carbon and
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y1-carbon atoms had temperature factors of 14 A% and 16 &2, respec-

tively. These atoms were fitted into the Leu 44 density but resulted
in the y2-carbon being placed outside the electron density. Figure 17
shows a difference map (17a) and a ZFobs—Pcalc map (17b) with the new
Leu 44 coordinates positioned into the maps calculated from the incor-
rect Val 44 atoms. Figure 17c and 17d shows the coordinates with the
new maps. For this well-ordered residue, the difference map density

in Figure 17a clearly indicates this residue should be extended to the
indicated position. The beta-carbon and yl-carbon atoms managed to

fit the Leu density, but this resulted in the Y2 carbon being placed
in an incorrect position with an isotropic temperature factor of 40 A2,

In summary, the isotropic temperature factors obtained from
difference Fourier refinement are important parameters in describing
the protein structure. They are related to the quality of the elec-
tron density map at the atomic sites and are therefore a good measure
of the confidence one can place in the associated coordinates.

Special caution,should be exercised in using coordinates of atoms with
particularly high temperature factors.

In addition to assessing the reliability of the coordinates from
1sotropic temperature factors, estimates of the errors in the coor-
dinates were calculated using the procedure of Cruickshank (27)
described under Methods. The estimated accuracies of the coordinates,
assuming random errors, are listed in Table VI for each type of atom
and each temperature factor group. The values ranged from 0.02 iy

through 0.47 A. As noted before, the accuracy placed on coordinates
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is very dependent on the temperature factor. Carbon atoms with
temperature factors from 30 A2 to 40 A2 had estimated errors from
0.36 R to 0.47 X. The values in Table VI in general, and

the high temperature factor errors in particular, may be under-
estimated. Although the assumption concerning the estimated errors
in the structure factors (27) was an overestimate, only the observed
reflections (Fobs>20) were included in the calculation. This and the
systematic errors probably led to an underestimate of coordinate
errors. Calculation of estimated errors in the electron density

(27) resulted in a value of 0.081 e/R3.

The final refined cys, structure was constrained to have an
average bond distance deviation of 0.042 R from standard values. The
average deviations from idealized bond angles and torsion angles were
2.5° and 4.6°, respectively. Figure 18a,b shows the distribution of
bond 1engthjdeviations from idealized values for specific bonds. The
main chain N—Cu distribution in Figure 18a has an average deviation of
0.039 & and a root mean square deviation of 0.051 A. The distribution
of deviations for all main chain bond lengths in Figure 18b has
average and root mean square values of 0.038 & and 0.050 A. Figure

18c shows similar deviations for all Ca—C —CY bond angles, and have

B
average and root mean square deviations of 2.8° and 3.7°. Main chain
torsion angle distributions are presented in Figure 18d with larger
values of 6.3° and 8.0° for average and root mean square deviations.

Allowing the bonding parameters to be fairly flexible permitted

the structure to obtain a good fit to the electron density. At certain
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stages during refinement, it was advantageous to not constrain the
structure at all between shifting cycles. A limited number of these
cycles without constraints resulted in a significantly improved fit
when the constraints were eventually applied. For the final con-
straints pass, the number of constraining cycles and the weights
were chosen to result in a structure slightly more constrained than
usual. Based on high resolution crystal structures of small molecules
and peptides, the average bond distance deviation of 0.042 R is
probably only slightly larger than one would expect from the true
structure. The bond angles and torsion angles are very well con-
strained. The standard deviations of the coordinates and the local
quality of the electron density should always be taken into account

when attaching significance to calculated distances and angles (27).

Hydrogen Bonding

Intermolecular main chain to main chain hydrogen bonding in the
refined structure was examined by calculating all nitrogen to nitrogen,
nitrogen to oxygen, and oxygen to oxygen distances up to 3.6 &, 6%
Clusive of those within the same residue or to adjacent residues.
Within this 1ist of 129 contacts, there were only four oxygen to
OXygen contacts and no nitrogen to nitrogen contacts. For those 125
Contacts, hydrogen bonding parameters were calculated. The parameters
included the O - N distance, the hydrogen bond angle O - H - N, the

acceptor angle C - O - N, and the donor angle C - N - 0. The
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hydrogen coordinates were calculated from the C, N, and Ca coordinates
and standard bonding geometry (47). These data were examined for a
correlation between reasonable hydrogen bonds in the protein structure
and the calculated parameters. Reasonable hydrogeh bonds had at

least one calculated angle greater than 130°. In fact, there were
only three exceptions to this correlation, and these involve residues
where the hydrogen bond determination was borderline. A summary of
the acceptable hydrogen bonds and the rejected ones is given in

Tables VII and VIII. Hydrogen bonds that were separated by large
distances in terms of sequence but which were important in terms of
the protein conformation are noted. The statistics for hydrogen
bonding, based on the 3.6 R maximm distance and an angle greater

than 130°, resulted in an average bond length of 2.98 & and the bond
angles shown in Table IX. The donor and acceptor angle averages are
comparable to the values 123° and 140° found in methemoglobin (48).
Hydrogen bonds between side chains and from side chains to the main
chain are listed in Table X for distances up to 3.6 K. The average
length for these bonds was 3.09 E, with a minimm of 2.67 A and a

maximum of 3.48 R.

Heme Structure

The css1 MIR heme electron density is displayed in Figure 19 for the
Planes parallel and perpendicular to the heme. Refinement was started

with these coordinates. Figure 12b indicates that the average shift
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TABLE VII. Intramolecular Main Chain Hydrogen Bonds

ogen Bond )

o eHgt%I;g Donor elA e% 6:;1 Distance ()

o 20 L 6N 149.5 117.5 160.5 2.78
v 50 N 9N 166.6 125.2 172.1 2.95
L 60 K 10N 149.,6 127.7 176.1 2.80
£ 10 C 12N 158.7 119.8 109.1 3,32
£ 710 vV 13N 14S.4 114.6 143.3 3,23
K 80 G 11N 108.9 138.7 151.5 3.18
G 11C 2 14N 116.3 133,1 170.8 2.99
C 120 C 15N 127.8 128.,8 172.7 2.95
C 120 H 16N 162.6 113,1 122.7 3.02
g 15C G 24N 156.4 121.3 170.8 2.78°*%
A 1790 Y 27N 145.9 1C7.6 152.7 3.02%
1 180 K 28N 149.5 132.1 168.6 2.817%
G 240 ¥ 22N 162.8 122.5 158.2 3.,31°%
A 260 V 30N 16C.4 119.,3 156.1 3.07
Y 270 A 31N 165.9 122.5 171.2 2.80
K 280 A 32N 150.5 125.0 15640 2.96
D 290 K 33N 144.9 121.0 166.6 3.09
vV 30C F 34N 165.3 118.5 162.6 2.S5
A 310 A 35N 144e1 12242 12243 2.92
A 320 A 35N 1083 143.8 130.6 3.42
F 340 Q 37N 145.4 123,3 173.5 2.92
Q 370 A 40N 135.8 130,3 158.0 3,31
G 39C E 43N 154.7 122.0 151.8 3,18
A 400 L 44N 157.7 127.5 169.4 2.59
£ 410 A 45N 1577 127.4 166.2 2.84
A 420 Q 46N 142.3 117.9 154.1 3,18
£ 430 R 47N 153.3 11644 148.4 3,26
L 440 1 48N 164.2 124.1 167.6 2.61
A 450 K 49N 157.2 114.5 157.7 3.11
Q 460 N SON 1604 121,7 169.0 2.79
R 470 G S1IN 134.7 142.6 140.2 2.88
K 490 N 64N 124.6 108.4 148.9 3,17 %
0 610 S 52N 143,0 1C07+9 15447 2,92 *
S 520 0 61N 163,0 113.6 142.1 2.65 *
G 570 G 54N 174.6 154.4 138.8 3,10
N 640 vV 66N 7844 92.9 134.7 3,09
S 670 A TIN 176.8 119.8 170.8 2.91
D 680 Q 72N 148.5 121.3 160.3 3,21
D 69C ¥ 73N 146.6 123.0 163.7 3,19
E 700 L 74N 159.1 119.9 154.2 2,85
A 710 A T5N 154.6 126.2 163.7 2.73
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Q 720 K 76N 148.5 118.6 155.9 3.01
L 74C vV T8N 166.1 119.3 170.9 2.90
A 75C L 79N 16l.4 123.8 169.2 13,03
K 760 S BON 143,3 104.4 109.6 3,23
w 770 S B8ON 110.0 136.2 156.7 2.88
v 780 ¢ BIN 128.0 129.4 173.9 2.9%
1

Acceptor angle C-O-N.
Donor angle C-N-O.
Hydrogen bond angle O-H-N.

Hydrogen bonds which are separated by 1argé distances in the

sequence.
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TABLE VIII. Rejected Intramolecular Main Chain Hydrogen Bonds

drogen Bond

Acczgtorg Donor G;A GZD 93H Distance (R)
i

p 20 V 5N 109.1 129.5 129.6 2.958
p 30 vV 5N 71.4 60.1 72.1 3.34
v 50 F 7N 76.1 55.6 6G.6 3,3¢
v 50 K 8N 115.0 125.1 127.5 3,26
Lt 6C N 9N 102.1 ST.4 S1.5 3,31
K 80 K 10N 1146 57.6 T1l.3 3,47
N 9C G 11N 73.0 78.7 100.7 3.24
K 10C C 12N 73.8 76.3 102.3 3.47
G 110 V 13N T70.6 62. 6 72.3 3,16
¢ 120 A 14N T17.6 78.6 2.0 2.90
v 13C C 15N 15.6 67.1 89,2 3,18
C 150 vV 23N 11745 126.2 1277 3,14
A 170 C 19N 78.0 ~54.0 72.3 3.5¢
1 180 Y 27N 102.9 111.5 106.8 3.46
P 250 Y 27N 100.4 49,0 67.1 3.5¢
A 260 K 28N 78.7 60.6 T70.6 3.42
A 260 C 29N 116.3 122.7 117.9 3.30
Y 270 D 29N T17.4 59.5 68.4 3,25
Y 270 V 30N 18,2 117.0 109.9 3.0S
K 28C V 30N 107 57.5 71,8 3.49
K 28C A 31N 101.7 109.1 98.9 3.54
D 2¢0 A 31N 6.9 46 .4 62.3 3.56
D 29C A 32N S3.4 115.4 107.9 3,39
v 30C A 32N T4.2 57.9 6%9.1 3.24
vV 300 K 33N 110.3 116.1 111.0 3,21
A 310 K 33N 71.1 56.3 6T.1 3.4¢
A 310 F 34N 66,6 104.0 109.4 3.41
A 32C F 34N 7G.8 48.9 Tle4 3,52
K 33C A 35N 68.1 85.9 88.8 3,06
F 340 G 36N $5.2 68.6 63.8 3,24
G 360 A 38N 92,0 64.9 862 3.59
Q 370 G 39N 103.9 56.8 72.9 3,33
A 380 A 40N 71.6 75.0 S8.5 3,38
G 39p E 41N 1S. 4 59,5 75,6 3,47
G 39r A 42N 116.8 119,1 114.1 3.54%
A 400 A 42N 72.3 56.5 65.8 3,3¢
A 40C E 43N 101,0 118.8 1ll.¢6 3,07
E 410 E 43N 713.8 59,7 T72.2 3.33
E 410 L 44N 104.9 110.8 102.9 3.35



42C
430
430
440
440
450
450
460
460
470
530
54C
570
620
67C
670
68C
68C
690
700
700
710
710
720
720
730
74C
740
750
750
760
770
780
79¢C
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ODWnNrFErCLTE XXDPP M A~ADODPMMO XXXt D ODODOO >

45N
45N
46N
46N
47N
47N
48N
4 8N
49N
49N
55N
56N
59N
64N
69N
TON
70N
71N
72N
72N
3N
73N
Ta4N
T4N
15N
T6N
T6N
TTN
TIN
T8N
79N
TIN
80N
BIN

93.4
71 .7
1C6.5
75.1
111.1
74.6
101.6
70.2
1€7.0
76.0
77.9
74.8
67.8
103.7
g8lel
116.5
70.0
93.2
100.7
73.4
106.0
70.0
100.5
67.2
S6.8
€B.2
74.7
110.5
78.9
110.1
101.4
71.9
82.5
70.0

1l5.

114.9
55.6
117. 4
57.7
123.4
€3.5
119.6
57.0
114.2
54.4
79. 3
51.6
70.1
52.6
54.4
114.5
56.5
112.1
120.4
57.7
112.3
51.0
117.3
58.6
116.3
116.4
55.6
118.7
60.3
110.9
119.0
56.1
13.5
13.2

106.2
6G.1
117.5
67.7
121.4
T77.9
105.5
66.8
112.9
68.7
110.7
71.0
96.2
64,1
67.0
108.4
65,9
109.4
117.8
6G.5
104.6
6546
114.0
73.8
108.7
116.9
68.6
120.0
74,1
104.2
107.9
68.1
8G.4
92.3

3.51
3.36
3.25
3.27
3.01
3:37
3.24
3.43
3.40
3.4¢€
.44
3.60
3.5¢
3.56
3.09
3.03
3.40
3.49
3445
3.28
3.13
3.43
3.22
3.43
3.37
3.#8
3.38
3.19
3.27
3.34
3.44
3.38
2.85
3.16

Acceptor angle

2
Donor angle C-N-O.

C-0-N.

3
Hydrogen bond angle O-H-N.



Intramolecular Main Chain Hydrogen Bonding Statistics

pistance (&)
Hydrogen Bond Angle
Acceptor Angle

Donor Angle

116.

TABLE IX

Root Mean
Average Square
2.98 3.00
155.6° 156.5°
147.7° 148.6°
122.8° 122.2°

Minimum

2.59
109.1°
78.4°

92.9°

Maximum

3.42
176.1°
166.6°
154.4°
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TABLE X. Intramolecular Side Chain Hydrogen Bonds

Hydrogen Bonds Distance (})

D 20D2 E 4N 267
D 20D2 V 5N 2,39
K 10NZ A 650 2,05
K 10NZ E T700El 2.42
H 16ND1 P 250 ZeE5
K 33N2 vV 550 2,20
E 410E2 Q 72NEZ2 2.80
Q 46CE1 N 50ND2 3024
I 48C N 64ND2 2.75
K 49NZ V 660 2.74
Q@ 530El P 580 3,27
S 67N € TO00E1L 2.88
S 670G D 690Dl 3.48
S 67CG E TON 2+23
S 670G E 700El 3.15
D 6SC T 73061 217
W T7NEL Q B810E1 2,31
W 77C S 8006 2.56
W Q

770 810E1 2.16
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in coordinates during refinement was comparatively small (1/2 R).

The relatively low average temperature factor of approximately 10 Az
was roughly constant during refinement and indicated that the heme
density was well defined.

The difference map electron density around the heme was at the
noise level and except for one clear feature showed no systematic
distribution. With the heme iron atom constrained to lie within the
heme plane, the difference map at the iron position had large adjacent
peaks of positive and negative electron density. This unambiguous
difference map density indicated the iron position was incorrectly
located and should be shifted. It was the largest feature in the
entire map, and was consistently present in the same position in all
maps with a planar iron atom. The direction of the indicated shift
was toward the histidine side of the heme.

To illustrate the heme structure, difference and ZPobs_Fcalc
electron density maps are displayed in Figures 20 through 22 at
various points in the refinement. Up to minimap IV, the iron
position was constrained to lie within the heme plane. The difference
in R-factor between an in-plane and an unconstrained iron was 0.6%.
Figures 20a and 20b present typical difference maps, calculated from
an R = 19.5% structure factor set. The iron position was constrained
at the heme center. These maps clearly indicated the iron should be
shifted. The indicated direction of movement was perpendicular to

the heme plane toward His 16 and parallel to the plane toward the

heme nitrogen 2. This observation was not an artifact due to biased
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phases since the iron position had been constrained to be at the heme
center up until this point. The shift information, whether real or
not, is in thie Fobs or some aspect of the model other than bias from
a previously uncentered iron position. The electron density calcu-
1ated on the same planes, but for the ZFobs_Fcalc electron density
maps are also shown in Figures 20c and 20d.

At this stage, it was thought that the difference electron
density map was good enough to permit an atom as heavy as an iron to
refine without constraints. All bond distance, bond angle, and tor-
sion angle constrains were removed from the iron atom. This resulted
in the very clean difference map shown in Figures 2la and 21b at an
R-factor of 16.2%. The iron position was approximately 0.23 & from
the heme center, with the out-of-plane component being 0.14 & toward
the histidine. The in-plane shift was entirely along the 2N to 4N
direction. This resulted in the iron to 2N bond distance being
0.18 & short of the normal value. It appears from the ZFobs~Fcalc
maps in Figures 21c and 21d that the peak electron density is at the
heme center and the iron is being shifted off center due to an asym-
metrical distribution of electron density. That is, the electron
density weighted center appears to be difference from the peak posi-
tion. However, this is not the case, since a three-dimensional map
does not have the peak located at the heme center.

A final constraints cycle was run on these coordinates with the

iron to heme nitrogen bond distance included in the constraints.

This eliminated the in-plane component of the iron displacement, as
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seen in Figure 22. The iron to heme nitrogen distances became 1.98 ﬁ,
1.98 K, 2.00 K, and 2.05 R for the nitrogens 1 to 4. The R-factor
increased from 16.2% to 16.6%. As expected, this constraining
movement resulted in a recurrence of the difference map density.

since only the in-plane iron shift component had been constrained,

the difference map gradient was entirely in the heme plane.

As mentioned above, the ZFob _Fcalc heme plane sections indicated

s
the electron density peaks were at the heme center. For example, in
Figures 21c and 21d, it appears that the ZPobs'Pcalc peak and iron
positions are significantly different. The electron density peak
appears to be very close to the heme center. However, a three-
dimensional ZPObS_Fcalc map has the iron electron density only 0.03 )
away from the unconstrained iron position. The ZFobs-Fcalc peak and
coordinates obtained from the difference map are essentially identical.
After refinement to an R-factor of 17.3%, the possibility of a
nonplanar heme was examined. This possibility was more likely in view
of the surprising result described above for the heme iron position.
Refined high-spin protein prophyrins, with an out-of-plane iron atom,
have been found to have nonplanar hemes (49,50). Prophyrins in
general are quite flexible and are influenced by their surrounding
environment (51).
At a 17.3% R-factor, all heme constraints were removed except
for bond distances. The R-factor refined down to 15.8%, with the

Protein being constrained as usual. Figure 23a shows a difference

map after refinement under these conditions. The heme is also shown
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in Figure 23b after application of bond angle and torsion angle
constraints and at an R-factor of 16%. This heme had much more
realistic geometry, but the difference map contained more noise.
After studying Figure 23 and previously calculated unconstrained heme
difference maps, it was concluded that at 2.0 & resolution non-
planarity of the size suggested by the difference maps could not be
determined accurately. Although there might be some puckering of
the heme, refinement at higher resolution with a larger ratio of
observations to parameters would be necessary to prove any heme non-
planarity. From this point on, constraints were again applied to
planarize the heme atoms, with the exception of the iron atom which
continued to remain unconstrained.

The final ZPobs_Fcalc electron density map and coordinates for
the heme at an R-Factor of 16.2% are shown in Figure 24. The electron
density at the iron center was 6.7 e/&3. Some bond distances for this

structure and the structure with constrained heme nitrogen to iron

bond distance are given in Table XI.
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TABLE XI. Heme Bond Distances

16.2% Coordinates 16.6% Coordinates*

Fe  Center Fe  Center
1N 1.97 2.401 1.98 2.02
2 N 1.82 1.99 1.98 2.03
3N 2:01 1.95 2.00 1.83
4 N 2,17 1.99 Z.05 1.97
NE2 (His 16) 1.90 205 1.90 Z.11
SD (Met 61) 2+39 225 2.40 Z.19

The angle between the histidine plane normal vector projected onto
the heme plane, and the vector bisecting the 1 N and 2 N bonds 1is
89.8°. The heme center to e-nitrogen atom of His 16 is 3.7° from

the heme normal vector.
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Solvent Structure

Protein-solvent interactions are recognized as being important in
the structure and biological function of protein and enzymes. The
solvent is usually classified into bulk solvent and bound solvent,
with the distinction between the two being inexact and very dependent
on the method employed in the determination. The x-ray crystallo-
graphic method is capable of locating ordered solvent, which may be
in either classification but is usually bound very closely to the
protein. This ordered solvent may be only a fraction of the bound
solvent found by other methods. However, it contains detailed posi-
tional, occupancy, and thermal information that is not generally
obtainable by other methods.

Improved phases from the refinement of a protein crystal struc-
ture have the distinct advantage of being able to obtain solvent
structure information with an accuracy unobtainable from the unrefined
MIR crystal structure. Some solvent could be located in the MIR map
of cytochrome css;. However, many of the possible solvent electron
density peaks in the MIR map were eliminated during the refinement
and must have been a result of phase errors. Additional solvents were
added during refinement that were not in the MIR-phased map.

The solvent was included fairly conservatively during the refine-
ment of cytochrome css; in order to obtain only genuine solvent and
not solvent which was simply fit to errors in the difference electron

density map. Each time a solvent was considered for inclusion into
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the structure, it was evaluated by the following criteria: (a) the
difference map electron density magnitude, (b) the shape of the peak,
and (c) its locatlon relative to the protein in order to prevent
insertion of solvent into positive density that is really density
arising from protein coordinate errors. The types of protein atoms
within the vicinity of the solvent were not taken into account.

After refinement, this can be used to evaluate the probability that
the refined solvent is genuine and evaluate the overall ability to
recognize solvent in difference maps at this resolution and stage of
refinement. Even with the above precautions, approximately half of
the total solvent included during the refinement was eventually dis-
carded. At the time this incorrect solvent was included, it satisfied
the above criteria, but further refinement found it unsuitable be-
cause of exqrbitant temperature factors and negative difference map
electron density at the solvent site. A final set of 42 solvents

have been included, all with full oxygen scattering factors and
refined temperature factors which can be used to approximate occupancy
and order.

Forty-two solvent molecules represents 0.09 gm of solvent per gm
of unsolvated protein and is only an extremely rough estimate. It
was calculated assuming all ordered solvents were HoO with an
Occupancy of 1.0. This relatively low hydration value, compared to
Values measured by other methods for other globular proteins (52,53)
Probably represents only a part of the hydration. In general, hydra-

tion from x-ray crystallographic studies is lower than those obtained



125

from,hydrodynamic, NMR, isopiestic, or calorimetric methods (53). The
rest of the solvent may not be seen due to the lack of resolution,
errors in intensities or phases, or because solvation typically
measured by other methods includes disordered solvent.

The refined solvent in the Css; Crystal structure is listed in
Table XII, along with the protein atoms within the specified ranges.
All solvent protein distances of less than 3.0 A are compiled in
Colum 1. It 1s interesting to note that all protein atoms within
this list are polar in character and capable of hydrogen bonding,
with only one exception. One half of the 42 solvents are within 3.0 A
of these polar protein atoms. Table XII also summarizes the hydrogen-
bondable protein atoms within a range of 3.0 to 3.5 & of the solvent.
In addition to these atoms, there are also some hydrophobic protein
atoms not listed. Thirty-four out of forty-two solvents are included
in these two classifications and are within 3.5 R of the protein.

The remainder of the solvent, with protein contacts up to 5.0 R, is
listed in Table XII.

A stereo view of the location of the solvent is shown in Figure
24a and 24b. Most of the ordered solvent was found to be within 3.5 A
of the protein and near hydrophilic protein atoms. A majority of that
solvent was on the molecular surface, with protein main chain carbonyl
OXygens and amide nitrogens being very important binding sites. Addi-
tional external sites were near charged and polar amino acid side

Chains. Binding of solvent here did not seem as prevalent, and this
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may reflect the fact that a good fraction of these side chains in

css; were disordered to some extent, as discussed previously.

] There were several internal solvents that are possibly important
to the Cssi structure or function. One interesting example, solvent 3,
was tetra-coordinated to two amide nitrogens and two carbonyl oxygens
of the backbone loop from His 16 to Pro 25. All distances were

within 3.0 A. Solvent 2, another internal solvent, was hydrogen
bonded between the extended loop containing residues Gly 57 through

Ile 59 and the exposed propionic acid.

Solvents located near the heme and heme crevice had been found.
These included solvents 11, 13, 20, 23, 25, 28, and 41. Solvents 11
and 23 were of particular interest. Solvent 11 was hydrogen bonded
between the main chain nitrogen of Ala 65, the main chain carbonyl
oxygen of Lys 10, and the delta oxygen of Asn 64. Its electron
density was well defined and may play an important role in stabilizing
both the polypeptide backbone and Asn 64 side chain conformations.
Solvent 23 was deeply imbedded within the heme crevice and hydrogen
bonded to the carbonyl oxygen of Pro 62 and the delta oxygen of Asn 64.
This solvent was also quite well defined in the more refined difference
maps and the final electron density map. Its existence may be
important in terms of the mechanism of electron transfer to and from
Cytochrome c. This region of cytochrome ¢ has been implicated by a
variety of experimental evidence as a possible location for electron
transfer. Not only is the very edge of the heme exposed in cssi, but

1t is apparent now that solvent actually extends inside the molecular
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surface to a position adjacent to the heme. If this solvent is
10Cated at the actual site of electron transfer to the css; heme,
then this is only another example of solvent participation at the

active site of biological reactions (54).
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DISCUSSION

Sequence Homology

Prior to the low resolution crystal structure determination of
cytochrome Css;, the evolutionary relationship between this protein
and eukaryotic cytochrome ¢ was unclear. Although css; was known to
have the c-type cytochrome heme attachment Cys-x-y-Cys-His and a Met
near the C-terminal end, the number (82 compared to 102) and sequence
of amino acids were so different from eukaryotic cytochrome c that
homology alignments were difficult. Along with the overall differ-
ences observed in the css, sequence, there were specific changes in
the sequence that made alignments speculative because they resulted
in changes to residues thought to be invariant from all other c-type
cytochromes.

From the low resolution structure (35), it was found that css,
was clearly related to eukaryotic cytochrome c¢ despite the numerous
sequence differences. The main chain fold was identical with the
exceptions of one major deletion and some minor deletions and in-
sertions. The approximate sequence alignment with c was determined
from the few known side chain positions and other approximate side
chain positions obtained from an analysis of the distances along the
main chain from known reference points. The solution of the structure
at high resolution has now determined the accurate sequence homologies

with regard to side chain positions. The homology can be seen in
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terms of the distances between the alpha carbons for css, and tuna
CIII in Figure 26. The distances were calculated after minimizing the
;;viations between 44 structurally similar alpha carbons. From this
figure, it is apparent that the css5, backbone structure is most
similar to eukaryotic cytochromes c in the regions of the N-terminal
alpha helix, the heme attachment residues, the stretches of chain
next to the heme (residues 21-30 and 40-51), and the C-terminal alpha
helix. The sequence alignment 1s shown in Table XIII, along with
several predicted alignments. This css; comparison to the 103
residues in tuna cytochrome c shows that there were only sixteen
homology sites where the residue remained unchanged. The predictions
of Needleman and Blair (55) were the farthest from being correct,
with only 32 and 29 correct residue alignments out of 82. Dickerson
(56) with 58 and McLachlan (57) with 74 and 69 matches were closer
to being correct. However, none of the predictions correctly placed
the major nineteen-residue deletion in the bottom of the molecule.
The key to the Needleman and Blair alignment was the equivalence
of Trp 59(H)* and Trp 56(P), based on the assumed invariance of a
hydrogen-bonded tryptophan to the buried heme propionic acid.
Although they are both hydrogen bonded as assumed, the Trp comes from

an entirely different structural position in the molecule. The

b
The letter in parentheses is used to denote the species of cyto-

chrome. H = horse, T = tuna, P = Pseudomonas.
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alignment of Trp 56(P) and Trp 59(H) in linear sequence was incorrect,
although they were functionally and structurally (in three dimensions)
homologous .

Dickerson correctly recognized that the sequence homology of
w56 (P) and W59 (T) was in error and that W56(P) was part of an inserted
loop of Css1 which had no sequence homology to eukaryotic c. This
sequence prediction used as a basis the crystal structures of cyto-
chromes ¢ and c;-and the equivalence of Tyr 48(T) and Tyr 27(P).
Although it was a much better fit than the Needleman and Blair align-
ment, its significant fault was at the start of the major deletion at
the bottom of the molecule. Because of the assumed equivalence of
Tyr 48(T) and Tyr 27(P), the deletion was started at Asn 31 (the
molecular "'front'") instead of Gly 41 (the 'back' of the molecule).

Tyr 48(T) and Tyr 27(P) are unrelated and a residue equivalent to
Tyr 48(T) is not present in Cssi.

McLachlan's procedure was based on substitution compatabilities
of amino acids observed in proteins with known homology. A computer
search compared all pairs of segments in the two proteins to be
tested and calculated statistics which indicated the probabilities
that the observed correlation could have occurred by chance. This
method proved to be the most accurate and did not rely on any tertiary
Structural information for the unknown protein.

It was also of interest to note that the number of exact corre-
lations between a given sequence and the predicted homology were not

a good measure of the alignment accuracy. From Table XIII, there
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there were sixteen exact matches of the real Css; alignment to the
funa cytochrome c. The Needleman and Blair predictions, although

the least accurate, had the greatest number of exact sequence matches
with 24 and 25. This is more than were found experimentally. The
Dickerson prediction had 21 matches, and the most accurate predictions
of McLachlan had only eighteen and nineteen matches. It was apparent
that this criterion was not suitable for assessing the reliability
that should be placed in a prediction. It was also apparent from
these results that an alignment based on an assumed single residue
functional homology is likely to be incorrect and should be used only
with extreme caution. If this particular case can be extrapolated

to predictions of homologies of other proteins, it seems the best
criterion to use is the overall fit of similar residues. The dif-
ficulty is to know which residues are similar. The calculations of
McLachlan from substitutions seen in known homologous proteins appear
to be moderately successful.

Despite finding the overall folding of cytochrome Css; to be
very similar to other c-type cytochromes, differences in sequence
were found at positions previously thought to be invariant. A com-
parison of cssi; with other cytochromes, especially in terms of
invariant residues and the heme environment, has already been dis-
Cussed (58; Appendix II). However, a few additional points will be
mentioned here.

Prior to the structure determination of bacterial cytochromes, a

great many eukaryotic cytochrome c invariant residues were known to
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exist. Dickerson and Timkovich (59) summarized the sequences of 67
eukaryotic cytochromes ¢ and found only the 28 totally conserved
residues in Table XIV. With the crystal structures of cytochromes c,
and Csso and the sequences of three more c, cytochromes, this 1list of
28 invariant residues was markedly shortened. Based on the 67
eukaryotic c's, four c,'s, and Cssq, Dickerson and Timkovich listed a
new set of twelve totally invariant residues. Cytochrome Css;, being
a large step removed from these ¢, ¢,, and css, cytochromes in terms
of sequence similarities, reduced this number even more dramatically.
0f particular importance was the discovery that Tyr 48(T) and

Phe 82(T) are no longer invariant. In addition, many residues that
were thought to be important structurally or functionally because of
their semi-invariance have been deleted or radically changed in the
Cssy protein, With the newer sequences in Table XV from the summary
of Dickerson (60), the number of invariant residues is further cut

to only a few. Based on previously published sequences and the data
in Table XV, only Cys 17, His 18, and Met 80 are totally conserved.
It may be only a matter of time until this list is shortened further,
although finding substitutions at the axial heme positions does seem
unlikely at this time.

Although the mumber of totally invariant side chains is very
small, there are many important semi-invariant features in cyto-
Chromes. This results from the similarity in the main chain folding
and conservative substitutions of side chains. A critical function

Could be satisfied by one of several residues, with each of these



67 Eukaryotic
Cytochromes

Gly
Gly
Phe
Gln
Cys
His
Gly
Pro
Leu
Gly
Arg
Gly
Tyr
Asn
Trp
Leu
Asn
Pro
Lys
Lys
Pro
Gly
Thr
Lys
Met
Phe
Gly
Arg

1

6

10
16
17
18
29
30
32
34
38
41
48
52
59
68
70
71
72
73
76
77
78
78
80
82
84
gl

TABLE XIV.

+ Cs59 and

140.

Totally Invariant Residues

4 cyp's

Gly

His
Gly
Pro
Leu
Gly

Tyr

Trp

Met
Phe

6

17
18
29
30
32
34

48

59

80
82

+ Cs51

Cys 17
His 18

Gly 29
Pro 30

Met 80

+ Sequences
from Table XV

Cys 17
His 18

Met 80
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residues having a common structural or chemical property. This is
what the success of McLachlan's predictive method is saying. Rather
than specific, exact matches being the important criterion for
successful alignments, high correlations between residues that are
similar but not identical are more important. With this in mind,
some of the common and dissimilar c-type cytochrome structural

features will be discussed.

Heme Environment

The result of the iron atom refining to a position off the heme
plane was quite unexpected and has not been seen in other high reso-
lution unrefined cytochrome c structures (36-39). From the 2.4 ] reso-
lution MIR maps of cytochrome css; (Figure 19), the iron atom appears
centered in the heme electron density. However, it is more difficult
to assess the planarity of the iron atom from MIR maps because of the
inaccuracies in fitting the lighter atoms to the electron density.

The map densities themselves are also less accurate. The refined css)
structure clearly shows the iron position displaced from the

heme center. Nonplanar iron atoms may also be found for other c-type
cytochromes when refinement yields more accurate coordinates and
electron densities.

The refined heme iron position was unexpected, not only because
of the differences compared to other cytochromes c, but because all

low-spin hemes have been predicted to have planar iron atoms (61).
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This prediction has been found to be true for refined high resolution
small molecule structures (62). Also, it has generally been observed
for MIR low-spin iron porphyrins. CN-methemoglobin (63) (2.5 R

resolution, three-derivative structure) and Glycera dibronchiate

hemoglobin (64) (2.5 A resolution, three-derivative structure) have
iron atoms at the heme center. In Erythrocruorin (65) (2.5 R reso-
lution with phases from the MIR met structure), the iron moves

toward the heme plane in going from the met structure (high—spin)‘to
the CO structure (low-spin). However, the shift is not entirely
perpendicular to the heme. A concurrent shift in the position of the
heme is necessary if the iron is to be located at the center. The
only refined low-spin protein structure, other than c.4,, is CO-
myoglobin (66). At an R-factor of 37%, the neutron structure
indicates the iron is out of the plane by approximately 0.1 R.

In conclusion, although css, is a low-spin heme protein (67), its
iron position refined to a position away from the heme center. If
this result is real, it could be a consequence of the special geometry
of the protein ligands, which are not found in small molecules. This,
in combination with the fact that the iron to histidine bond 1is
stronger than the iron to methionine, could explain the results.
Although it cannot be stated umequivocally that the out-of-plane
position is real, the size of density produced from the difference
maps when the iron was constrained to be at the heme center makes this

possibility very likely. The estimated errors for heme atoms in
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Table VI relative to the observed iron shift also indicate this is
likely a real effect.

The alternate explanation is that the shifted iron position is
not real. It could possibly result from a number of errors or mis-
interpretations. Small errors in the observed structure factors
could produce this effect, even though the shift was not seen in the
less sensitive MIR electron density. The apparent shifts could arise
from errors in the lighter heme atom coordinates, but the heme plane
must be well defined as a consequence of the large number of atoms
it contains. Other possible sources of this unusual iron position
include series termination errors and anomalous dispersion effects.

Another important feature of the cytochrome css; heme structure
is its orientation relative to the polypeptide backbone. As indicated
previously (58), the css; heme is rotated approximately 11° to the
left and tilted forward 16° compared to the heme orientation in
cytochromes ¢, C,, and Csso, and with respect to the basic cytochrome
protein conformation. This change in orientation relative to such
features as the alpha helices is undoubtedly a requirement in order to
accommodate the substantial changes in the positions of certain
protein side chains whose interactions with the heme are critical.
The rotation forward and to the left is accompanied by an insertion
of Gly 11 in the sequence of css; relative to the sequences of cyto-
chromes which do not have this rotation. This permits Lys 10 and

the entire N-terminal alpha helix to be in nearly identical positions
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in all cytochromes and at the same time allows Cys 12 in css; to be
extended to the new heme attachment site created by the heme rotation.

Another important feature resulting from the differences in side
chain positions is the location of the buried propionic acid. In
cytochromes ¢, C,, and Csso, this propionic acid is to the right side
of the heme and hydrogen bonded to a tryptophan at the back of the
molecule. In Css; this propionic is hydrogen bonded to Trp 56 at the
bottom of the molecule. This dictates the placement of the buried
propionic acid to be to the left of the heme plane, and on the same
side as the exposed propionic acid.

Hydrogen bonding to the css; heme is present to a lesser extent
than in the other cytochromes which contain the bottom twenty residues.
With respect to the buried propionic acid, tuna c is hydrogen bonded
to Trp 59, Tyr 48, Asn 52, and the amide nitrogen of Gly 41 (36). In
Cssy1, the buried propionic is only hydrogen bonded to Trp 56 and
Arg 47. Even the Arg 47 hydrogen bond is very doubtful. In one of
its possible positions, this side chain can bond to the propionic.

But its electron density is not well defined in either the MIR or
refined map. Its position may also be in either a more solvated
alternate position or completely disordered. If it were hydrogen
bonded, its density would be expected to be well defined. With respect
to the exposed propionic acid, tuna cytochrome c is hydrogen bonded to
Thr 49, Thr 78, and the carbonyl oxygen of Lys 79. In Cssi, this

propionic is hydrogen bonded only to Ser 52 and solvent.
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An additional difference in the structure of cgs; relative to the
other cytochrome structures is the position of the e-methyl from the
heme ligand Met 61. In c, c,, and Csso, this methyl is extended
approximately parallel to the iron-1N bond. (1IN is the nitrogen in
pyrrole ring 1, which is attached to the first Cys heme attachment.)
In css51, this methyl is directed approximately 90° from this direction
toward 4. (Ring 4 is attached to the buried propionic acid.) The
difference between these two conformations is a consequence of a
different set of sulfur lone pair electrons from the axial Met ligand
coordinating to the heme iron. The important question is why this
difference exists in view of the fact that the methionine side chain
approaches the heme iron in a similar conformation. The answer is
that tyrosine 67 in tuna, or the equivalent residues in C, and Csso,
prevents the e-methyl from assuming the css; conformation for steric
reasons. The hydroxyl group of this tyrosine is directed toward the
expected position of the lone pair on the delta sulfur of the
methionine. This would not allow enough room for the methyl to be
placed there. In contrast, Css; has no such residue in this position
and either conformation is as likely from this particular steric point
of view. The fact that it does adopt its observed conformation must
be a consequence of a more subtle energetic requirement. Despite this
positional change, the €-methyl proton NMR absorptions are very
similar. For the oxidized proteins, the resonances are -24.2 for c
(68), ~15,2 for c; (69), and -15.7 for ¢ss: (70}, in parts per million

downfield from 2,2,dimethyl-2-silapentane-5-sulfonate (DSS). In the
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reduced proteins, the values are -3.3, -2.9, and -2.9, respectively.
It is apparent that despite the major difference between the e-methyl
of css; and that of ¢ and c,, Css; and c, are more alike magnetically,

and ¢ is significantly different.

Side Chain Structural Homology

The relationship between Trp 59 in tuna cytochrome c and Trp 56
in Cgs; 1s very interesting. Tuma Trp 59 was deleted in Css; along
with the molecule's bottom loop. The 70's loop in tuna c was extended
in cgs5, to partially replace this loop and provide a new Trp (56) for
hydrogen bonding to the buried heme propionic. This loop is also
extended in c, and c44,, but it is not used for hydrogen bonding to
the propionic acids in these proteins. Although these two Trp are
functionally equivalent and are in very rough spatial equivalence,
they are unrelated in terms of the linear amino acid sequence. This

»seems to be an example of evolutionary convergence where a tryptophan
was placed in an approximately equivalent position from two indepen-
dent sites in the amino acid sequence because of a functional require-
ment.

In fact, it appears from the sequences of the f cytochromes and

Cssy Cytochromes from S. maxuma and A. nidulans in Table XV that there

is even another evolutionary independent Trp that performs the same
functional role. This third Trp site is at the very end of the C-

terminal helix. One can easily imagine this slightly extended chain
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coming around the back of the structure to hydrogen bond to the buried
propionic acid. This possibility can be easily visualized from the
rear stereo view of Figure 27, modified from Reference 71. The
changes would involve (a) a short circuit between 36 and 60 and a
deletion of the bottom loop as in Css;, and (b) an extension from
residue 104 to positions analogous to 37, 38, 39, and 40, where the
terminal or near terminal Trp could easily hydrogen bond to the
buried propionic acid. It is also likely that the residues 33
through 36 in Figure 27 would have to remain in their relatively high
position rather than assume the lower helical conformation seen in
Cssy. From the sequences in Table XV, M. lutheri cytochrome does not
have this terminal Trp, but it does have a Trp fourteen residues past
the axial histidine ligand, which could easily occupy a position
homologous to Trp 59 in tumna c.

A case similar to that of Trp 56 and 59 is seen in comparing
tuna Thr 78 to css; Ser 52. Again, these residues are performing the
same function in hydrogen bonding to the exposed propionic acid. And
a Thr or Ser appears to be present somewhere near these positions in
all the sequences listed in Table XV. Therefore, although it appears
to be a functionally critical residue, it is derived from a struc-
turally different position in tuna ¢ and Css;. In tuna c, Thr 78 is
located following the 70's loop, while in css; Ser 52 come prior to
this loop.

Another very important feature of the css; structure is the side

chain packing at the left side of the heme. Just as the heme
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attachment sequence at the right side of the heme is fundamental to
the c-type cytochromes, so is the sequence A(1l) - x -y - z - A(2) at
the left of the heme. A(1) and A(2) can be the hydrophobic Leu, Val,
or Ile, with only minor exceptions. x, y, and z can be any residue.

A summary for this comparison is given in Table XVI, with exceptions
and required shifts in alignments indicated. There are very few
exceptions within this diverse list of cytochrome sequences. Phe is
used in three sequences. This is a bulky hydrophobic group like the
Leu, Ile, and Val residues, and is not too much of a change. Met is
substituted in a few eukaryotic sequences and three prokaryotic
sequences. The reason for this conservation of hydrophobic residues
in this position is seen from the crystal structures. These two
residues are located at helical positions n and n+4 on the 60's helix.
Both residues have internal side chains packed very tightly against
the heme. The particular spacing is a result of the main chain
helical conformation. It will be of interest to see if this predicted
homology is accurate for some of the more diverged cytochromes in
Table XV.

The tyrosine residue at positions 27 in Css; is in a structurally
homologous position to the conserved Leu 32 in ¢, c2, and Csso. The
explanation of this conservation is that it is very tightly packed
against the heme. This substitution of the hydrophobic Leu 32 by a
tyrosine in Css; with a polar hydroxyl group is quite unexpected,
even more so than the proposed substitution of Phe for Leu, Ile, or

Val discussed above.
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Residues at Positions A(1) and A(2) in the

Sequence A(1) - x -y - z - A(2)

Sequence Position2

A(l)
Leu, Met
Leu
Phe
Ile
1ie
Leu
Leu
Phe
Phe
Leu
Leu
Leu
Leu
Leu
Leu
Met
Leu
Leu
Leu
Leu
Ile
Leu
Val
Ile
Ile
Ile
Ile
Ile

A(2)

Leu
Val
Val
Val
Leu
Leu
Val
Ile
Ile
Leu
Leu
Leu
Leu
Leu
Val
Val
Ile
1le
Ile
Ile
Ile
Ile
Val
Val
Val
Val
Val
Val

k%

X%

&%

X%

&k

%
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TABLE XVI (continued)

7 Ile Val e
1 Leu Ile #x
2 Leu Met L L
3 Val Leu e
4 Leu Leu A
1 Val Ile e
. Ile Val e
1 Leu Met * e

. Prokaryotic cytochrome ¢ sequences from Table III.

2 Positions A(1) and A(2) are the proposed prokaryotic homology
sites with eukaryotic tuna sites 64 and 68.

*
A residue other than Leu, Ile, or Val is at the site A(1) or

A(2).

A shift in the amino acid sequence in Table XV was required

to make the alignment.
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The aromatic residue Phe 82 in tuna has been thought to be
important because of its invariance. Asn 64 in css; was found to
occupy the homologous position, which is quite surprising considering
it is a residue very close to the heme and there is quite a large
difference between the two types of side chains.

The aromatic pair of residues in the right channel of cytochrome

Cc (Phe 10 and Tyr 97) are conserved in the structure of P. aeruginosa

Cssy. However, this conservation cannot be extended to all cyto-

chromes. The small cytochromes R. tenue c and R. gelatinosa c in

Table XV have very high sequence homology with css; and must also
have very similar tertiary structures, However, neither of these
sequences contain an aromatic residue in the first position.

The aromatic pair Phe 34 and Trp 56 in css; form a large
percentage of the molecular bottom and shield the heme from the
solvent. A similar aromatic pair in tuma cytochrome c, Trp 59 and

Tyr 48, have similar orientations.

Structure and Chemical Properties

The major changes in the sequence and composition for css; com-
pared to other c-type cytochromes has resulted in alterations of many
of the physical, chemical, and biological properties. Css; is an
acidic protein with an isoelectric point of 4.7, compared to 10.0 for
eukaryotic c. Some of the highly conserved positive Lys residues im-

plicated in the mechanism of cytochrome c are not present in Cssi.
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One apparently important Lys is conserved. This is Lys 10 in css,,
which had the same orientation as Lys 13 in eukaryotic c. It was an
unusual Lys in the structure of Css; because despite its solvent-
exposed location on the surface, its electron density was well defined
and its temperature factors were low. This is probably a result of
ionic interactions with Glu 70, which was another unusual ionic
surface residue that was well defined. From the structures of c, c,,
and Csso, 1t 1s apparent that this same type of ion pair can be
formed, although the acidic residue may originate from one of several
positions. Extension of this feature to all the prokaryotic

sequences in Table XV cannot be made with certainty from sequence data
alone. However, the possibility exists and with the solution of
additional structures, this feature might be verified. The distribu-
tion of other charged residues has already been discussed (35;
Appendix II).

In addition to charge difference, visible (72), proton NMR (70),
and EPR (67) spectral differences have been found for css;. Simi-
larities between the NMR spectra of Css; and c» and the significant
difference between these and c have been discussed in terms of the
methionine resonances. These same characteristics are seen in the
NMR resonances of other protons and in ESR spectra.

The pH-dependent conformational changes associated with cyto-
chrome c are significantly altered for cssiy. Specifically, the transi-
tion monitored by the disappearance of the 695 nm band between pH 7

and 10 for cytochrome c is not present in Css; (73). This spectral
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transition is associated with the replacement of Met as the sixth
ligand, and a conformational change probably resulting in the e-
nitrogen of Lys 79 becoming the ligand. In Cssi, this transition

does not occur, and only after pH 11 is the Met ligand replaced.

There are two possible explanations for this observation in terms of
the structure of cpsi. First, the Lys 79 in c is not present in Css1 .
If this residue was responsible for the displacement of the Met
ligand, then its nonexistence in Css; would explain the umobserved
transition. A more likely explanation is the nonexistence of a Tyr
residue homologous to the residue 67 in c. This residue in cytochrome
C is an integral part of the heme packing, as opposed to being
solvent exposed as is Lys 79. Its ionization around the pH of the
observed transition would certainly have a disruptive effect on the
heme and protein structure in this region. This disruption would
allow Lys 79 to assume the axial position. In cCss) there is no
homologous Tyr or Lys and thus no transition. Additional evidence is
obtained for the importance of Tyr 67 in this transition from
chemical modification studies. Modification of Tyr 67 by mononitra-
tion (74) and diiodination (75) lowered the pKa of the tyrosine
hydroxyl group and resulted in a lowered apparent pKa of this transi-
tion. Salemme et al. have previously suggested the importance of

Tyr 67 in this transition, but have proposed that Tyr 67 itself assumed

the axial position (76).
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FIGURE LEGENDS

Figure 1. Radial distribution of (a) the mean native structure
factor amplitudes (PP), (b) the mean figure of merit (FM), (c) the
mean fractional change in structure factor amplitudes for the three
derivatives (AF/FP), and (d) the mean ratio of the lack of closure
error to the changes in structure factor amplitudes produced by each
derivative (e/AF). PT = K,PtCl,, UO = UO,(NO;),+6H,0, and

AU = NaAu(CN),.

Figure 2. Harker sections from the 2.1 R resolution (AF)?
Patterson calculated for the K,PtCl, derivative. The two heavy atom
binding sites A and B were located. The sections are contoured at

equal intervals above zero, with the zero contour level omitted.

Figure 3. Harker sections from the 2.43 A resolution (AF)?
Patterson calculated for the U0, (NO;),+6H,0 derivative. The single
heavy atom binding site A was located. The sections are contoured

as in Figure 2.

Figure 4. Harker sections from the 2.43 R resolution (AF) 2
Patterson calculated for the NaAu(CN), derivative. The single heavy
atom binding site A was located. The sections are contoured as in

Figure 2.
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Figure 5. The progress of refinement is displayed in terms of

fe]

the R-factor. The R-factor is shown before and after each of the five
minimaps were inspected and manual adjustments made. Important
details that occurred during computer refinement between minimaps

are presented. The R-factors are plotted for all structure factor
calculations used to obtain the refined coordinates. A more detailed

summary of refinement is presented in Appendix III.

Figure 6. The R-factor calculated for all data to the resolution
indicated on the abscissa. The R-factor is calculated for both

linear (0) and four parameter scaling (+) of Fcalc to Fobs'

Figure 7. The radial distribution of the calculated mean phase
change between the refined phases and (a) the MIR phases, (b) the
calculated phases from the initial wire model coordinates, and (c)

the MIR phases with the differences weighted by the figures of merit.

Figure 8. A ribbon drawing illustrating the structure of

Cytochrome Cssi.

Figure 9. (a) A stereo front view of the structure of css;.
The orientation was calculated from a least-squares fit to 44
homologous alpha carbons of tuna cytochrome c (36). The protein thus
has an orientation similar to the cytochromes in Ref. 35. The main

chain alpha carbons are shown along with several interesting side



165

chains. (b) Figure (a) rotated by 90 degrees.

Figure 10. A Ramachandran plot of the ¢ and ¢ angles in
Table IV. The contour level is drawn at 3 kcal/mole above the global
minimum of energy (40). These results can be compared to the plot

obtained from eukaryotic cytochrome c (41).

Figure 11. A stereo view of an idealized polyproline three-fold
helix (left in each stereo pair) and the css; chain from residues 58
to 63. The Pro-Ile-Met-Pro-Pro sequence apparently is a device for
obtaining an extended chain configuration past the site for the heme

attachment.

Figure 12. The average distance between the initial MIR wire
model coordinates and the refined coordinates for each residue.

(a) Main chain atoms. (b) Side chain atoms. (c) All atoms.

Figure 13. The structure of cytochrome cCssi from residues Asn 50
through Gln 53 and Pro 58 through Ala 65. These residues form an
antiparallel chain with a loop below the density map which reverses
the direction. The heme pyrrole ring 2, part of ring 3, and the iron
electron density are shown at the right-center. The Ile 59 side chain
was rotated about the alpha to beta carbon bond during refinement.
Other interesting features are the hydrogen bonds between the two

chains and the solvent.
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(a) The MIR electron density map and wire model coordinates.
The contour levels start at 0.24 e/ﬁ? and increment at 0.24 e/R3.
The RMS electron density error is 0.16 e/A°.

(b) Difference map and coordinates at an R-factor of 25.8%
(minimap II in Figure 5). The electron density contours start at
0.20 e/A’and increment at 0.10 e/A%. The RMS error in the electron
density is 0.14 e/KB.

(c) Difference map and coordinates at an R-factor of 16.2%.
The electron density contours start at 0.20 e/R° and increment at
0.10 e/&°.

(d) The ZFobs—Fcalc electron density and coordinates at an R-
factor of 16.2%. The electron density contours start at 0.60 e/R3

and increment at 0.60 e/A®.  The RMS error in the electron density

is 0.08 e/A°.

Figure 14. Sections of the electron density perpendicular to
the N-terminal alpha helix. Residues Val 5, Leu 6, Phe 7, and Lys 8
are included. Lys 8 is the only one of these residues which is not
well defined. The coordinates in (a) and (d) include both the initial
wire model coordinates (open bonds) and the refined coordinates (solid
bonds). Changes during refinement can be seen.

(a) MIR electron density map. The contour levels start at
0.45 e/ﬁ\3 and increment at 0.45 e/ﬁ3. The RMS electron density error
is 0.16 e/A°.

(b) The difference map and coordinates at an R-factor of 25.8%.
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The contour levels start at 0.45 e/.g\3 and increment at 0.45 e/KS.
The RMS electron density error is 0.14 e/R3.

(c) The difference map and coordinates at an R-factor of 16.2%.
The electron density contours start at 0.20 e/R® and increment at
0.10 e/A°.

(d) The 2F F electron density and coordinates at an R-

calc " obs
factor of 16.2%. The electron density contours start at 0.60 e/R°
and increment at 0.60 e/Ka. The RMS error in the electron density

is 0.08 ¢/R°.

Figure 15. Average temperature factors calculated at various
points in the refinement. Tlie average temperature factor for each
residue is plotted as a histogram. The values were calcualted at
minimaps II through V (see Figure 5) and for the final structure
(from left to right). (a) Main chain atoms. (b) Side chain atoms.

(c) All atoms.

Figure 1€¢. Sections of electron density for Vel 23. Both the
initial wire model cocrdinates (open bends) and the refined co-
ordinates (solid bonds) are plotted. From minimap I (Figure 16b),

a manual rotation about the alpha to beta carbon was made. The
improvement was accompanied by a large drop in the residue's tem-
perature factors and improved electron density maps.

(a) The MIR electron density map. Contours start at 0.24 e/R?

and increment at 0.24 e/R°.
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(b) The difference electron density map at an R-factor of 33.6%
(minimap I). Contours start at 0.30 e/R° and increment at 0.10 e/R3.

(c) The refined difference electron density map at an R-factor
of 16.2%. The orientation is rotated 180° about the vertical axis
from that in (a). Contours start at 0.10 e//i3 and increment at
0.10 e/A°®.

(d) The refined ZFObS—FCalc electron density map at an R-factor
of 16.2%. The orientation is the same as in (c). The contours start

at 0.40 e/A® and increment at 0.40 e/R3.

Figure 17. Sections of the electron density for Leu 44. The Leu

coordinates were obtained by a fitting to the difference and ZFobs'

F electron density maps calculated with Val coordinates at an

calc

R-factor of 16.2%. The incorrect Val atoms are shown as small
circles. The gamma carbon directly beneath the beta carbon had a
temperature factor of 40 & . Difference map contours start at

3 : 23 -
0.075 e/R3 and increment .at 0.075 e/A3. ZFobs Pcalc map contours

start at 0.00 e/&3 and increment at 0.20 e/x3. (a) The difference
map calculated from structure factors obtained with Val coordinates.

(b) The ZFobsnPcalc map calculated from structure factors obtained

with Val coordinates. (c) The difference map calculated from

F

structure factors obtained with Leu coordinates. (d) The ZFobs- -

map calculated from structure factors obtained with Leu coordinates.
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Figure 18. The distribution of deviations between the observed
bonding parameters and standard bonding parameters used in
constraints. (a) N-Ca bond distances. (b) All main chain bond

distances. (c) Ca—C —CY bond angles. (d) Main chain torsion angles

B
C ~C-N-C and O-C-N-C._.
a a a

Figure 19. The 2.4% resolution MIR electron density map.
(a) The heme plane section. (b) The plane perpendicular to the heme
plane and the 2N - 4N direction. (c) The plane perpendicular to the

heme plane and the 1IN - 3N direction.

Figure 20. A 2.0& resolution map calculated at an R-factor of
19.5%. The iron was constrained to be at the heme center. Sections
were calculated perpendicular to the heme plane. (a) The difference
map contoured at intervals of 0.20 e/fci3 above zero. (b) Same as (a).
-F

(c) 2F electron density map contoured at increments of

obs “calc
0.40 e/R® above zero. (d) Same as (c).

Figure 21. A 2.0] resolution map calculated at an R-factor of
16.2% with all iron constraints removed. (a) The difference map
contoured at intervals of 0.20 e/&® above zero. (b) Same as (a).
(€] 2F e Feate

0.40 e/R3 above zero. (d) Same as (c). (e) ZFobs_Fcalc heme plane

electron density map contoured at increments of

electron density section.
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Figure 22. A 2.08 resolution map calculated at an R-factor of
16.6% after the iron-heme nitrogen bond constraints were added to the
structure in Figure 21. (a) The difference map contoured at

o
' " y
intervals of 0.20 e/A° above zero. (b) Same as (a). (c) ZPobs Fcalc

electron density map contoured at increments of 0.40 e/‘&3 above zero.

(d) Same as (c).

Figure 23. (a) The difference electron density map and heme
structure after refinement with heme bond angle and torsion angle:
constraints removed.

(b) The difference electron density map and heme structure after
applying heme bond angle and torsion angle constraints to the heme
in (a).

Figure 24. The 2.0 A resolution ZFO B 1 electron density map

bs " calc
and heme structure at an R-factor of 16.2%.

Figure 25. A stereo view of the solvent structure of cytochrome
Cssi.  Solvent with contacts up to 3.0 A resolution are indicated with
a heavy bond. Hydrophilic solvent contacts up to 3.5 A resolution are
indicated with a light bond. Symmetry related solvents have the same

identification number. (a) Front orientation. (b) Left orientation.

Figure 26. A comparison of the distances between alpha carbons

in cytochromes c and cssa.
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Figure 27. A stereo view of eukaryotic cytochrome ¢ which has
been modified to show a possible mechanism by which the terminal Trp
of f-type cytochromes might hydrogen bond to the buried propionic
acid. The bottom residues are deleted as in Cssi, which allows the

C-terminal helix to be extended into hydrogen bonding position.
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Figure 2c
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Figure 8
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Figure 9
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Figure 9b
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Figure 22a
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The Cytochrome Fold and the Evolution of Bacterial Energy
Metabolism

Ricuar® E. DickERSON, RUSSELL TIMKOVICH AND
ROBERT J. ALMASSY

Norman W. Church Laboratory of Chemical Biology
California Institute of Technology
Pasadena, Calif. 91125, U.S.A.

( Received 22 August 1975, and in revised form 21 October 1975 )

Respiratory cytochrome ¢ from eukaryotes, photosynthetic ¢, from purple non-
sulfur bacteria, and respiratory c¢sso from Paracoccus (formerly Micrococcus)
denitrificans, have been shown by X-ray structure analysis and amino acid se-
quence comparisons to form a unified subfamily of evolutionarily homologous
proteins (cytochromes cy), in which the differences between respiratory and
photosynthetic cytochromes are no greater than the variation among photo-
synthetic cytochromes c¢,. From sequence and structure considerations alone,
these eytochromes are indistinguishable as to origin or function. Low resolution
(4 A) X-ray analysis of Pseudomonas cytochrome cgs; shows it to have the same
overall folding pattern as cyvtochrome ¢, with a massive deletion at the bottom
of the molecule. This information enables amino acid sequence homologies to be
extended with reasonable probability of correctness to all cytochromes css;,
to Chlorobium csss. Pseudomonas cs, algal cytochromes f, and even css; from
Desulfovibrio. All of these proteins appear to comprise a broader family of
evolutionarily related electron carriers.

It is proposed that bacterial and eukaryotic oxygen respiration arose from the
dual-function photosynthetic and respiratory electron chain in purple non-sulfur
bacteria, by the loss of photosynthetic capabilities. A detailed outline for the
evolution of photosynthesis and respiration in bacteria is presented, involving
first a symbiotic sulfur cycle, then the development of the Krebs cycle machinery
and finally the evolution of the present-day symbiotic oxygen cycle between plants
and animals.

1. Introduction

One of the more intriguing dividends from protein crystal structure analysis has
been the ability to perceive evolutionary relationships in proteins in a stronger way
than is provided by amino acid sequence comparisons alone. Myoglobin and hemo-
globin were the first such examples (Perutz et al., 1960). With study, evolutionary
homology in the globins can be discerned from their amino acid sequences, but the
homology is instantly apparent from their three-dimensional structures. The pan-
creatic serine proteases are so similar that homologies are obvious from sequence as
well as structure (Walsh & Neurath, 1964; Stroud, 1974). A more interesting case is
provided by lactate, malate, alcohol, and glyceraldehyde-3-phosphate dehydro-
genases. In these proteins the NAD-binding domains share a common folding pattern,
although the remainder of each molecule is different (Buehner e al., 1973; Rossmann
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et al., 1975). The structural similarity of the entire binding domain, and not merely
the NAD-binding site, can be used to support the concept of divergence from a
common ancestral NAD-binding protein. rather than convergence to the same
dinucleotide-binding active site structure.

The c-type cytochromes of bacteria and eukaryotes are particularly well suited for
this type of homology study. They all are heme proteins of moderate molecular
weight. with the same type of heme and covalent attachment of heme to the protein
chain. The homologies between some of these cytochromes are obvious from amino
acid sequence comparisons alone, as with cytochromes ¢ of eukarvotic respiration
and ¢, from photosynthetic bacteria. With others. a relationship is suggested by
sequences, but is harder to see. For example. it has not been clear how the sequences
of eukaryotic ¢ and bacterial ¢s5, should be aligned in order to demonstrate homology
(Needleman & Blair. 1969; Dickerson, 1971). Still other types of cvtochromes ex-
hibiting a c¢-type spectrum may not be related at all. These proteins may represent
nothing more than convergence on a particularly favorable way of binding heme to a
polvpeptide chain.

Can three-dimensional protein structures reveal evolutionary relationships that
are so ancient as to be obscured in the amino acid sequences? Is it possible to use
protein structure comparisons among distantly related molecules to decipher the
evolutionary history of families of proteins. and of the metabolic chains that include
them? These are the questions that this paper attempts to answer. for evtochromes ¢
of eukaryotic and prokaryvotic photosynthesis and respiration.

2. The Varieties of Cytochrome ¢

It should be emphasized that the term “cytochrome ¢ is a spectral classification.
based on the wavelengths of the principle visible absorption bands, and that these
ultimately arise from the particular substituents on the heme and the mode of
attachment of heme to polvpeptide chain (Dickerson & Timkovich, 1975). The
standard pattern is a covalent attachment through cysteines in the sequence:
Cys-X-Y-Cys-His, where X and Y are other amino acids, and the hi«idine side chain
is the fifth ligand to the heme iron. These molecules functon as electron carriers in
photosynthesis and respiration. A summary of the various kinds of photosynthesis
and respiration encountered in prokaryotes and eukaryotes is given in Table 1. All
of these pathways use electron transpert chains that possess low molecular weight
cyvtochromes c¢. Some, but not necessarily all, of these cytochromes ¢ may be evolu-
tionarily related: and this in turn may provide information about the evolutionary
relationships between photosynthesis and respiration.

The patterns of amino acid sequences that have been observed in these small
cytochromes ¢ are shown diagrammatically in Figure 1. The most common pattern.
in the first line, is found in respiratory c¢ of eukarvotes and ¢s5, of Paracoccus denitri-
ficans (formerly Micrococcus), and in photosynthetic ¢, of purple non-sulfur bacteria.
These proteins have the standard heme attachment near the amino terminus, and a
methionine residue serving as the sixth iron ligand farther down the chain toward
the carboxy] terminus. Other bacterial cytochromes have a chain-bending proline
residue following this methionine, and cytochromes cs5; from Pseudomonas bracket
the methionine with no less than three prolines. As will be seen. all of these cyto-
chromes have the same overall folding pattern in three dimensions, and almost
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TaBLE 1

Photosynthetic and respiratory electron transport systems
where cytochromes ¢ are found

Metabolic pathway Lypical small
cytochromes
1. Sulfide-using photosynthesis: H,S — S — 80,2~
Green sulfur bacteria: Chlorobium Css5
Purple sulfur bacteria: Chromatium Css3s Cs50
2. Sulfate respiration: SO42- — H,S
Desulfovibrio, Desulfotomaculuni 3, Css53
3. Cyclic photosynthesis: No external reductant necessary
Purple non-sulfur bacteria: Rhodospirillum, Rhodopseudomonas cy
4. Water-using photosynthesis: H,O — O,
Prokaryotes: Blue-green algae b
Eukaryotes: Other algae, green plants i
5. Oxygen respiration: O, - H,0
Prokaryotes
Purple non-sulfur bacteria (secondary importance) ey
Blue-green algae (secondary importance)
Other non-photosynthetic, respiring bacteria (nitrate Cs50- Cs51: Cqs
respiration sometimes an alternative) cs, others
Eukaryotes
Other algae (secondary importance) ¢
Green plants (major importance) &
Animals (essential) ¢

surely are descendants of a common protein ancestor. For cytochromes c¢,. ¢’, and
the subsequent examples of Figure 1, the situation is less certain. Resolution of their
evolutionary relationships. if any. must depend on future research. Similarly, there is
no reason at present to suspect that the larger cytochrome ¢; of mitochondrial
respiration is necessarily related to these proteins by ancestry.

3. The Cytochrome Fold

The structures of three cytochromes ¢ have been solved by X-ray diffraction
methods at high resolution: respiratory cytochrome c¢ from tuna (Dickerson et al.,
1971; Swanson el al., 1976; Takano et al., 1973, 1976), photosynthetic ¢, from the
purple non-sulfur bacterium Rhodospirillum rubrum (Salemme ef al., 1973), and ¢,
from the facultative nitrate-respiring bacterium Paracoccus denitrificans (Timkovich
& Dickerson. 1973, 1976). These molecules are similar but not identical in size:
103 amino acids from tuna ¢, 112 amino acids from c,. and 134 for ¢55,. Nevertheless.
the overall folding pattern of these proteins is the same, as can be seen from the
stereo drawings of Figures 2 to 4. In each case, the heme is wrapped in a similarly
folded cocoon of polypeptide chain, leaving only one edge of the heme exposed. The
heme environments and packing of hydrophobic side chains in the molecular interior
are virtually identical, as are the hydrogen bonds to the heme propionic acids. With
two exceptions, which will be discussed below, aromatic side chains occur in equiv-
alent locations: and positively charged lysines are found at the upper and lower
ends of the heme crevice.

32
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¢, Cs50, Cp Ce e CH M 1o
Cs85: €5y F(aigae) Cee CH MP 90
Css: Cee CH PMPP 82
Cq Cee CH Cee CH 200
¢ Ces CH— 127
3 —  (Cee(CH—CeeeeCH Cee CH — Ceeee CH— |05

;' ——— Cee CH Cee CH — Ceses CH— 68

F16. 1. Schematic representation of amino acid chains in small ecytochromes ¢. Cytochrome types
are listed at the left, by the amino terminus of the chain, and typical chain lengths are given at
the right, beside the carboxyl terminus. Chains in first row (110) vary from 103 to 134 residues.
C, H, M and P are cysteine, histidine, methionine and proline; and dots represent unspecified
amino acids. From Dickerson & Timkovich (1975).

F1G. 2. Stereo pair alpha-carbon drawing of reduced tuna cytochrome ¢, viewed directly into
the heme crevice. The heme group is seen on edge, with ligands histidine 18 (right) and methionine
80 (left). The 8 evolutionarily conserved aromatic side chains are shown, as are the lysines at top
and bottom of the heme crevice (positions 13 and 79). From Takano et al. (1973).

Structural differences among these three molecules occur in the form of additional
loops of chain on the molecular surface. The two bacterial cytochromes, ¢, and cs5,,
both have extra amino acids in the 50 and 70 regions. (For uniformity, residue
numbering in this paper will always be that of eukaryotic cytochrome c.) Respiratory
Cs50 has even more amino acids in an enlarged loop in the 20 region and in a 15-residue
carboxyl-terminal “tail”. These variations in chain length, from 103 to 134 amino
acids, are all accommodated as excisions or additions at the surface of the molecules.
The structural integrity of the interior of the cytochrome ¢ molecule is carefully
preserved, presumably by natural selection.
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Fic. 3. Equivalent stereo drawing of oxidized eytochrome ¢, from R. rubrum. The same 8
aromatic side chains and 2 lysines are drawn as in Fig. 2. Notice the overall similarity of folding
of the main chain, with additions in the regions around residues 50 and 80 regions (70 region in ¢
numbering). Observe also the shift in positions of the 2 aromatic rings on the right side (positions
20 and 107, or 20 and 97 in ¢ numbering). Co-ordinates by courtesy of F. R. Salemme and J. Kraut.

Fi1c. 4. Stereo drawing of oxidized cytochrome cgss, from Paracoccus (formerly Micrococcus)
denitrificans. Notice the similarity in location of aromatic rings, but the replacement of an aromatic
ring by leucine at position 85 (74 in c). Note also the high positioning of rings on the right side, as
in cytochrome c, at residues 12 and 113 (10 and 97 in ¢), and the additional tyrosine at position 39.
The loop in the region of residue 20 at the right is more extensive than in Figs 2 and 3.

One interesting difference in aromatic side chain positions is observed between
photosynthetic ¢, and the two respiratory cytochromes. In the latter, phenylalanine
10 and tyrosine/phenylalanine 97 form a pair of aromatic rings on the upper right of
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the molecule as viewed in Figures 2 to 4. In contrast, the position structurally ana-
logous to residue 10 is serine in ¢, rather than phenylalanine. A compensating
phenylalanine is found farther down the right side of ¢, at position 20, which in the
two respiratory proteins is valine or isoleucine. To accommodate this shift in phenyl-
alanine position. tyrosine 97 is rotated by one place along the carboxyl-terminal
alpha helix. as can be seen in the stereo drawings. However, sequence comparisons
show that this does not represent a change in tyrosine position in the amino acid
chain. Instead. it is a structural alteration, with the entire alpha helix in ¢, being
rotated by 100° along its axis to bring the same tyrosine 97 next to position 20
rather than 10.

The other major change in aromatic side chains is the replacement of tyrosine or
phenylalanine at the position corresponding to residue 74, by leucine in cs5,. To a
certain extent, ¢, ¢, and ¢, are cross-reactive. Cvtochrome ¢ can donate electrons to
the R. spheroides bacteriochlorophyll photocenter (Prince ef al., 1974). and all three
proteins can interact with the reductases and oxidases of ¢ and c¢g5, With varving
efficiences (Kamen & Vernon, 1955; Smith et al., 1966: Davis et al.. 1972). suggesting
a shared electron-transfer mechanism. The complete absence of an aromatic ring at
position 74 in ¢, therefore effectively eliminates the so-called ““Winfield mechanism™
of electron transfer through aromatic side chains on the left side of the molecule
(Dickerson et al., 1972).

4. The c, Class of Cytochromes

The X-ray structure comparisons described above suggested initially that eukary-
otic respiratory c. bacterial respiratory css,. and bacterial photosvnthetic ¢, each
had distinctive structure features:

(a) extra loops of amino acids i the 50 and 70 regions of bacterial eytochromes.

(b) An extended loop in the 20 region and a carboxyl-terminal tail in ¢5,.

(c) A lower position for the paired aromatic rings on the right side of ¢,.

In reality, none of these generalizations is valid. Ambler has sequenced four other
cytochromes ¢, from purple non-sulfur bacteria, and these are compared with
sequences of the previously discussed cytochromes in Table 2. (Ignore c¢s55 and
bevond for the moment.) These comparisons reveal that:

(a) the extra chains in the 50 and 70 regions are not characteristic of all cytochromes
¢y. R. vannielii c,. although a photosynthetic electron carrier, has a sequence exactly
paralleling that of eukaryotic c.

(b) The extra residues in the loop in the 20 region are not characteristic of res-
piratory csso. The same features are observed in ¢, of R. capsulata and R. spheroides.

(c) The lowered aromatic rings are not general for all eytochromes c,, but are a
peculiarity of R. rubrum. In all other purple non-sulfur bacteria. these aromatic
residues are positioned as they are in ¢ and c¢ss,.

In summary, there appear to be no clear-cut structural features that distinguish
cvtochromes ¢, €550 and c,, in spite of their diversity of origin and function.

Similar conclusions can be drawn from the amino acid comparison matrix of
Table 3. Two different types of comparisons are made, which reveal different aspects
of structure. At the upper right of the Table, the lack of an amino acid at a point on
one sequence but not the other, is counted formally as a 21st kind of amino acid.
Loops of chain possessed by one protein but not the other contribute to the tally of
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TABLE 3

Amino acid differences between cytochromes ¢, ¢y, Csso

Tuna RV RR RP RS RC PD
Tuna ¢ 59 78 81 92 85 987
R. vannielii c, 54 75 73 89 86 98 | .
R. rubrum c, 61 59 74 72 68 85 | ine
R. palustris c 58 49 62 88 71 96 > am.‘(’;:
R. spheroides c; 65 65 60 64 62 86 | 2l g
R. capsulata c; 60 60 56 51 54 71 cBumLe
Paracoccus cssq 57 60 57 60 66 51 J

J

7
Missing amino acids eliminated from count

Compare these differences with those of eukaryotic cytochromes c¢ given in Table XI of
Dickerson & Timkovich (1975).

differences. At the lower left of the Table, positions at which amino acids occur in
only one of the two chains being compared are deleted from the count, so these
numbers reflect only the differences between chains in common structural regions.
Most of the large difference between tuna and Paracoccus at the upper right corner
comes from the extra chain in the latter cytochrome. but when these extra chains
are eliminated from consideration at the lower left corner of the Table, the two
sequences appear much more similar. This Table demonstrates that, in regions of
common tertiary structure, respiratory cytochromes ¢ and css, are no more different
from ¢, than the various cytochromes c, of photosynthetic bacteria are from one
another.

In both sequence and structure, the cytochromes c, span the entire range from
small cytochrome c to large css,. We are left with the unsettling conclusion that there
is nothing in the three-dimensional folding or the amino acid sequences of eukaryotic
respiratory cytochrome ¢ and bacterial respiratory css, to indicate that they are not
photosynthetic cytochromes from purple non-sulfur bacteria! Since it is not yet
clear that other cytochromes with a c-type absorption spectrum are necessarily
related to these by ancestry, it would be convenient to have a special terminology
to distinguish this close-knit subfamily of proteins that are evolutionarily homolo-
gous with eukaryotic ¢. The designation by principal alpha-band absorption wave-
length in nanometers is not discriminating enough: Tuna cytochrome ¢ (actually
a Css0), Paracoccus csso, and Euglena cgsg are members of this subfamily, but Pseudo-
monas css; and Desulfovibrio cgs, are not. One alternative would be to choose the
only designation for this subfamily that does not conflict with other cytochromes,
and to refer to all of these proteins—photosynthetic ¢, and respiratory css,, including
eukaryotic cytochrome c—collectively as cytochrome c¢,. This would have the virtue
of comprehensiveness, and also an after-the-fact logic in the mitochondrial respiratory
chain of having cytochrome ¢, pass its electrons on to cytochrome c,.

5. Evolutionary Implications

The most probable conclusions to be drawn from the foregoing comparisons are
that all of these photosynthetic and respiratory cytochromes ¢ (or c,) are closely
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related by evolutionary homology. In principle, it is not possible to differentiate
absolutely between divergence and convergence in explaining protein structure
similarities—to decide whether two proteins resemble one another because they have
a common ancestor, or because they have been shaped in the same way by natural
selection. One could say absolutely that corresponding structural features were
homologous only if one could prove that they served no useful purpose, and hence
had no functional reason for being alike. In practice, matters usually are simpler.
One would find it incredible to believe that the near-identity of chain folding in
trypsin and chymotrypsin, even in regions far from the active site, was entirely
due to natural selection operating on unrelated polypeptides. At the other extreme,
the great similarity of trypsin and subtilisin at their active sites, but total dissimilarity
elsewhere in the molecules, suggests that two unrelated enzymes have been shaped
alike at their active centers because they have the same catalytic mechanism. The
similarities among cytochromes ¢, ¢, and cs5, are like those between trypsin and
chymotrypsin; greater correspondence of chain folding than could be explained by
any reasonable picture of functionality. The overwhelmingly most likely explanation
is that these cytochromes are folded in the same way because they have a common
protein ancestor.

With this interpretation. it follows either that the electron transport chains of
photosynthesis and respiration share a common evolutionary origin. or that a mole-
cular component of one chain has been adapted and taken over by the other. The
other common features of these electrons chains: ubiquinone-like molecules at the
low-potential end. cyvtochromes b in the middle, and cytochromes ¢ at the high-
potential end. suggest that the entire chains are related, and not merely the cyto-
chrome ¢ elemgnts. The traditional view of the sequence of events during the evolu-
tion of life makes it probable that respiration evolved from bacterial photosynthesis
by the development of new reducing donors and oxidizing acceptors at the two ends
of the chain.

The electron pathways in photosynthesis and respiration are shown schematically
in Figure 5, in diagrams emphasizing their common features. The c-containing
electron transport chain that is proposed as being evolutionarily homologous is
represented by a heavy black arrow through the quinone (Q) and cytochromes b and
¢ (or f). Not all of the chain components and ATP-generating sites are shown, in
some cases because they would clutter the diagram, and in other cases because they
are not yet known in detail.

The biochemical evidence suggests that the point of divergence between photo-
synthesis and respiration occurred in the ancestors of purple non-sulfur photo-
synthetic bacteria. Aside from blue-green algae, which have the two-photocenter,
water-splitting photosynthesis of higher plants, these are the only prokaryotes
capable of both photosynthesis and respiration. Photosynthetic green and purple
sulfur bacteria such as Cklorobium and Chromatium do not respire. They carry out
both cyclic and non-cyclic photosynthesis of the types shown in Figure 5(a) and (b),
depending on their relative needs for energy in the form of ATP, or energy and
reducing power in NADH. The non-cyclic photosynthesis of Figure 5(a) requires a
source of reducing equivalents, which are obtained by oxidizing H,S to free sulfur,
and ultimately to sulfate. Some green and purple sulfur bacteria have a partial or
complete Krebs cycle, but apparently use it as a means of synthesizing glutamate
and other molecules, or run it in reverse as an auxiliary means of fixing CO,
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F16. 5. Patterns of electron transport. (a) Non-cyclic bacterial photosynthesis with H,S as an
external source of reducing power. (b).Cyclic bacterial photosynthesis without an external donor.
(c) Two-center, oxygen-releasing photosynthesis in algae and green plants. (d) Mitochondrial
respiration. Q, Ubiquinone, menaquinone or plastoquinone. Chl, chlorophyll, and Chl*, electron-
ically excited chlorophyll. b, ¢ and f represent cytochromes. The electron transport chain that is
proposed as being evolutionarily homologous in all these mechanisms is emphasized by the dark
aITOWw.

(Evans et al., 1966; Fuller, 1969; Doelle, 1969; Sokatch, 1969; Stanier et al., 1970).
They do not employ the Krebs cycle as a source of NADH for respiration.

In contrast, purple non-sulfur bacteria possess a complete Krebs cycle, which can
supply them with NADH (Fuller, 1969). Under anaerobic conditions in the light,
they carry out cyclic photophosphorylation (Fig. 5(b)) to produce ATP energy but
not NADH and, therefore, do not need an external source of reducing power. They
can obtain the necessary NADH for synthetic purposes from other reactions, in-
cluding the Krebs cycle. Under aerobic conditions in the dark, they can shift to a
purely respiratory mode of life, producing NADH by the Krebs cycle and extracting
energy by reoxidizing it in a respiratory chain like that of eukaryotes (Fig. 5(d)).
Metabolic control is provided in part by the fact that the production of bacterio-
chlorophyll is inhibited by the presence of free O, (Lascelles & Wertlieb, 1971;
Marrs & Gest, 1973d).
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At least in R. capsulata and R. spheroides, and perhaps in other purple non-sulfur
bacteria as well, the same electron transport chain is employed in both photosynthesis
and respiration (Marrs & Gest, 1973a,b; Connelly et al., 1973; Dutton & Wilson,
1974). A pool of quinone molecules at the low-potential end of the chain can be
reduced by NADH, succinate, or excited bacteriochlorophyll. Transfer of electrons
into this pool from either photosynthetic or respiratory donors can be blocked by
the same inhibitors that are effective at this point in mitochondria (Parson, 1974).
At the high-potential end, cytochrome ¢ can pass electrons either to cytochrome
oxidase or to a bacteriochlorophyll center, depending on which is oxidized or electron-
depleted. The dual-purpose electron pathway in these bacteria is outlined in Figure 6.
All that would be required to turn this diagram into one of conventional mitochondrial
respiration would be for a mutation to incapacitate the photosynthetic pathway;
and such photosynthesis-deficient mutants of R. spheroides have actually been
studied (Saunders & Jones, 1974; Jones & Plewis, 1974). The oxidase in R. spheroides
is even a cytochrome a/a; as in eukaryotes (Saunders & Jones, 1974), although the
oxidase in R. capsulata appears to be a cytochrome b or o (Zannoni et al., 1974).

Present-day purple non-sulfur bacteria rely mainly on photosynthesis for energy,
with respiration as only a ‘“‘standby’’ alternative. This would have been a reasonable
state of affairs on a primitive Earth in which free oxygen was in short supply, or was
localized in the immediate vicinity of blue-green algae carrying out O,-releasing
photosynthesis. At a later stage, with more abundant atmospheric oxygen, accidental
loss of photosynthesis ability could have been relatively harmless, and could have
led to the ancestors of present-day respiring bacteria.

From the foregoing arguments, it is proposed that cytochromes c, ¢, and css,
comprise one virtually indistinguishable subfamily of proteins (cytochromes c,),
whose close structural and sequence similarities arise because of their close evolution-

NADH NAD*

* \ﬁ ATP Succinate
Bcehl \
Q Fumarate

Light
energy

Behl

0, Hp0

F16. 6. Photosynthetic and respiratory electron flow in R. spheroides, showing the common
electron chain from ubiquinone (Q) to cytochrome c¢,, and the probable sites of ATP synthesis.
Adapted from Marrs & Gest (1973a,b), Dutton & Wilson (1974), and Jones & Plewis (1974).



253,

486 R. E. DICKERSON ET AL.

ary relationships. Eukaryotes, Paracoccus denitrificans, and perhaps other respiring
bacteria, are all metabolic descendants of dual-function bacteria resembling purple
non-sulfur bacteria, having arisen from them initially by the loss of photosynthetic
ability.

The great similarity of Paracoccus css, and eukaryotic ¢ harmonizes well with the
suggestion of John & Whatley (1975), that a Paracoccus-like bacterium was the
symbiont which degenerated into the mitochondrion during the evolution of eukary-
otes (Margulis, 1970). John & Whatley base their selection of Paracoccus as the
mitochondrial precursor on membrane chemistry, respiratory chain structure, the
presence of cytochrome a/a; as an oxidase, and the mechanisms of respiratory
inhibition and control. No other bacterium, they point out, has such a large assembly
of mitochondrion-like features, and no other bacterium has significant mitochondrial
characteristics not possessed by Paracoccus as well. They also point out the similarities
between mitochondria, Paracoccus and R. spherotdes, which include the use only of
ubiquinone-10 as the low-potential acceptor pool of reducing power (Peters &
Cellarius, 1972). These findings are consistent with our structural comparisons:
there is an apparent evolutionary progression from Rhodopseudomonas. through
Paracoccus. to the eukaryotic mitochondrion.

6. Folding in Cytochrome cs,

The search for the cytochrome fold in prokaryotes has recently been extended by a
preliminary, low resolution (4 A )X-ray analysis of cytochrome css, from Pseudomonas
aeruginosa (Almassy & Dickerson, manuscript in preparation). This is a member of a
class of stnaller respiratory cytochromes, with 82 amino acids and, like Paracoccus
Css0- it ‘1s involved in facultative nitrate respiration. A sequence homology with
evtochromes ¢ and ¢, has been suggested (Needleman & Blair, 1969; Dickerson.
1971). but the extensive deletions that would be necessary have made these com-
parisons inconclusive. In such a case, three-dimensional structure comparisons can
be particularly useful.

As usual, the low-resolution electron density map from X-ray analysis would not
have been interpretable by itself, and structural comments ordinarily would have
to await the completion of the high-resolution analysis, for which data are now being
collected. However, common structural features in related proteins can be recognized
even in the blurred picture that one obtains at low resolution. The cs5, analysis at
4 A (Timkovich & Dickerson, 1973) showed that a correct interpretation of the map
could be made using the high-resolution structure of eukaryotic ¢ as a guide: and
that regions of both similarity and difference could be discerned. This has given us
confidence in the interpretation of the low resolution css; map, and the tentative
chain path deduced is shown in the stereo drawings of Figure 7. Only the overall
path of polypeptide chain is represented, since individual amino acid positions
cannot be distinguished at this resolution. The heme group is easy to see, as are
the two long alpha-helices at the amino and carboxyl termini of the polypeptide
chain. These features have the same relative positions and orientations as in ¢, ¢,
and cgs0. In addition, the path of the polypeptide chain between these helices can be
traced, with the heme attachments and the loop in the region of residue 20 on the
right side being especially easy to follow.
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Fic. 7. Stereo pair drawing of the main chain path and heme (see on edge) in oxidized cyto-
chrome css, from Pseudomonas aeruginosa. Same molecular orientation as Figs 2 to 4. n and ¢
indicate amino and carboxyl ends of chain. Asterisks locate cysteine attachments of heme to chain
at positions 12 and 15 (14 and 17 in cyvtochrome c¢). H and M, heme ligands, histidine 16 and
methionine 61 (18 and 80 in ¢). F, phenylalanine 7 (10 in ¢), P, proline 25 (30 in ¢), K, lysine 49 (72
in ¢), and D, aspartic 68 (88 in ¢). W, tryptophan 56, with side chain density in the map suggesting
that it is hydrogen-bonded to the innermost heme propionic acid like tryptophan 59 in ¢, although
the chain positions are not sequentially homologous. Positioning of amino acids is based partly on
side-chain shépes (especially aromatic rings) and partly on total running chain-length through the
map.

To a first approximation, if this interpretation of the css, structure is correct, css;
can be obtained from cytochrome ¢ by short-circuiting the chain from residue 38 to
57, removing the bottom of the molecule, and then pushing together the 20 and 70
regions from either side at the bottom to close the gap. This key piece of information
about the region of deletion then makes a sequence comparison between cg5, and
the larger cytochromes possible. A deletion similar to this at the bottom of the
molecule had been predicted in 1971 purely on the basis of sequence comparisons
(Dickerson, 1971), but the suggested deletion involved residues 30 to 47, a loop
running to the back of the molecule and forward again, rather than residues 38 to 57,
a loop running forward and then back.

The alignment of cytochrome cgs, with other cytochromes suggested by the 4 A
X-ray analysis is shown in Table 2. Once this critical deletion in the regions around
residues 40 and 50 is recognized, it then becomes possible to extend the sequence
alignment on a more tentative but suggestive basis to the photosynthetic cs55 of
green sulfur bacteria, photosynthetic f of algae, respiratory c; from Pseudomonas,
and even the low-potential but mono-heme cytochrome cs5; of sulfate-respiring
Desulfovibrio vulgaris. The conclusions reached by Dus et al. (1968) regarding the
phylogenetic relationships between the carriers of cytochromes ¢, ¢, and cg5; seem
to be essentially correct.

These proteins may all make up a broader evolutionary family than what we have
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called the cytochromes c,, with more distant relationships. There appears to be a
minimal set of common structural features in these proteins, including:

(a) the Cys-X-Y-Cys-His————- Met framework, with His and Met as the heme
ligands.

(b) A basic residue (lysine or arginine) at position 38 in ¢ numbering, near the
innermost propionic acid of the heme group.

(¢) An aromatic ring at position 97, followed by a hydrophobic residue, and aligned
next to another aromatic ring at position 10.

(d) Glycine at position 6, where the initial alpha-helix packs against the carboxyl-
terminal helix.

(e) Acidic side chains in the bend at the beginning of the carboxyl-terminal helix,

(f) A hydrogen-bonding residue (serine, threonine, glutamine) at position 100 near
the end of the carboxyl-terminal helix.

These generalizations to ¢sss, f, ¢s and css; have been based on the assumption
that their three-dimensional folding patterns resemble that of cg5,. X-ray structure
analyses of these cytochromes are needed in order to test this assumption. The
cytochromes of Table 2 apparently form an extensive family of evolutionarily
related molecules, of which cytochrome c, (including cs5, and eukaryotic ¢) is a sub-
family. Other cytochromes with several hemes, with heme attachment near the
carboxyl terminus, or with bound flavins, may not be related to this family at all;
but Table 2 would appear to extend the “‘cytochrome fold” through all types of
photosynthesis and respiration, and through three billion years of evolutionary
history.

7. The Evolution of Bacterial Metabolism

A pattern begins to emerge of the development of an electron transport chain
operating between high and low free energy, storing some of the liberated free energy
by the synthesis of ATP. In some applications, the donor of reducing power into the
chain is an external reductant, and the ultimate acceptor is NAD, although the
immediate electron acceptor is an electron-depleted chlorophyll center (Fig. 5(a)).
In other cases, both donor and acceptor are bacteriochlorophyll and the process is a
cyclic one (Fig. 5(b)). In a third type of photosynthesis donor and acceptor both are
chlorophylls, but at different photocenters (Fig. 5(c)). Finally, in the respiratory
adaptation, the donor of reducing power is a flavoprotein enzyme which has been
reduced by NADH, and the acceptor is a cytochrome oxidase complex which
ultimately will reduce oxygen to water, or nitrate to a lower oxidation state of nitrogen
(Fig. 5(d)). The electron chain of sulfate respiration in Desulfovibrio may prove to be
similar to these, but relatively little is known about its components yet.

The electron transport chains shown in Figure 5 have several common features,
including quinones as early acceptors of reducing equivalents, followed by cyto-
chromes b and ¢, with synthesis of ATP in at least one site along the chain. These
similarities lead to a self-consistent picture of the evolution of bacterial energy-
managing metabolism, shown diagrammatically in Figure 8. One can propose a
series of seven evolutionary events which account satisfactorily for what we know
about electron transport chains and cytochrome ¢ structures, and which canserveasa
framework for thinking about bacterial metabolism.

(1) Ancient bacteria on the primitive Earth under reducing atmospheric conditions
were anaerobic fermenters resembling present-day Clostridia. They obtained free
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Oxygen Blue-green
resplrers algae
Purple
non-sulfur [_955 of
photosynthesis Clostridia
Purple
sulfur Oxygen (esp//gf/on Desulfotomac.
Ho 0 to O,
hotosynthesis
S‘:lefeur: 4 7 Desulfovibrio
Krebs
cycle
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HpS to SOF”
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fermenting
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F1c. 8. Proposed evolutionary tree showing the development of cytochrome-containing electron
transport chains involved in energy extraction or storage in bacteria. In this model, sulfate respira-
tion arose in response to sulfate-releasing photosynthesis, as oxygen respiration arose later in
response to oxygen-releasing photosynthesis. The Krebs cycle developed for non-respiratory
purposes and was adapted to respiratory use by purple non-sulfur bacteria; and oxygen-respiring
bacteria evolved from purple non-sulfur bacteria and blue-green algae by the loss of photosynthetic
capabilitiesi'See text for discussion.

energy by anaerobic glycolysis or the breakdown of other smaller organic molecules.

(2) The first scheme for tapping solar energy that has left modern descendants was
sulfate-producing photosynthesis, like that carried out by green and purple sulfur
bacteria such as Chlorobium and Chromatium. Electron transport chains with cyto-
chromes ¢ are first recognizable in these bacteria. Such organisms would have used
the readily available H,S as a source of reducing equivalents in photosynthesis of
NADH, and would have produced local concentrations of sulfate, even under reducing
atmospheric conditions.

(3) With the availability of sulfate from this or from geological sources, the
ancestors of Desulfovibrio evolved the ability to extract more energy from their
metabolites by oxidizing them with sulfate rather than simply degrading them by
fermentation. A sulfur cycle could have developed between sulfide photosynthesizers
and sulfate respirers, such as is encountered today between Chlorobium and Desul-
fovibrio (Gray et al., 1972).

(4) The components of the Krebs cycle evolved piecemeal in the photosynthetic
sulfur bacteria, probably for synthetic or CO,-fixation purposes. This cycle, when
complete, allowed its hosts to become the ancestors of purple non-sulfur bacteria by
providing an alternative source of NADH and eliminating the need for an external
reductant.

(5) A different alternative to sulfide-using photosynthesis evolved in the ancestors
of blue-green algae. These found a way to use a plentiful but poor reducing agent,
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H,0. by adding photocenter 11 as a second energy source. “‘Green plant™ photo-
synthesis evolved, splitting water and liberating O,. A slow alteration in the atmos-
phere began, which may have required hundreds of millions of years to complete,
but which ultimately led to the present oxidizing atmosphere.

(6) With the availability of free oxygen, even in local concentrations, blue-green
algae and purple non-sulfur bacteria evolved O, respiration as a means of extracting
more energy from metabolites. A sun-powered oxygen cycle was set up, similar in
principle to the sun-powered sulfur cycle developed earlier. Oxygen respiration
could have arisen independently in purple non-sulfur bacteria and blue-green algae.
and molecular structure comparisons among proteins of similar function may help
to decide this point.

(7) Photosynthesis-impairing mutations may have occurred repeatedly among
purple non-sulfur bacteria. As long as the atmosphere contained little free oxygen,
these would have been deleterious, and would have been eliminated from the popula-
tion by natural selection. But after blue-green algal photosynthesis had raised the
oxygen content of the atmosphere bevond a certain level. respiration became efficient
enough that the loss of photosynthesis was relatively harmless. Some of the present-
day respiratory bacteria. including Paracoccus. evolved from purple non-sulfur
bacteria by loss of photosynthesis. Others such as the gliding bacteria (Beggiatoa.
Thiothriz) may have evolved from blue-green algae by a similar process.

This seven-point scenario was based originally on the distribution of c-type cyto-
chromes among electron transfer chains in bacteria, and on sequence and structure
comparisons of cytochromes c. It provides a coherent explanation for the observed
similarities between cytochromes of photosynthesis and respiration, and agrees with
what is known so far about bacterial energy metabolism. It accounts for the occur-
rence in prokarvotes and eukaryotes of a closely-knit subfamily of cytochromes c,
(- 4ty eukaryotic ¢), with a related but less uniform family of molecules possessing
the essentials of the “‘cytochrome fold™ (cs, €553, Css5. @lgal f). If this evolutionary
model is correct. then it should be confirmed and even extended backward in time
by similar structural comparisons of other electron-transfer proteins such as ferre-
doxins and cytochromes b. While the scenario may require correction in details, it
at least offers a rational picture of the evolution of bacterial metabolism in terms of
successive adaptations of old mechanisms to new uses when external conditions change,
and of the gradual development and diversification of an almost universal energy-
extracting mechanism.
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APPENDIX II

Pseudomonas Cytochrome css; at 2.0 f\ Resolution:

Enlargement of the Cytochrome c Family




260.

Pseudomonas Cytochrome css; at 2.0 K Resolution:
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*
Enlargement of the Cytochrome c Family
UVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV:
Robert J. Almassy and Richard E. Dickerson

Norman W. Church Laboratory of Chemical Biology, California Institute

of Technology, Pasadena, California 91125, U.S.A.

*
Contribution No. 5632 of the Norman W. Church Laboratory of
Chemical Biology.
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SUMMARY

The structure of Pseudomonas aeruginosa respiratory cytochrome

Css1, with 82 amino acids, has been solved by x-ray analysis
and refined to a crystallographic R factor of 16.2%. It has
the same basic folding pattern and hydrophobic heme environ-
ment as cytochromes c, c,, and Csso, except for a large
deletion at the bottom of the heme crevice. This same
""cytochrome fold" appears to be present in photosynthetic
cytochromes c of green and purple sulfur bacteria, and algal
cytochromes f, suggesting a common evolutionary origin for
electron transport chains in photosynthesis and respiration.

(End of summary)

Cytochrome cssi: is found in various Pseudomonads and Azotobacter

vinelandii, where it plays a respiratory role analogous with mito-
chondrial cytochrome ¢ in eukaryotes and cytochrome Csso in Paracoccus
denitrificansl_4. It is significantly smaller than these latter pro-
teins, however, having only 82 amino acids instead of 103-134. Amino
acid sequence comparisons (Table 2 of Reference 4) have suggested a
similarity of folding between css; and the larger cytochromes, but in
the absence of x-ray data it was difficult to decide where the
""deletions'" in the Cssichain should be placed to make the proper
sequence alignmentS_S. The preliminary low resolution x-ray analysis

of Pseudomonas aeruginosa cytochrome css; (discussed in Reference 4)
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showed that the folding patterns in c, c2, Csso and Cssi were indeed
the same. This has now been confirmed by x-ray analysis and con-

strained difference map refinement at 2.0 R resolution.

Experimental procedures

The original cytochrome css; was the gift of Henry Harbury, who
then trained one of us (RJA) in the techniques of growth of cultures

of P. aeruginosa and purification of the cytochrome2 (and H. Harbury,

personal communication). Crystals were grown in 40-50% saturated
ammonium sulfate solutions, with 1 M NaCl and 0.01 M ammonium phos-
phate buffer, pH 5.6 - 5.9. The crystals are space group P2,2,2; with
unit cell dimensions: a = 29.43 K, b = 49.00 K, c = 49.66 R. Three
heavy atom dgrivatives were prepared by soaking crystals in stock
solutions: K,PtCly, UO,(NO3),, and NaAu(CN),. All high-resolution
data were collected on a modified General Electric XRD-490 x-ray
diffractometer, to a resolution of 2.0 K for native protein crystals
and 2.4 R for the isomorphous derivatives.

Full details of the structure analysis will be reported else-
where, but the strategy may be outlined here. The mean figure of
merit for multiple isomorphous replacement phase refinement9 at 2.4 A
resolution was 0.924 for centric reflections and 0.763 for all data.
Atomic coordinates were measured from a Kendrew wire model built in a
Richards box. These were used as the starting point for refinement

on a minicomputer, alternating cycles of (a) automated and
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occasionally manual shifts in atomic position based on Fourier differ-
ence maps, and (b) adjustment of bond distances, angles, and torsion
angles toward standard values followed by calculation of a new differ-
ence maplo. At present, with stereochemically acceptable bond lengths
and angles, a planar heme, and the addition of 42 water molecules per
cytochrome molecule, the conventional crystallographic R factor* is
16.2% at 2.0 A resolution.

As a rough indication of the effect of refinement, two sections
through the plane of the heme group are compared in Figure 1, with
heme skeletons superimposed. Figure la shows the multiple isomorphous
replacement map at 2.4 A resolution, and Figure 1b the refined

(2F, - F) e™®c map at 2.0 &,

Description of the structure

The a-carbon atoms, heme group, and a few key side chains of
Cytochrome Css; are shown in the stereo drawings of Figure 2. The
side chains and molecular orientation have been chosen to facilitate

comparison with equivalent stereo drawings of cytochrome c from

11-13 14
una

t » Csso from Paracoccuss, and c, from Rhodospirillum rubrum

(see stereos in Reference 4). The similarities and differences in

DRILARNEN]
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main chain folding are perhaps easier to see in the ribbon drawings

of cytochromes cssi and c in Figure 3. Among the common structural

features are the amino-terminal alpha helix, cysteine and histidine
attachments to the heme, the 20's loop at the right, the 60's helix
(40's helix in css;), methionine ligand to the heme, and the carboxy-
terminal alpha helix. The principal differences are the deletion of
the bottom of the c molecule in Cssi, its replacement by a 30's helix
at the lower rear, and the pulling downward of the 70's loop of c to
close off the bottom of the css; molecule. The deletion in cytochrome
¢ required to produce the css; molecule can be described approximately
as a joining of residue 40 to 56, and removal of residues 41-55.

One interesting aspect, an apparent consequence of the deletion
of chain at the bottom of the molecule, is the tilting of the heme
within its polypeptide cage relative to that in cytochromes c, c,, and
Cssg. This is illustrated in the stereo drawings of front and right
sides in Figure 2. These views were obtained by rotating 44 alpha-
carbon atoms onto corresponding atoms in homologous regions of tuma
Cytochrome c using a least-squares fitting program. The polypeptide
backbones thus have been oriented to correspond to Figure 16 of
Reference 11 and a view 90° to the right, in which the heme is seen
directly on edge and in the plane of the paper, respectively. Rela-
tive to the c orientation, the heme in css; is rotated approximately
11° to the left about a vertical axis in Figure 2a, and tilted
forward 16° about a horizontal axis. (A similar tilt of the heme has

subsequently been observed in cytochrome csss, as mentioned in the
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Discussion.)

These structure comparisons now enable a precise alignment of
amino acid sequences to be made, as shown in Figure 4 for tuna c and
Pseudomonas Css;. Key considerations in this alignment are the posi-
tions of the heme ligands, the structural equivalence of the valine-
glycine-proline sequences at positions 28-30 in ¢ and 23-25 in Cssi,
the correspondence between the 60's helix ending in asparagine 70 in c
with the 40's helix ending in asparagine 50 in Css;, and the carboxy-
terminal helices beginning at residue 87 in c and 67 in Css;. This
new alignment requires a local three-residue shift to the left to be
made in the middle of the css; sequences in the more comprehensive
Table 2 of Reference 4--that table having been made prior to the high-
resolution structure analysis of Cssi. It is obvious from the x-ray
results thag,leucines 64 and 68, packed against the heme in tuma c,
correspond to the similarly placed leucine 44 and isoleucine 48 of
Css1.

The hydrophobic environment around the heme group is almost
identical in the two proteins. Table 1 shows the comparison of struc-
turally and sequentially equivalent hydrophobic side chains packed
around the heme in 60 eukaryotic c sequences and six prokaryotic Cssi.
At only three places along the sequences is a hydrophobic heme contact
in one protein not matched in the other. At two of these places the
residue even remains hydrophobic, but is only turned so as to be in
less obvious contact with the heme plane. This near-identity of heme

environments is striking support for the evolutionary relatedness of
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the two proteins in spite of their size differences.

Aromatic side chains are less well conserved (Table 2). A cyto-
chrome heme seems to demand the nearby presence of aromaticity, but
with the placement in three dimensions being less critical. Only the
two rings in what has been called the '"right channel"ls, positions 10
and 97 in ¢ or 7 and 77 in cssi, are invariant in all species. None
of the aromatic rings that once were invoked in the electron transfer
mechanism--59, 67, 74, 82--has an exact equivalent in css;. However,
the tryptophan 59 that is hydrogen bonded to the inner propionic acid
group of the heme in all molecules of ¢, Csso, and ¢, has a functional
equivalent in tryptophan 56 of Css,, in a way that suggests evolution-
ary convergence. There can be no precise homologue of tryptophan 59
in css;, since that portion of the chain is involved in the large
deletion in Css1- (Residues 40 et seq. in css; correspond in three-
dimensional structure to 60 et seq. in ¢, but the two chains just
before these positions adopt quite different conformations.) Never-
theless, css; does have a tryptophan residue that occupies a corre-
sponding position in the folded molecule and is hydrogen bonded to
the buried propionic acid. Its position along the amino acid chain
of css;, number 56, corresponds to the mid-70's region of eukaryotic
cytochrome c. It is as though the molecule, lacking an essential
tryptophan at one position, developed a compensating residue somewhere
else, and made the requisite main chain adjustments to bring the tryp-
tophan to its former position. These adjustments, a drawing down of

the loop at the left of the heme, also help to close the '"wound'" at
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the bottom of the molecule created by the large deletion in Css:.

The environments of the buried and exposed propionic acid groups
on the heme are similar in c and css1, although the results are
achieved in different ways from a sequence standpoint. The aromatic
rings of invariant tyrosine 48 and tryptophan 59 in c are matched by
invariant tryptophan 56 and semi-invariant phenylalanine/tyrosine/
asparagine 34 around the buried propionic group in css;. Serine/
threonine 49 and invariant threonine 78 in ¢, hydrogen bonded to the
outer propionic group, are paralleled by a semi-invariant serine/
threonine at position 52 or 53 in Cssi1, also hydrogen bonded to the
outer propionic.

These examples of structural convergence are reminiscent of the
replacement of phenylalanine 11 by phenylalanine 20 in cytochrome ¢,
of R. rubrum. (but not in any other c, molecule), and the compensating
axial rotation of the carboxy-terminal alpha helix to adjust the
position of tyrosine 107 (see Reference 4 for details). In all known
cytochrome ¢ structures--c, Ca, Csso and Css)--there seems to be a
need for (1) a tryptophan residue hydrogen bonded to the buried heme
propionic, (2) another nearby aromatic ring, (3) a serine/threonine
hydrogen bond to the outer propionate, and (4) a pair of aromatic side

chains to the right of the heme.

One of the most remarkable features of the amino acid sequence of
cytochrome css5; is the presence of so many prolines around the heme-

liganding methionine. In Pseudomonas aeruginosa, the sequence is:
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Trp56--Gly57--Pro58--11e59--Pro60--Met61--Pro62--Prob63--Asn6d

This was a cause for curiosity and discussion prior to the structure
analysis. The answer, in Figure 5, is obvious by hindsight. In each
stereo pair of the figure, the right polypeptide chain is a drawing of
residues 58-63 of css; using refined coordinates, and the left poly-
peptide is an idealized polyproline helix using coordinates from
Reference 16. This portion of the chain in css; is essentially a
short stretch of threefold polyproline helix, with the heme-liganding
methionine side chain branching off from its midpoint. This seems to
be a structural device to ensure an extended chain conformation,
necessary to bridge the long distance between tryptophan 56 at the
bottom of the molecule and the carboxy-terminal alpha helix at the
top. Szent-Gyorgyi and Cohen proposed the use of a high proline con-
tent to induce a polyproline conformation in proteins just twenty
years agol7. In an introduction to a collagen symposium a few years
later, G. N. Ramachandran half-seriously suggested that since the a-
helix and B-sheet fibrous structures had been found in globular pro-
teins, we might someday expect to find a globular protein with a
collagen helix. It now appears that he was correct in principle!

The highly asymmetric distribution of positively and negatively

charged side chains that has been remarked for other cytochromes
C3,14,15

is present in cytochrome css; also. The molecule has 8
lysines, 1 arginine, 5 aspartic and 5 glutamic acids, for a net charge

count among side chains of -1. However, if a plane is drawn parallel
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to the page in Figure 2a, through the center of gravity of the mole-
cule, then six positive charges (residues 8, 10, 28, 33, 47, and 49)
and one negative charge (residue 29) lie on this bisecting perimeter,
eight negative charges (1, 2, 4, 41, 43, 68, 69, 70) and two positive
(76, 82) lie on the back half of the molecular surface, and only one
side chain of each charge (aspartic 19 and lysine 21) are found on
the front hemisphere. The cytochrome Css; molecule is essentially a
sphere with the heme crevice opening to a hydrophobic front hemisphere,
diametrically opposed to a negatively charged back hemisphere, with a
belt of positive charges separating the two. The positive charges
around the perimeter of the heme face of the molecule, that have been
commented upon in other cytochromes c, are present here also. Lysines
10 at the top of the crevice, 21 at the right, and 47 at the left,
correspond to lysines 13, 25/27, and 72/73 in eukaryotes. These resi-
dues are evolutionarily invariant among the siX Css; sequences known
(as are most of the other lysines). The acidic side chains are more

variable, as was also the case for the eukaryotic cytochromes c.

The family of cytochromes c

The x-ray crystal structure shows clearly that cytochrome Css;
belongs in the same evolutionary family with eukaryotic, mitochondrial
¢, Paracoccus Csso, and c, from purple nonsulfur photosynthetic/

respiratory bacteria such as Rhodospirillum. Possible evolutionary

relationships between these proteins, and between their host
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organisms, have been discussed in Reference 4. At the time of that
paper it appeared as if cytochromes c, c2, and Csso were the most
closely related group, and that the Css1's with their chain deletion
at the bottom of the molecule were more distantly related. Among the
cytochromes c, from various purple nonsulfur photosynthetic bacteria

18,19 were mole-

that had been sequenced by Richard Ambler and others
cules that were as small as eukaryotic c or as large as Csso, but with
nothing in the size range of css;. Recent work has changed this
picture (R. Ambler, private commmication). Sequences have been
determined for at least one c, from every formal species listed in

20

Bergey's Manual In at least two of the three genera, Rhodospiril-

lun and Rhodopseudomonas, Ambler found species containing cytochromes

c2 that in both size and amino acid sequence appear to be homologous
with Pseudomopas Css1. It appears that all of these small cytochromes,
from css; with 82 amino acids to csso with 134, should be considered
as one evolutionary family, with a standard pattern of acceptable
insertions and deletions that is followed in diverse organisms:
respirers and photosynthesizers, prokaryotes and eukaryotes.

Other members of this family probably include cytochrome cCsss of

purple sulfur bacteria (Chromatiaceae) with 112 amino acids, Csss of

green sulfur bacteria (Chlorobiaceae) with 86 amino acids, cytochromes

f or cssy of prokaryotic and eukaryotic algae with 83-89 amino acids,
and perhaps even the single-heme cytochrome csss of the sulfate-

respiring Desulfovibrio with 82 amino acids. Salemme has recently

reported the folding of the polypeptide chain backbone in cytochrome
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Csss of Chlorobium thiosulfatophilum21 as obtained from an unrefined

MIR analysis at 2.7 ) resolution, and it is apparent that this back-
bone is virtually identical with that reported for Pseudomonas cCss:
in Reference 4 and this paper. The same large deletion is observed
at the bottom of the molecule, and from the ribbon drawing of the
Csss Chain path, the heme appears to be tilted forward as in Css;.
One interesting difference observed in csss is that the tryptophan
hydrogen bonded to the buried propionic acid (R. Salemme, private
communication) is present in the same position along the chain in
eukaryotic cytochromes c and all published csss sequences, even
though these two proteins probably are the most distantly related in
an evolutionary sense. The shifted tryptophan observed in css; may

represent a special adaptation in the Pseudomonads.

The probable evolutionary relationships between the cytochrome c-
containing metabolic pathways in bacteria and eukaryotes are outlined
in Figure 6, which is an extension of an earlier metabolic tree in
Reference 4. At least the main chain pathway is now known for five of
the cytochromes indicated in this figure: csss, C2, Cssi, Csso, and
c, in the probable order of evolution. The '"'small" form of cyto-
chrome c with the bottom chain deletion is found in green sulfur and
purple nonsulfur photosynthetic bacteria, respiratory bacteria (Cssi)
and cyanobacteria or blue-green algae. The "'large' form of cytochrome
c, in contrast, has been observed so far only in the branch of Figure
6 leading to the purple sulfur and nonsulfur bacteria. Hence it seems

more likely that the small cytochrome is the ancestral form, and that
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one branch has seen the addition of more chain at the bottom of the
heme crevice.

All of the bacteria discussed in this paper and shown in Figure 6
are similar enough in general morphology to be grouped by Brock22 into
one category: the gram negative, polarly flagellated rods. It is
interesting to find this morphological similarity matched by a bio-
chemical similarity: all members perform either photosynthesis or
respiration or both, all possess electron transport chains with a
cytochrome c¢ near the high-potential end, and all of these cytochromes
C appear to be structurally or sequentially homologous. This class of
cytochromes arose soon after bacteria developed the ability to trap
light and use it for chemical purposes, and has been retained in the

divergent evolution of present-day photosynthesis and respiration.
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Cytochrome ¢

Tuna

Phe 10
Pro 30
Leu 32
Leu 35
Leu 64
Tyr 67
Leu 68
Pro 71

60

Eukaryotes

60
60
60
8l
S7
59
60
60

Phe

Pro

Leu

leu, 5 Ilu, 2 Val, 2 Phe
Leu, 2 Met, 1 Phe

Tyr, 1 Phe

Leu

Pro

No heme contact in c

Phe 82
Ile 85
Leu 94
Val 95

Leu 98

60
36
58
35
a7

Phé

Leu, 24 Ile

leu, 2 Lls

Ile, 4 Val, 1 Leu

Leu, 3 Met

Hydrophobic heme contacts in cytochromes ¢ and

Exey

Cytochrome Cpcq

P. aeruginosa 6 Prokaryotes

Phe
Pro
Tyr
Val

Leu

7

25
27
30
44

5 Phe, 1 Tyr
6 Pro

3 Phe, 2 Leu, 1 Tyr

6 Val

b ley, 1 1le

No heme contact in c.cq

Ile 48

Gly

Pro

No heme contact in

bl
62

Val 66

Leu
Ala
Val

74
75
78

6 Ile
6 Gly
6 Pro

Eg51

6 Val

6 Leu
6 Ala

4 Val, 2z Ile

Eukaryotic cytochrome ¢ sequences from Tables IX and X of

Reference 23, prokaryotic ¢

551

sequences from Table 2 of Reference 4.



276

TABLE 2.  Aromatic side chains in cytochromes c and Ccoq

Cytochrome c Cytochrome Cccq
Tuna 60 Eukaryotes P. aeruginosa 6 Prokaryotes
Phe 10 60 Phe Phe 7 5 Phe, 1 Tyr
Not aromatic Tyr 27 3 Phe, 2 Leu, 1 TyT

Phe 36 53 Phe, 3 Ile, 2 Val, 2 Tyr Not aromatic

Not aromatic Phe 34 3 Tyr, 2 Asn, 1 Phe
Tyr 46 33 Tyr, 27 Phe Deletion region

Tyr 48 60 Tyr Deletion region

Trp 59* 60 Trp Trp 56* 6 Trp

Tyr 67 58 Tyr, 1 Phe Not aromatic

Tyr 74 58 Tyr, 2 Phe Not aromatic

Phe 82 60 Phe Not aromatic

Tyr 97 58 Tyr, 1 Phe Trp 77 6 Trp

*Molecular convergence: same position in three dimensions, although

different positions along polypeptide chains.
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FIGURE CAPTIONS

FIGURE 1. (a) Section through the heme group, from the
multiple isomorphous replacement electron density map of Pseudomonas
aeruginosa cytochrome css;. Heme coordinates as obtained from the
MIR map are superimposed. (b) Section through the heme group in the
final (2F, - F.) map from the refined structure, with the refined co-
ordinates superimposed. The five-membered rings appear as flat
plates, with their substituent groups clearly defined, and the six-
membered rings including the heme iron have deep negative centers.
The cysteine 12 attachment is at the left side of the lower pyrrole
ring, and the cysteine 15 attachment is at the top of the left
pyrrole ring. The two propionic acid groups extend out of the

sectioning plane at the upper right corner.

FIGURE 2.  Stereo drawings of the main chain backbone, heme,
and key side chains in css;. (a) Front view, with the main chain
oriented as in the stereos of c, c,, and Csso in Reference 4.

(b) Right side view, at 90° from the front view. Notice the tilt of
the heme compared with the stereos of the other c's. Residues 58-63

form a nearly ideal polyproline threefold helix, as shown in Figure 5.

FIGURE 3. Ribbon drawings of main chain pathways in (a) cyto-

chrome css; from P. aeruginosa and (b) cytochrome ¢ from tuna. The

basic molecular folding is the same. One can think of making css:
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from ¢ by joining residues 40 and 56, deleting the intervening resi-
dues, and pulling the loop at the left downward to close off the
bottom of the molecule once more. The heme group with its iron are
represented by a cross-hatched slab with a central black ball.
Covalent cysteine attachments, the methionine and histidine iron
ligands, and the inner and outer heme propionic acid groups (at the

bottom) are also shown.

FIGURE 4. Amino acid sequence alignments for tuna cytochrome c

and P. aeruginosa css;, made on the basis of the x-ray analyses.

Brackets with o indicate regions of o helix. Ala 17-Ile 18 in css;
are considered o-helical because they make the proper hydrogen bonds

to the beginning of helix 26-34.

FIGURE §i Stereo pair drawings of an idealized polyproline
threefold helix (left in each stereo pair) and the css; chain from
residues 58 to 63, showing the similarity in conformation. The Pro-
Ile-Pro-Met-Pro-Pro sequence apparently is a device for obtaining an
extended chain configuration past the site for the sixth (methionine)

ligand to the heme iron.

FIGURE 6. Proposed family tree of the gram-negative, polarly
flagellated rod bacteria and their offshoots. These include the
photoautotrophs and chemoautotrophs, and the respiring organisms that

are believed to have evolved from them, including Pseudomonas
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aeruginosa. Included are the probable steps in metabolic evolution
(rectangular boxes), and the identity and size of the cytochromes c
that are related by structure and probably by descent from a common
ancestral gene. For more discussion and justification, see References
4 and 23. Abbreviations: GSB = Green sulfur bacteria, PSB = Purple
sulfur bacteria, PNSB = Purple non-sulfur bacteria, MITO = Mito-
chondria, PARA = Paracoccus, PSEU = Pseudomonas, BEGG = Beggiatoa
and related gliding bacteria, BGA = Blue-green algae or Cyano-

bacteria, CHLO = Chloroplasts, DESUL = Desulfovibrio.




FIGURE la

Zop
@‘%%%%m

N




CFL
L
)

| ‘/‘@' —"
) ' - @
e

i
-
=D




FIGURE 2a




283,

FIGURE Zb
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FIGURE 3b
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FIGURE 4
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FIGURE 5




288.

FIGURE 6
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APPENDIX III

Refinement History of Cytochrome Css,




R Pactor = 48,6 eegee

43,3 eepes

33.7 sefes

25.8 engss

21.5 eepee

18.9 eepen

17.5 eepee

16,2 osden
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CYTOCHROME cgg4 REPINEMENT HISTORY
Wire model built to 2.4% resolution 3-derivative X.I.R. map and
a complete set to 5431 F .y, (to 1.96% resolution) evaluated
9 computer cycles of shifts and constrainte in M.I.R. map
includpzng 8 shifts and 14 constraints
First (P, - Pc-le)¢cllc map calculated

4 computer cycles of constrained AP refinement
including 7 shifts and 7 constraints

Temperature factors for heme decreased (Bhno'7' B =14)

protein

Minimap I plotted and coordinates adjusted (Paco016)
R = 36.2 after coordinate adjustments

5 computer cycles of constrained AP refinement
including 5 shifts and 5 constraints

Begin temperature factor refinement
Eliminate reflections with Pope = 0 (AR = -2,9, # refl. = 5050)
Add 19 solvent molecules (AR = +0.20)

Minimap II plotted and coordinate and solvent adjusted (Paco031)
2 solvents deleted and 18 solvents added (total of 35)
R = 30.0 after coordinate and solvent adjustments

10 computer cycles of constrained A P refinement
including 10 shifts and 9 constraints

Eliminated reflections with d>7.08 (AR = -0.70, # refl. = 4903)

Eliminated reflections with P, < Qo (unobserved) (AR = -1.3,
# refl. = 4625)

Minimap-III plotted and coordinate and solvent adjusted (PacoO48)
18 solvents deleted and 25 solvents added (total of 42)
R = 26.4 after coordinate and solvent adjustments

13 computer cycles of constrained A F refinement
including 13 shifts and 9 constraints

Difference between planar Pe and non-planar Pe R Pactors = -0.6%

Minimap IV plotted and coordinate and solvent adjusted (Paco065)
13 solvents deleted and 23 solvents added (total of 52)
R = 22.2 after coordinate and solvent adjustments
12 computer cycles of constrained AP refinement
including 12 shifts and 5 constraints

Minimap V plotted and coordinate and solvent adjusted (Paco078)
15 solvents deleted and 5 solvents added (total of 42)
R = 21.1 after coordinate and solvent adjustments

15 computer cycles of constrained AP refinement
including 15 shifts and {1 constraints

AP map grid interval decreased from 0.85% to 0.50%

Pinal coordinates



UOT3B[NOTED U POpNIIUY BUOTIJe[JeX Jo 4 - YYVY
PWBUS ([} 03BUTPJIO0D 3ndul -  FTId

80JN3VAIND OJWO® JO UOTIVTNO(BY J0J WEINOIJ INIWAIND -XXXXA¥ND

o e o 6 SuUOj3oeTJel Jo Jequnu (w30l - 0000
$02T £ (("d+ d)§)/("d-"d) esnwdeq °OTED wWoaj PeIFTWO °*TJOI Jo § - daad
; 103084 § - V'VV

QWBUS[]J ©3BUFPJIO0OD 3 uy - d11d

DIAXXX0OVA JQ ‘LIIXXX0OVd ‘dVHXXXOOVZ ewsueT}J
@ 3ndyano y3ta wegdoad uojjvmIOFEUBI) J0TINnog Aq POMOT[0J WeJBold 10308y 8an3dnJ3s -

ouoz uej[ow Jod SUOTIWIBIY § - az
®A® TBUTJ - JDDI*Y¥ swoj® Odjajewwdey - *3a [[eIesQ - 04"

suojjejAep o[Xu® °I03

. a
= suoj3ejAep e[3us puoq AR [®Uld - rrCL°L 80[Jus UO[BIOL - *3A [TWI0AQ - 00°D
o SUOT3WTAGD °*38TP puoq °*eAw Teujld - III‘I se[due puog = *3a [[®deaQ -~ gd°d
& BUOT3ETA®D OTFUW *J03 :*0A® BUTIIEIS - HHH'H  sSeousysyp puod - °*3a T[¥I0A0 - VV'Y

BUOT3BTASP oTBus puoq *eA® Fujiaeis - DHD'D PWEUS[J S3UTBIIBUOD - xwzoo
BUOTIBTAGD *3ISTP PuUOq *ea® Buf3aels - Jdd*d ewsuST]J 03WUTPI00D Indul - 114

XXXOMS OWeUue[[J @3BUFpPI00Dd 3INd3no Y3 A weadold SjujsIIsuo) -

BJI93U0 OTWO3® @ IN3VAIND dvw OFVILAY =XDNDI'N az 01 X 3JTYs pIood A SWy - aa
va 3JTUS §3WUTPIOOD SWY - [rreer Mh« uo_ X 3JTYs pa00d X SWd - 20

%mv 31J7us #38UPI00D 8FWIGAY - III'I 8I030uj'+dwe; Joj 10308 3JIUs - €d°d

pI00d JPue @ £A3jsuep dew @HBIGAY = HHH'H 8038UTPIO0D J0J J03JWJ IJYUS ~ \AAA
pa002 Butjiaeia @ L3jsuep dew eFwieay - DHD'D sweue [}y dew Jeyanog 3nduy - Z FTId
3JTYs Jo3deJ eanjevaedwe) SWH - Jdddd*d swBURTTJ ean3eaand 3ndul XXXXAMND

(33) 0T X 3JYys pI00d 3 SWY - aa QWEUST[J 938uUTPI00d Indul - ¥ FTId

(80aN3BAIND T8OX Y3ITA
UOTSJIeA MOU) YYXJHS OWeUeT]J ©38ujpIo0d 3ndino Y3 ya weadoad BUTIITYS dFwWoly -

Muuw 401 X 3J7uB pI00d A swd - a3
a3) JOI X 3ZTYS pI00d X SWH - aa
) 31JTUS @38UTPI0OD eFeIeAy - LLLP 10388 eanjeaedwey [rwaeap - 0°0D
pI002 TPue @ A3ysuep dew eFBI9Ay -  I°II 8J0308J *dwdl IO 10338 3JIUS - gd*d
pa002 Bujjaeis @ A3jsuep dew eFexeay - H'HH  893BUJPI0OD JOJ J03I8F 3JTYS -  VV'V
3JTYys J0308) eanjeaedwe; SWY - 9°9 ewgueyJ dew Jejanog “gndur - z F'IId

(a3) :o— X 3JJYS PI00d 3 SWH - dd PWBUOT]J ©3BUTPIC0D 3ndul - | FTId

(LL6T *n2gl *TTE 38A1) ¥30Y *pPnoJ3§ pue 8IequeY) *80an3BAIND [BUOTIJodoad Y3 TM
UOT8JeA PTO) XXXJHS eweue[}J ©3BUTPI00D 3Ind3no Y3 M weadoad Fujijyys ojwozy -

XXX00vd

XXXH0S

XXXdHS

XXXdHS

R L I Y Y Y

sev e

vyvy
3114 »
ssos 00ZAAUN) sresvese

s s 0203

R L A L R I I I R Y]

2222
898
Ve
313
¢x9 XXX0IVI cessssee

sa P s0as
ss e

SRR UTLINEEINSENETLEOS

. WINN PPPef-111°1 »
. HAH®H 999°9 444°4 »
. 33 »
S 0a*3g 22°) 89°8 VV°'V »
. XSN]D o
* 314 »
. ses XXXUIS ssovvevsocs

PESEINTIE SR IINOOENITIES
OINNAH FIFF 1111 »
HHH®H 999°90 »

4444°4 33 00 J) »

48°d VvV &

Z 34

XXXAAYND 1 4713 =
vvevss XXXIHS sosessvesss

28945092

sersave srvsesrsess L
rrrer =

111 H°HH »

9°9 44 34 10 =
2°J) 88°8 VV°'V »
.

»

.

2 3114
1 3113
sveves XXXIHS wmssssesse

* 9200



292,

POIBUTWII® o o > _nnom_ pue ¥ > p pus

(¥0s°0)00%0°0
(¥29°0)$210°0
(¥28°0)4910°0

syxe o

PO3BUTUITe ¥/ > p puw

pejBujuyTe

¥0°2Z 03 308 ®3®p

(¥67°0)0010°0
(¥19°0)52%10°0
(¥28°0) 249100

syxe g

(¥641°0)4910°0
(¥59°0)2z20°0
(¥26°0)21€0%0

syxe y

0 > - sz94
0 > *%| - o6y
0 >[*%4) - osos
93e7dwod - IC4¢

suof3oeTyey

DIEXXX0DVd
LTIdXXX0DVd
dVHXXX0DVd

8qo

SUOTIBUIOIBUBIY JOTINO4 03 ©€3[8 pPjI3 dey

PEPEEBEEEOSEEOBIGENGOBNEES

O3NIVYLISNOD 3¥Vv AIND
$3INVLISIU INOY 3RW3A
B =S s=—mmmes JSNOD
CEBRRURNIOSININGEEIE NS

.
.
. 9 = *LM JINVISIQ
]
.

s eap o

L T T LY T Y
. G3AON3Y
« 39 0L SINIVELSNID 1TV
¢ Zl5= 1M 3TINV NUISHUL
. o 6 = 1% 319NV
* 9 = *1M 3INVISIC
L —~=—--=- 3SNDD
LR R PR PR T 7]

s a0

*s a0

R Y YR Y 1Y

.
»
»
.
»
»

SINIVALSNID 1Y

¢l = *14 319W NDISu)L
6 = *1M 39NV

3 = LM 30NVISIO
e asNII
SETICNSEFOIIFIEIOIIDEIOITES

LR R Ty LY
= 0432 21 13S SIHOI3M »
SINIVYLISNID 34 3WIS @

b = °1% J1INV NOISYIL »

€ = °1M 370NV »

2 = M 3JINVISIO
SEtmEan s t——— JSNUD. @
L]

S RPESEEENEGOORSO SRS RS

*

» SAINIVYLISNID TV

e 0% = L9 31INV NOISHIL

» 0E = *1M 3TONV

» 02 = "14 3INVISIO

B e e e GSNOD

tsesane tsposesoans e

Ts o

PECERVRLOELIBENEER OB OPOO S

s
SINIVYASNID 1V »

0T = *1M 39NV NUJISHO0L »
01 = *1M 379NV »
»

L d

L]

LI I

. S = AWM 3IINVISIU
#-—————-—=——=——— VYSNOJ
ssseese

PRSI HISOEIINIELEERONIDEGRD

-
. SINIVYLISNID TV
= 5 = °*1d JIONV NOISH¥OL
» € = 1M 379NV
» Z = *1v 3INVISIQ
gmm——— e SNDJ
L YR LR P L R

s 09




293

AR AAOANRRIRARRRRARSSS
. €11°0 =
* 0°60G61 0°16€El =
* 0°0 ST 61 %2 »
L ~-= 00°0 €0°0 =
* dVHYIWISGD
® 2104325 =
298060200 O00JHS nesssesce

BR8N SRR NN O RR RO R CRR
» 960"y €12°2 620°0 =
'Y 266°S BEYE E90°0 »
» 9 =
«0°021 00° 0t 00°0€t 00°09 =
. SNOD o
* 100425 «
o8 BOOYIS essesseee

iy

2000400004 20000000000 R0EY
] 824°L 810°% L90°0 =»
- 06€°€EZ 009°%1 882°0 @
» 9 =
2°0021 00°0¢ 00°0€ 00°09 =
- SNOD o

L ]

»

* Z004HS
220200608 LOOYUIS senesees

2989005608 R4200000000 0000
L] L18°2 %8%°1 020°0 =
= $€6°2 209°1 020°0 ¢
* S e
¢0°009 00°02 00°0Z 00°0€ »
® SNOD e
® €00YIS »
cﬁnn.o.oo¢oozumoooo.--o

e

SRRNEELE0OINLNONARLIRE 000
668°Z 119°1T 020°0
$66°2 Z0OL°1 120°0

S

00t 0°001 0°001 0°0OST
SNOD =

20043JS =

090 esee TO0YIS seensse

L 2R N 2

L]
L]
*
*
¢
L d
*

SOV APERARBARRBRAOIG AR
» €91°% T1€0°€ 1€0°0 =
- 169°L 120°9 %11°0 »
» 21 =
w———== 00°62 00°G1 00°0S =»
» SNID »
» G004HS =
sttt Z10YIS sdssnmany

L Y T T T
» 1G€°0 »
L] O0°TE9T O0°B9ET =
» 0°0 L% S% 1L =
LI 0°01 00°0 O1°0 =
L] dVWYIN1GGD »
» 8004IS »
snsnesess CO0IHS sonsnnnne

HEARRRONEISNNNCERRRANEIO
- 9GE°D =
- 0°6191 0°€%€l =
» 0°0 8% S% 0L »
- o.c—cc.coﬁ.cg
o
'
.

dYHYIWIGSD =
900Y)S =»
steptsas Z00JHS sevsessen

BARRBBERNOERARRREIAINRND AN
L) S6E°0 »
» D°€EYST O TLIT =»
L] 0°0 26 6% 9L =»
» 00°01 00°0 OT°0 =
L] dVHY IWIGSD »
= »00YI2S #»
2900sadse 100JHS Rensesnes

S2R0RCARERANRENRO AR B AN
- B10°E 612°1 120°0 =
* €01°€E BF6°1 %20°0 =
* S1 »
»00°0Z 00°0Z 00°02 00°0€ =
- SNID »
» _oczumo
oa»;»s.o-Nccxuwlrpoon»-

ISR NS TR R A R R A RS Y ]
* 111°0 »
» 0°Z161 0°20%1 =
. 0°0 S1 &1 €2 »
- --- 00°0 €0°0 =»
» JVHWYINTGSD »
L] 110405 »
danpeannss GO0OJHS ssnensane

XD RARE R RPN RN ERSE IR IRAKA

L 1L22°9 %%0°% 8%0°0 »
L] GLE®TZ 2ZLY*%1 2L2°0 =
L] 21 =»
#----~ 00°0€ 00°0Z 00°09 =
. SNDJD »
* €004HS »
sessadngs OTOYIS esvsernaus

2RAARIAPAIRRORRRABABANRR R
. SYE*Y 916°2 9%0°0 =
» 110°9 %¥8L°€ %80°0 =
L S s
«0°009 00°0Z 00°02 00°0¢E »
* SNOD »
. mcoxumo
coo.oc»oococaum.oggnﬁooo

<y

IR RZTTY IR SR LT RS L sl

L] 861°L 160°% 060°0 =»
L 8%0°12 66€°€E1 292°0 «
* S »
#0°009 00°02 00°02 00°0¢ =
* SNOJD
. 1004HS »

eo290dved GOOYIS senvessse

S22 ASLOSLRACI SO RGNS RD
- s C21°t 1161 %20°0 »
. TE99y 1%2°% £50°0 o
L] S1 =
«00°0Z 00°0Z 00°0Z 00°0€E »
. SNOJ «
o ozcouz_to
o-o.'gi.;_ooxum'al¢oo.oo

(A2 AL AR BRI R AR T4 2 )
- Y19°% 912°¢ L€f0°0 »
* 068°21 915°6 LL1°0 »
* 21 »
4----- 00°0€ 00°02 00°09 »
. SNOD o
» Y004HS »
wasarsens 1108)S soenssnnn

i

PRABERRREA SRR ARIRBEREAD0 R
. 0R1°0 »
» 0°%IST 0°%1%1
* 0°0 ¥Z %2 6t =
. === 00°0 S0°0 »
* dVHYIHWIGGD #
» 01042S »
sesdansdd H00IHS Restanens

RN ARARAOREIEAB RN 200 R A

9° 84
0Y¥00J YW

» *
* .
* L]
. 8%% o
L] »
» L
esanenes HYO000IVS seesnsnnn

SRAAABRIRABEERC GRS RAANI RS
L

. 1 = SY01IVd °dHW3l
#dVW “Y¥°1°W 3A11VALY3I0-E
» °70S3Y v%°Z 01 11In8
« T300W MIYANI XY WOUS
L] S3LVNIQUO0D °“M¥°I°W
e R Y]

LR R I 3 3R B 4




294.

BEESEd $BB % R RV REBERDES LY ER

. .
L] *
L 0EYS =
» 11e o
» b Y%y e
* 2€082S »
5935888 LO00IVI seeveense

*

CEIBEBNNEE NI BE NSRRIV DSH O ®
. €86°9 YO¥°"€ 950°0 »
- B9y €V L1E°L 651°0 »
® S s
e 00°%¥2 00°8 00°8 00°21 »
L] SNOD »
* TE0YDS »
soese ¥ ZEOYUIS ¢sosesvee

»

T AT R T P L P T T
» *
» L
» 0EYE »
s 22€ »
* €°EY ¢
L] S10YDS =
$868068 VE000IV] venvosnns

LT TR L L Ty T
L 810 °0 »
* 0°86%71 0°19¢1 «
» 0°0 01 01 11 @
® ~== 00°0 20°0 =
» dVHYIWIGSSD o
. S104IS =
sed96es02 BOOIHS vusvsssas

&

BHIDBER RS SEERE N SIS RN VRS € $ &
» 695°0 »
* 0°9% 0°82 »
» 0°0 6L 11 2¢1 »
L] 00°8- 00°0 00°S =»
L dVW90002V3
» 0%04HS =»
soesnsune 1Y0JHS »ovvssnss

T e T T Y Y T
* 116°%1 %18°L €S1°0 »
L] 166°LYy 150°62 269°0 »
» S s
* 00°¥Z 00°8 00°6 00°21 =»
* SNOD »
» TE€04HS =
ssenssess [EOUIS suoseneen

SHEF RSOGO C SV PSS SRR BN ERR S

L3R 3% 2R 2% 3

SYD1IV4 JUNLIVY3AWIL
e P P YR T
PSPV BRB S EE VIS DRI N &

i

P T PP T T TR
» L6Y°E 222°2 820°0
» 012°S €L1°% 610°0 =
® ST »
»-———— 00°0% 00°0€ 00°0L =
»
-
*

*
»
-
0Z 01 Q3SV3IYINI =
»
.
L]

) SNJJ
» 8004HS
sosesssss S10UIS ssvevsen

(2T R Y R R R R TE  2 )
* 8¥5°€ 292°Z 8Z20°0
* 16€°L SSL°S 201°0 »
* Z1 »
#»--—-- 00°0€ 00°0C 00°09 =
* SNJD »
* 2004HS »
soesssene HT10UYIS nmuensesns

BEEBPATESPRNO S HABANRRRINN D
* 118°0 o
» D°BZ 0°%1- o
. 0°0 €11 O11 B8l »
. 0°8- 00°0 00°01 =
* dVHW000DVe »
@ 0£0YIS =
sr2vesnen 090dHS svvsnnsns

L T ey Y
* 806°0 =
- 0°te 0°Cl- »
. 0°0 %11 011 861 =
. 0°8- 00°0 00°01 =»
s dVWS000IJVd =
» 029S14IS =»
90009283 TCOJFS enssvanes

4L

EE AR AR R R AR AR R A2 R R 1Y ]

.

s

. 0€E%S
o o_m
I
c
'

LR % R J

9°9y
S10¥dS »
sesedses SO00IV] mevwsssee

(AR RS RS2 R 222 2 3
L 911°0 »
L 0°86%1 0°08¢€l »
* 0°0 61 61 62 »
* -—= 00°0 €0°0 =
* dYWYIW1G6GD «
- €10d2S »
sadxbs80s LO0JHS wevwsssnse

2O RBBUER NN AON ARG ENDIR

. »
* .
. 0EYS »
* 292 »
» 6°1y »
- 0€0YIS »
sedsssse 9000IVY swvnsnons

2

N T T T TP TR Y
. 118°¢ €18°1 620°0 »
» $60°01 088°2 8561°0 »
L == 9
* -—=— 00°% 00°% 00°9 »
» SNUD =
- 0L 04HS =
svsensvss OEOUIS wowsnsens

*

BHELRSXNIRBB SN BB SSRGS BN
» 661°0
. 0°€ 0°€El-
» 0°0 92 ¢Z 6%
c o.euoc.ooo.~
o
l
I

dVWS0002V3
0285142S
sssos9se OCOIHS wesssesse

seeeaae

LA 2222 A2 2L R AR 22 2112222 d

01 (S80)4 01 0311ddv
¥01dvd 3¥N1vy3dwil

c ;
c -
- |
; _muqcu-mc»wa<ums
. a
c |
LRI ISR PR AR LRI A A2 2

PABE PSRRI SR AR BN EO RN IR SO G BD
» 889 °€E 6€L°Z 620°0 »
. L9%°L 626°6 011°0 »
» 2l »
s---—— 00°6Z 00°S1 00°0S »
. SNDJ »
» 9004HS »
sonnnnses £10UIS senvewnes



295,

PEREES S IRBE RN BEI R RS
662°0

0°€Z2 0°S =

0°0 St %€ IS =

0°8- 00°0 00°€ =
dV¥WB00DIVd =

0S0JHS

vs888 1SOJHS wsvsvsesns

A 4

BEBEISS0 SN2 SNREBEEBE RIS

LR 2K 2R I IR 3N J

. 191°L 956°€ %680°0 =
. 082°9Z EYE°LT ¥BE°0 =
- S e
#00°8% 00°9T1 00°91 00°%2 «
. SNDD »
* 1604HS
490039 OSOUDS wsevevnse

A 4

BESRCOBBECRE RISV IG RSO

* TEE°Y $61°Z 9¢0°0
L] 80€°9 669°E 180°0 =
» L ]
«00°8y 00°91 00°91 00°%Z =
. SNOD »
. 0S04dS =
04994998 150UIS sseeenees

A 4

LI LIRS TR RIS LI Y 2 2
L] »
. .
* 0EYS »
- 112 =
* S°LlE &
- 16043S »
3626058 60000V saenavses

) 4

FOEHSSESEENSUS RIS SRR N NEE R
L 092°0 »
» 0°9 0°%1- »
* 0°0 %€ %€ 66 =
L] 0°01- 00°0 00°€ »
* dYW6000IVI =
L] 160425 =
ssaseeses SSOJHS weovansen

BEERIEHENICHASE S SO RREET I NN
. 992°0 =
. 0°S 0°Sl- =
L] 0°0 S€ Yt 65 »
» 0°86- 00°0 00°¢t »
L] dVWB000DIVS »
. 9e0UIS =
2890 8¢ 0G0IHS wwneseenss

LR 22T I L A2 RS RS R AR R XN R )

* S80°9 1%1°2Z 1%0°0 »
* S¥9°01 0L1°S €11°0 »
* S »
s 00°%¥2 00°8 00°8 00°ZY »
. SNOD ¢
- SE0YIS =
sasseeses 9E0YUIS sonvesenn

=

L T T T TN T Y
L] Y1€°11 8L€°S 911°0 =
. TES®YE G21°02 18%°0 »
. S .
s 00°%Z 00°8 00°8 00°21 »
* SNJD =
» BE0IHS »
ssssesnese CEOUIS wavesness

(AR R I A AR R R R 22 1 2 )

- »
. »
M 0EHS »
. 182 »
. S°8C »
» 9¢0YIS =
sxnseses BOODIVI »rvsveses

SENBELARIBHISUSERERSR RS
* 062°0 =
] 0°19 0°%% =
» 0°0 L€ SE 66 »
» 0°8- 00°0 00°€ »
. VWV $000IVd »
. BLOJHS =»
sesvsnses GEOIHS »vsssrssn

+*

SEPTHSEESBRRER VSRR B IR AB SN
L S1E°0 »
» 0°%% 0°61 »
. 0°0 9% 0Y 69 o
. 0°8- 00°0 00°€c »
L4 VWY S000D2V3Y »
» LEOIHS »
sesssssss BEOIHS snvsesnns

3

CUEIETHEEIRSERBSERRE SR INN
. SSE°0 »
- 0°61 0°4%1- »
. 0°0 LY %% 6L »
- 0°8- 00°0 00°€ »
. VWV S0002Vd =
. 020S142S »
sooppnnrs LEOIHS wannonssn

*HEEHEREY

T I TP T R Y
* 0%8°0 »
- 0°CY 0°%T- »
* 0°0 SO1 101 ¢8B1 »
- 0°8- 00°0 00C°O1! »
. YWVS000IVY »
. 0285 14)S »
sxstvsees 9E0IHS sovssvnsn

T S Y )
* 811°0
* 0°1- 0°vI1-
v 0°0 S1 6t 12
» 0°4g- 00°0 00°1
> VWY S000IVd
- 024Y514IS
wa¥sansns SEOIHS snssnsonn

LR AR IR R B 3



296.

SHSI0B IS L NENSIR SRS
] 6S€°0 »
[ 0°€E 0°TT s
» 0°0 %S %S %8 »
» 0°0 00°0 C0°€ »
- dVHIT02IVY »
s VO904HS »
sob0es4% VI904HS ovesesvess

*

L I T R T R PR R TRy P e
» 10%°0 »
L 0°1Y 0°61- ¢
L 0°0 S6 £S5 96 »
L 0°0 00°0 00°€ ¥
L] dVW1100DVd »
. ves04IS =
wasss 888 VO9OIHS esevesess

4+

I T P T T Y
. ¥l = (NI310Yd)E .
- b = (3W3H)IE [
» 0441HS HO0d s
» 031SNrav S¥01dVd »
s JYNALVYIdWIL 3W3H »
@ — e~~~ §50UIS »
CHSHEP IS HOBISSEREEB O PRES

L Y Te T T T T
* 41 = (NI310¥d)8 *
» 1 = (3W3HIE L]
» 0i131HS ¥0d4 e
. a3 1SNFOY SY01dVd
» YNAVYY3IWIL IW3H «
L ek L 01V RO AN
LR T T T T ¥

SR EHRS R RSN $EPUSHISEER S

. .
. *
L 0EYs »
* YUl »
- 0°9¢ »
" 290435 =
ssnsns s EI00OIVY soesesess

v

SEPBEIE S S PR RBR SR NESE XS
. BBL*Y 21€°Z 6£0°0 »
» €88°9 G120°% 8.0°0 »
» S »
w 00°%Z 00°8 00°8 00°21 =
» SNOD »
» 1904925 »
sasnnosen 290HIS wonsrswie

+

L T Y L TR T TR R
» 0S%°*L 12¢°% 080°0 »
* 0Z¥°62 21€°91 1%€°0 =
L] S »
s 00°%Z 00°8 00°8 00°21 =
» SNOD =
L] T903HS =
sssnonses [90YIS sevresess

LRI T RTINS0 R 2 L X L]

» .
. »*
. 0EYS &
* 922 »
s 1°6¢ »
» 8650YIS »
wsdenses (100IVY seoensses

A

P P P Py
L] 9€6°Y €2€°2 9¢0°0 »
. 9LE*L 2%0°% 980°0 »
- S @
» 00°%2 00°6 00°8 00°21 =
» SNJD »
. 1504¥DS =
sooverens HG0UIS esnsesnne

LA R LA I RS RS2SR R 2 2 )

» »
- »
. 0E%S »
» 181 »
. Y6t =
. 0904IS »
wxdspses Z100IVI wwennnsen

+

(R RIS RS2 R A2 222222212 %

» €9Y9°9 608°t 190°0 »
. 9IE* 62 962°91 LYE*0 =
* 9 e
#00°9€ 00°21 00°21 00°81 =
& SNOD =
» 1903HS »
ssnssdsss 090UIS wonsevenw

*

- *
* .
» 0 -
. 0°0 1€ 2¢ 0S =
- 0°8—- 00°0 00°€t »
* dVW11002Vd
» 0904HS »
ssessvees 1903dHS »esswness

*

P P YT Y
. 1€2°0 =
* 0°2 0°S1- =
. 0°0 1€ 1€ €9 »
L] 0°8- 00°0 00°¢ »
. dVWI1003Vvd »
. 850YIS »
wussssnss 090 dHS ssvnnnsrs

EEHOESSERSINESRER SRS S IR S

- “~ 8tl*l BOEL*Y 680°0 e
- €0%°82 926°91 6L€E°0 =
» S =
#----- 00°%2 00°88 00721 =
* SNOD »
. 95 03HS =
aedrirees LG0UIS weosvnnwe

LR A2 A2 22 R A 22 AR A R R R T

* »
» L]
. 0EY%S »
» 662 »
» 8°8¢t »
» 9S04 IS °
sxnenens 0100IVY #neveswnn

*

FEESIRIRSER HIBNB AN SRS KN Y
» $41°9 206°C 050°0 »
» 166°01 91L°¢ %21°0 »
» S »
«00°8Y 00°91 00°91 00°%2 =
- SNOD »
» S60YIS »
sxessnes FS0UIS wwe *

*

P T T T Y P T
» fEZ° 11 801°9 821°0 »
L LY9°LE 6£8°12 ¥ES°0 »
» S »
nco.wtoo.a—oc.o—oc.e~c
o
0
Q

» SNOJ
L 41 S04HS
evsssenss $50UIS vevsssen

+

R R R T P P P LY ]
. £12°0 »
» 0°1€ 0°92 »
® 0°0 1€ 52 6% »
. 0°8~ 00°0 00°¢ »
* dVW6000JVd »
(3 9GS0 JHS »
»oonnssns LGOJHS sevsvsnwe

+

FESREURTRNAESS R IEICEBA IS
» S%2°0 »
. 0°%2 0°9 =
» 0°0 Z¢ €€ 95 »
* 0°8- 00°0 00°¢ »
- dVK60000Vd =
» GG0dHS w
sessrsens 9G0IHS sienvsenisn



297.

SR E00008 50820098980 R8N

® .
L] L]
L] |
s ———
» L°CE »
. S104DS =
ess0999¢ [T100DV] sessssess

P Y I R R TP TP PR e T T
002°0 «

0°BET 0°E »

0°0 1€ 82 8% »

0°0 00°0 0S*Y =
dVAZZ00IV3 @

0804HS =

$s8% 100dHS vessessse

*

HESHIIG RPN EBIIR RIS AN RS
102°0

0°Y D°1%1- »

0°0 62 6Z 9% »

0°0 00°0 05°1 =»

*

.

.

e asas®

dVHZ 200DV
NVWZ10¥9S
339885288 0B0JHS sossenns

e s O® e e

se9esets
L ]

.

0EYS
612 =
2°9¢ =
NVYWZ24DS »

ss366%8 Z2000V] sesssnsee

i

BEBAEEBADIBERSNNII RS IR
L]

L

dVW 3ON3X¥3JJI0 9100IVd e
NI S31VNIQYO00D 22083S
01 AIN3IWLASNFQOV TVNNVW
setaliasasiesies NYNCLOB IS »
CHLEOEHEESVOOONNIP VIS ENNGS

.
L4
.
L]
]

+e®osae

S99 0VHPSERRODBRRSRBES G BN

» *
* »
» 0EYs »
» 181 »
. 8°GE =
» 1404DS »
sopesns STO0IVS ssnesenns

L e L T P R T T Y YR
* L€8°Y 0€%°2 6¢0°0 »
L4 E%L°6 S10°8 491°0 =»
L] S .
0 'III|°O~¢OO-OOO.OG
. I
l -
. .

SNDD
S 104HS
ss0spss SLOYIS sesssans

*+

L Y T T L Ty
» 191°0 =»
. 0°%- 0°%1- »
» 0°0 EZ €2 0% =
» 0°0 00°0 0S°1 »
* dVW9100dvd »
» 2L0¥DS »
99883889 £L031HS esvssswse

*

AESRHEAFSGE RN ENS SV SRS GG S0
» *
L] *
L4 0EYS =
- 161 =
* L°€E »
» ZL0YIS &
wen808s 9100IVH sewssesss

ol

SERYPR G P E GG P SNSRI NGO SR

» S689°% 28€°Z 14%0°0 =
L] 265°01 26€°8 2L1°0 =»
- S =
» 00°21 00°% 00°% 00°9 =
. SNJD »
® 0104HS =
vsenvessn ZL0UDS wensnes s

SEIBEINEIS SO R EESHIBO S RN ¥
» .
- »
. »
* ol -
« »
- : *
wosssrne Y10IIVI vessensne

FESOBIBECE IOV I IRIVRBRREO NN
. 1L9°y 122°2 %€0°0 »
s $66°¢ YI1¥°Et 990°0
. S »
s 00°%2 00°8 00°8 00°21 »
* SNOD =
. »
* *

0L04IS
sosssese TLOUIS wensnene

+*

L T TR P T Y T Y 1Y
L 606°9 %0L°€ 990°0 »
. SET*B1 989°%1 91¢°0
. S w
¢ 00°%¥Z2 00°8 00°8 00°21 =»
. SNOJ =
. »
» .

1L04HS
sv9ssessr 0L0UIS sevvsness

*

CEIELIIE LRSS SARB SO NI IR
* 102°0 =
* 0°%1 ¥°0 »
L4 0°0 62 0t 9% »
. 0°0 00°0 0S°1 »
. dVW11000Vd »
. 0L03HS w»
seesssses [L0OJHS waessvsen

+

T Y T PR R Y
» L02°0 =
. $°0 0°G1- =
* 0°0 82 82 6% =
* 0°0 00°0 0S°1 =
- dYWI1100IVd =
. 486509025 »
sy svennss O0LOJHS wewsnsens

0'1600!0!06!‘.0!06.’.QO!CC
] 92E°6 2EL°Z Z%0°0 »
» 6L6°L ELL®Y 660°0 »
L] S »
»00°9€ 00°2T1 00°21 00°81 »
» SNUD
» S90uIS =
drevsedses 990UIS wesvssses

*

(E IR P R T P R P R TR Y T Y
- 058°8 96¢€°¢ %01°0 »
» 19€°82 960°1Z €6¥°0 »
» S o
« 00°¥2 00°8 00°6 00°21 »
» SNOD =
» 9904HS »
vssveesnd £90UIS sersevvns

+

LET T T TR TS T T 1]
. Y1€°0 »
» 0°L2Z 0°8 »
] 0°0 9% LY 2L »
- 0°0 00°0 ¢°2 =
» .
. »
. @

TSN BENN

dVW1100JVd
$904HS
sesensss 9904HS sesvsone

+

SRPRBENSERGS RN
¥9€°0 »

0°0 0°¢1~ »

0°0 9% L% 08 »
0°0 00°0 0S°C »
»

»

.

dYWI1002Vd
8650YIS
sonvonss £903HS sesovens

*
»
»
¥
»
»
»



298.

LRSI RS R RS SS R S R R R L 2
* S86°% GLE°Z 0%0°0 »
L 0$y°6 299°L 1S1°0 =
L S s
» 00°Z1 00°%Y 00°% 00°9 =
* SNOD =
* O114HS =
exonsenss OTTHIS ssesseses

T Y T T T T
- $69°Y L%e°2 1%0°0 »
] 19%°6 659°L 6%1°0 =
L S s
L] 00°21 00°% 00°% 00°9
. SNDD »
[ SOl4HS =
ssdss o000 SOIYIS sesssencs

¥

LA AR IR RIS REL PRS2 22 2]

* »
* -
] 0EYS =
L] Yi1
» B°EE =
® S01¥IS »
ses9es%e BC00IV] sosvsvsse

¥

PSP H VS IRHO NPV P I H

L ]
» .
. 060 =
° Sl e
- 6°0E =
* S0TYIS »
evsoeee VBZ200IV] sesvesdses

(AL AR LIS RS 2 R R R 2 2

Ll

» 25170 »
* 0°1%— 0°1%1- »
» YZ¥6°S 12 12 %t »
- 0°02 00°08 22€0°0 »
» dVW%200IVd &
" SB0OYIS »
soss9evee Ol TJHS vensscense

LRI R RIS RIS RIS 2T 2 1)

L 261°0 =»
® 0°LlYy— 0°6%1- »
» 0°0 12 12 €t =
L] 0°02 00°0 22¢0°0 =
» dVW%2000Vd »
- SB80YIS »
vesnpesos SOTIHS sonnssses

LA LRI TR RS A2 R 2 2 R RN R L )

» »
» -
» 0EYS =
» 661 »
® €°YE =
» 0014dS =
s900886s L200IV] sossssnna

+

BOERGPC G R G E PO &R VAN BROE S 4 S

L] 09€°9 66Z°¢t B8S0°0 =»
* $ES°LY Y%1°61 ¢42°0 »
* 6 %
» 00°21 00°Y 00°Y 00°9 =»
® SNO) =
* O00T4HS
soevessee 00TUIS sevssvess

*

SISO PEO ORI ENBTEO S
3 $02°0 »
L] 0°8- 0°9¢€1- »
L] 0°0 1€ 0t 05 =
L] 0°0 00°0 08°1 =
* dVH9Z0DIVI »
. S604HS »
009099 8% O0TJHS 2sunewsns

LR Y T P T P Ty
» °
- »
L 0E%S »
» 8ol »
L] 9°¢tE »
» S80Y IS =
wunsssns YZ200IVI sesnsnnen

¥

L Y Ty Y
» 802°0 »
- 0°SI- 0°1%1- =
- 0°0 2¢ 1€ 8% =
- 0°0 00°0 08°1 =
[ dVW42000Vd =
. S80YIS »
soovennss 1603HS wesssnses

¥

L T T P T P Y T L)
. *
v »
» -
* 6ST »
L] L]
- »
sonvedee SZ00IV sesvosens

) 4

CUBHEILE SNBSS LEBNNEENNIR S
- 061°0 »
* 0°1E- 0°1%1- »
* 0°0 62 62 SY »
L] 0°0 00°0 08°1 =
L dVW62000Vd s
® 1604HS =»
seveevess SO0IHS wenssness

A 4

PEFHAFNAEISLENER RIS RN AR S
. o
. L]
v 0EYS »
L €Ll »
L] L°VE =
« S604HS »
svevvens 9200IVd vmsevnwsn

PHEEBIERD ISR AR SD IO AN BB Y
. Y11°0 »
» 0°SE- 0°1%1- »
. 0°0 12 92 0y »
- 0°0 00°0 0S°1 »
» dVW%Z00IVS »
'S SE60YIS »
wossonsee 060JHS wwenssves

+*

S T T TR T T Y T
* BSZ®S 12L°2 9%0°0 »
» €14°21 261°01 $02°0 =
* S =
v 00°21 00°% 00*% 00°9 =
» SNOD =
. SB80JHS »
vesevesss G80YIS sesesesss

i

P L T T T T PP Y L)
« 222°0 »
. 0°'t D0°6El- o
. 0°0 1€ €€ 29 »
* 0°0 00°0 08°1 »
* dVWEZOO0DVY »
» 080¥IS »
sxeonnsee SO0JHS svesnssne

%

BRIV HB RIS ES RN GOSN D

" »
- »
» 0EYS »
* S12 »
. 9°vt »
. 080Y¥2S »
sxssnsns E200IVY esnsseoee

b

e T T R e T )
» 216°6 688°Z 050°0 »
. 0€6°21 E19°6 B881°0 »
» S »
] 00°2Z1 00°% 00°Y 00°9 »
» SNOD »
- 0HOJHS »
vevdnsasy 0B0UIS »ewovovan



299.

T Y T T T Y
L4 8ETI°0 o
[ 0°201- 0°€91- »
L] 09€9°2 €Z %2 1% »
o ---- 00°08 S0 ‘0 =
. dVW1€00DV3 =
* 0214IS «
#9926 0 989 9ZT1dHS wxvsssses

4+

BHLBEG VST HBVO ISP EBSINES

» *
» .
- L
* SZ1 e
» 8°6Z »
» 0Z143JS »
sso0s090 [E00IVI sevsesess

BS60000 S90S BHSBEERIRER
BET°0 o

0°201- 0°€E91- ®»
09€9°2 €2 92 1% =
--==- 00°08 S0°0 »
dVHI1€E00IVY »
0Z14¥92S »

% OE1JHS svesessse

¥

LI LR PP LY Py T P
» 0LS°Y 11%°Z %%0°0 =
- 901°01 929°9 €%1°0 «
* S e
0 |l|loc.ooo.foc.oc
' c
o |
5 o

SNOD
0€ Y 3HS
soveevee OETYIS soveonee

¥

LA A IR R I RS RIS 2 22

6°S2

L] »
L] *
L] *
* ———
» .
L 0ETdIS »
* -

» €€00DVY »

LA A A R AL R R R R R RS N T

L] 1L60°0 =
» 0°B11- 0°€91 - =
¥ 9126°2 81 81 1t »
» =-—= 00°0L 2€0°0 =
L] dVWIEOOIVI =
. 0218)S =
950 e8¢6¢ GETIHS wwonvenss

P P YT T T
» 88%°G TLE°€ 990°0 =»
* EIL°TT €0%°L SSY1°0 »
L4 € »
» 00°21 00°% 00°% 00°9 =
L] SNOD =
® O0214HS »
enendssse 02TYIS woeessess

L T Y P TR T YR T
* 8S1°0 »
® 0°66— 0°¢t91- »
. y918°2 92 92 5% =
L] 0°0 00°06 90°0 =
* dVHIEOO0IVY »
L4 0214dS »
sodeesess SZTIHS nasvsenss

A 4

RGOSV E RN RS RE RSSO BV ES S B
» LYY°*y 90S6°Z 9%0°0 =
L] 66Z°11 96€E°L 651°0 »
» S s
» —~=—= 00°% 00°% 00°9 »
L4 SNDD =
° SZT4HS »
53908888 SZTHIS svevsvens

¥

PRI EIA RS RS R R R RS L R 1]

6°62
AR BN

» .
» -
» *
» ——
L »
* .
srdeveen CEODIVE »oenerwsn

EO SV ETEEROU VNSV ARS SRR RY

LA Y4
VST 1uds
vodsnse VOEOIVI sevsensn

) 4

BRIEENBEIT RS ERFERO SR AN O S
* €91°0 »
* 0°SL- 0°2S1-
» 61%1°€ 92 LZ 9% »
0 o.o~oo.cwmo.oq
o o
; c
c o

- »
. »
L] L
* €51 »
* -
* *
* L]

VWV O£ 00JVd
v611493$
seosewsd OZ1JHS wowsvess

LA RS LSS IA R RS I R R X )

» 821°0 »
" 0°26- 0°L91- »
. . 1%96°€ 12 12 € »
» 0°02 00°08 22€0°0 =
* dViW6200IVd =
. 01192S »
sxasedrnne SI1JHS #snsenvesn

PEAOB AR BOILONOER O ANBENRN

0
Q
S3I1VNIOYO0) §114DS 01 »
03500V dVW6Z00IV4 WOYS
S3INI3II0ON IN3AICS 61 »
R —-=-ys11¥IS =
(I E AR R R RSN SRS SRR PR E 3

i

PEBOISVITVIRBSEBRNEREE SR Y

s a3 e+

S11¥IS
ss0xves OEOOIVI wnsvwvss

i

T T P Y T P P Y TE L Y PN
* SL0°S Z19°2 9%0°0 »
» %06°11 BLT "8 691°0 »
* [ 3 ]
o oo.~—co.coc.coc.oo
e o
I |
c o

» »
* »
* L]
* 2l
. »
» ®
» L]

SNDD
9114HS
sssvusns STTUIS wuvwovss

i

TR TP T T LT R PR AL 1
v 181°0 »
» 0°29- 0°191- »
» 6E0Z°C 62 62 9% »
v 0°02 00°08 $0°0 »
* dVW6200IVd »
» 011Y¥dS »
sosesrnss 9ITIHS vinnsenes

S

AR AR R RS R SRR R R 1R 2 L]

» »
» *
» 0S50S »
- Y1 »
. Y8
» 0114IS =
sossxnes 6Z00IV] snsvnssas



300.

T IRIIE R AR AT R 2 22

» 10210°0 2%2°0 602°0 ¢
» 960°0 110°0- =
* Y8LIE 62 62 LY o
L] 00°Tl 00°T =»
» VHI9€0DIVY =
» 100AANND 8021495 «
s88360608¢ 00Z4HS wssveowses

A 4

P0G HEOISENICALEBBIBNSBNRED
» €SE"S 198°Z B8%0°0 »
» 809° %1 62€°6 081°0 »
] S e
L4 00°21 00°y 00°%y 00°9 =
» SN]D =
[ 00Z3HS »
wooseotss 00ZUIS sevsesise

A 4

CITTIY R EITT AL LA T L T e
° ¢
® *
® €06% o
» y21 =
L] 0°62 »
. 00ZYdS »
ovsesess LEOOIVI seseosees

A 4

LA IR ST 2R 212

L] ]
® »
L] -
. .
» E06Y =
® 002492S e
993305 00ZAAUND »oeesease

A 4

LL LT T T T T TP T
® 6%09%0°0 00Z°0 6891°0 »
L] 210°0 EE0°0- o
L] 9%82°2 92 92 LlE »
» 00°1 00°1 »
L] dVWLEDODDVY »
¢ 00ZAAYND 00ZY)S =
o00550099 O12JHS seeeonsee

PHSBESD SV EOB SRS S VSBEG G0 D

802 1IS
*exess [00AAYUND ssevosss

iy

BRENPRD B SRR BRI BN SV VRS S 5D
L] »
* »
* 0 = (11V¥3A0)8 =
» 3AVH 01 SV 0OS 031SNrav »
.
-
»

» »
L] *
* ]
L L4
» LJ
» »
- -

» SYJ1Ivd JUNLVYIWIL
o——mmm e ———-=--—-802142S
SHBEPE G POEDED S

&

(IR RIS AT R A X L2 s

PEPe GG S

* »
* *
* €06y »
» 9el »
* €52
® vOoZiuds =»
ssov8se IIE00IV] movnesnsn

(A2 2RI R T R RS R 2 T Y22 )

»
-

L 0506
| hm_
c
-
'

AR K 3R 2% 4

0°0¢
v0oZ1udS =
2es008 9E00IVI sovsssens

LI Y P Y AT
» 20€E°Y S€E°Z 040°0 »
» L05°8 19%°6 611°0 =
L] S e
» —-==—= 00°% 00°% 00°9 =»
® SNDD =
® SHTIHS =
seosessss SYTYUIS #vevesnen

[ E R YA SRR RS R R 22 122 222 2 2 ]

. .
¢ L4
. .
. ——
. 1°92 »
» SETYIS »
ssvnsses YEO0IVI wwvesvens

2

L T T R P P
» LL2°Y 962°2 6€0°0 =
« 1€2°8 €02°6 €11°0 »
L4 S »
* -=== 00°% 00°% 00°9 =
. SNOJD =
» 9€14HS =
sonsesses SETUIS wnoewvsns

*

PRI REEON SN P OER RS R RS BE DA
* L60°0 =
. 0°811- 0°€91- »
» 9L21°2 81 81 1€ =
. —-=— 00°09 2¢0°0 =
[ dVWI1EODIVY »
. 0Z1Y¥lS »
ssosss980 9EIIHS sesesvens

LRI Y PR R AR LT R L e Y 2
e (0300v €2 3 0313730 2) »
#GE = INJAIOS IVIOL °dVKW »
¢ 3ON3y¥34410 TE00IVI NI =
# S3LVNIOYO0)D 021¥IS OL =
. SINIWLISNrAV TVNANVKH =
$mmme e eeeee~YOTTHIS »
VIR RSERINEHRNS SRRV I DS

« PR EBRB RN RN BS
* $01°0 »
. 0°SIT 0°€91- =»
* 0€L0°T 61 61 €€ »
» —==-- 00°0¢ S€0°0 »
* .
- *
» *

dVWIE00DVS
02143
severssn SYTIHS ensvssse

PEERRECERORTREVOINIRVPOPOND

14 »
v ?
. bt bl
- il
) 1°92 »
. 0514dS =
skennens SEOUIVY senvsvens

2 2

L T T T T
» 102°% 069°2 8%0°0
» 069°Z1 €1€°8 BL1°0
. S
* ---—- 00°*% 00°% 00°9
" SNOD
*® 19 14HS
vsonnsres OV1 YIS enewnvse

L 2R 3R 3R 2 3R IR 2

. o

AR RIS R LRSI R 222 Y

s €EB1°0 =
* 0°%¥8- 0°€t91 - »
L] $%19°0 62 62 0S »
» —=-= 00°02 $10°0 =
» dVWI€00IVd o
- 02142S »
sssevssen 191JHS IY T 1Y

R R T PR LR AR T 2
» BS1°0 »
* 0°66- 0°€91~ @
. B2Y%9°0 92 92 % »
. ---- 00°0¢ 90°0 »
» dYWIE00IVS »
. 0Z142S »
sessnnsse OY1JHS svsveense



301,

PBEBELBIVO IO EEH VO TORAN N
L .
L] °
* »
L 08 »
L] °
. .
s99s0¢9% 29000V seeeessues

i

L P TPy Y R T ]
] 09L°€ 0€6°1 1%0°0
* 6EE°8 086°S 9Z1°0 =
» ¢
* 0°91 00°¥ 00°Yy 00°% s
L4 SNOD =
L] 0YZ4HS »
o038 9e% 0HZUIS ¢vesesses

ir

LI R TI TR R IR ES AT R 12 2]

® €6220°0 €11°0 LY%1°0 =
» 810°0 220°0- @«
- 219°1 61 22 €€ »
] 00°1 00°T1 »
. ’ dVWI»00DV3 =
s 12ZAANND 1€290S =
s9s80098s 0¥Z4HS ssessenss

i

LA AR 2 I T RS IS AT A I S PR Py

* *
» .
» E06Y =
L] %6 »
» Y %2 o
* TE2YIS =
«sevss0s 15000V ¢eovesnew

L T T L T T
» L
® .
* 6299
* 18
[ 1°€2 »
» 1£243S »
sesu06s VIVONIV] seveeesew

LR L S e P S T 1
»* 0¥37 21 wNb3I =
* ¥01IVd JYNLIVYIdWIL »
#VIVY3IA0 VIVINIVAH OL 0°1 »
* Ad Q3SV3IHINI SYOILIIVY »
s 3YILVYIdWIL 0224DS o
e B ==V0Z2ZY¥IS =»
AL R LT T LY T -

LR RS 22 2 LA

) 4

SURSHBRIRVR BRSPS SRS ECO
»
*
.
€064 o

v02zZyds e

»
]
L
» -
-
»
sansens 1ZZAAUND veessssss

) 4

BESHBEE SO C O DI IE BRGS0 ¥

- 11910°0 €L1°0 1%1°0 =
* €10°0 910°0- »
- 36S€°2 02 1Z €€ »
. 0°10°1 »
» dVN6EOODVY
s 12ZAAYND v022ZudS »
wss¥snes¢ [E€ZIHS wvwosnens

v

BEEABVSSEEE S IBIN SRS ENS 0N
*

* S31VNIQYI0D 3a3H
« Q3NIVHISNOINN S3IVIdIY
» ONV 3W3H T€Z4HS OINI
& 031V1i0d 3IW3H 03717v301
g —————————gl €T LHS
BEEPINBIBOS S FL RSE R IR E S

A 4

L T R P PR T R T T
° EEY"E 829°1 €£0°0 »
. 299°8 ZEL°9 ZH1°0 »
L 0Z »
- oc.ooc.eoc.ecc.ec
; o
. l
; o

LR 2R 2R 3B 2R 2 2

SNJD
81 €2Z 4HS
sasseees [E£2YDS eessessy

CHNUEBEG O ENSD BRSO E RN G R A NR O
» €91°Y 12%°2 €S0°0 »
- B91°01 €11°2 1S1°0 =
* S e
» 00°01 00°*% 00°% 00°% =
- GSNOD =
. 0224HS »
I i

swssvwse 022YIS LT L1

) 4

CEISEUNEC I RGO N RINENBVBIND S
» .
. *
- -
» 16 »
* »
. -
sonsensn 6E00IVI vinevenns

¥

(IR AR TN R R A R 222 2]

* 11910°0 891°0 LE1°0 »
. 210°0 910°0- =
¢ S0Z€°2 02 1Z 2€ =
» 00°1 00°1 =»
[ dVW6E00IVS »
s« 012AAUNID 022Y¥)S =
sovossesy OtZdHS seexswnss

¥

P T T T e Y]
. 98$°¢ 211°1 9¢0°0 «
* 268°6 BEB°9 9%1°0 =
* 0Z »
* 00°% 00°% 00°% 00°% =
L3 GSNOD =
- UEZHHS =
spovesnns 0CZUIS sisevresns

¥

CHINEO AR IS LB SSE IR R BRI AN Y
. L4
* *
L] €06y =
" Y6 =
* B8°SZ =
* 0€2YIS »
essessns 05000V seweswoxs

LRI RS RS2 2 RIS SR RS R R T
» ~==—== 061°0 LS1°0
* L00*0 2c0°0~
L] S8LY¥°2 €2 %2 9¢
» 00°1 00°1
- dVWEEQUIV
» 01zZAMNMND 01242S
ws3888998 0ZZJHS wnonnesws

e

PRI AR A2 2 RA 22 Rt A g )

e¥T T s

€06y »
012425 »
wsenee OTZAAYUND w2 ssv8se

il

BOIRIB LBV ICHSHB HSN S50 00

»
*®
»
» »
»
»
*

» »
. 0
L] €06% »
» €1l »
» 6°€E »
- 0124IS =
sessonss BEOOIVI wessvnsdae

i

P T e R T )
» 166°€ L90°2 €%0°0 »
* SL6°01 %6%°L 091°0 »
» ol »
» 00°¢1 00°*9 00°9 00°9 =
. VSNOD »
» O0123HS »
sanxssnsense CIZUIS seenssven



302.

LA X R R RS R R 122 )

L .
L] ®
. G29Y »
- 101 »
» $°92
. VS9o24IS »
9980090 65000V sosvesnes

2

CERREE TSV L VBNV ERBV BN SRR Y
+(0300v SZ 3 0313730 B1) =
0Z% = IN3AT0S WI0L °“dVH »
¢ 3DN3¥34J10 B50DIVI N1 o
¢ S31VYNIOY0O0D S$92¥IS OL »
» SINIWASNCAV TVNNVW @
P s G9ZY IS @
LTS L I R TR L R L T Y]

i

LRI 22 RT3t dd ]

L] ®
» ¢
¢ $Z29% =
» St s
L] $°1Z »
» 6924IS =

soesoebs GH00IVY séseenvse

s

PHPNVVB AT HB SRR R SSRGS ES
€01y 961°2 8%0°0 »
L€E9°6 009°L 0%1°0 ¢

»
.
°
® € e
.
.
L]
.

0°91 00°% 00°Y 00°% »
SNOD =

S9Z4HS »

2608806 SITYIS seveosess

i

SRR AN S IR AP IRHROB R RIS

* 960E0°0 €21°0 6E€1°0 »
» 600°0 €20°0- =
* 0BEL°2 1Z 22 TE %
* 00°1 00°Y »
- JYRLYOOIVS @
s SYZAAUND 0I24HS =
859064009 S9ZIHS vudoswoee

(EE 2L RS AR SRR AR R RS R

» 00180°0 601°0 680°0 =»
* $60°0— L90°0- »
» 6629°2 %1 %1 61 =
* 00°1 00°1 =
» dVW%%00IVd «
®  SYZAAYND 0S2YIS =
o eee s 9GZIHS %dsuvsrnn

A 4

PRI AR A R R R RS LT ]
* ZLB°E 268°T1 14%0°0 =»
. $SL°9 B826°Y 860°0 »
* S »
» 0°91 00°% 00°% 00°% »
» SNJD »
» 9G623HS =
3000 svus 9S5ZHIS sessunesw

A 4

R e Y T T T P T
L4 »
- *
» $29% ¢
» 61 »
» 2°22 »
» 9624IS »
sosnsess 9Y00IVI sevweve s

) 4

CPBEPPEESEOOB RGN EBIRI S SN

» 91610°0 €681°0 €ST1°0 »
» 910°0 410°0- »
» L50T°2 12 €2 SE »
L 00°1 00°1 »
. dVH9¥00IVd »
% SHZAAUND 96Z4IS »
se08588 0974HS seessssrn

L T T L LT L]
* »
» »
» »
» L
3 »
» -
L ] -

ssvnsde L500IV] «evsnenn

4

FEIVBEROL S AN T IRIFINRNC SRS D
» Le0°Y €10°2 L%0°0 =
- 182°01 18%°9 H%1°0 »
- S e
» 0°91 00°*% 00°*Y 00°% »
. SNOD =
L 0S2 JHS »
sodnsnnss 0GZUIS wvwnvnsesrs

A 4

L T T T T P Y T
- »
» »
* §29% =
» 99 =»
. 2°1Z »
L] 0S24YIS »
sesnssns H500IVy sennossns

¥

(RIS ISR IR SN RS A2 22 )

. 00180°0 112°0 911°0
. S%0°0- L90°0— =
. 29L19°€ L2 92 L€ =
»* 00°2 00°2 =
L] dVH¥%000Vd »
®  SH%ZAAUND 06243S »
se9eseess SSZIHS wwsvesess

A 4

T T YT
* €LS°Y ¥12°2 260°0 »
- 91611 LB86°L SL1°0 =
. S s
» 0°91 00°% 00°% 00°% »
. SNUD =
L S624HS =
seseseven SG2UIS svsvisrew

¥

LR AT RN R 222 22 )

- *
* .
. $29% »
s 501 =
v L*12 =
] $62483S =»
sererens SH00IVI sewenesse

PESFOPEPEEEDVARAINIINFASSY

» BH610°0 661°0 %91°0 »
» gl0°0 120°0- »
° §961°2 ¥ % 8Bt »
» 00°1 00°1 »
» dVWE200IVd »
*  GHZAAEND S%2¥dS =
renssess 0GZIHS evswvnnss

i

PAERIERB LN PP ENINNOAN SN
)
»
»
L
SZ3y »

$92Y¥IS ¥
senuvs SHZAAUND 2esneesvw

r

I EAZRT R IE I NIRRT R R 2R 2 )

.
»
.
»
»
»
»

»

»

» s29¢%
o -
'
o
.

* e s s

6°2Z »
SH24IdS »
sosndes €Y00IVI vsssvsvsse

s

PHFEHRER SRR ANABHS SRS RO B D
» 566G € 629°1 €€0°0 =
» 262°1 BO%°s 211°0 «
- o1 »
- 0°21 00°% 00°% 00°*% »
» SNOD =»
» SYZ4HS »
saessesne SYZUIS vwvssnson

=

BIPRFINNB IR SRBIBE RN G

. 21250°0 tE1°0 211°0 »
» 920°0 220°0- »
» Y9E9°1 91 11 SZ »
. 00°1 00°1 »
. dVWZH00IVd »
» 122AAYND 092925 »
suxsaesnns G4C2dHS srvsssnas



305+

EA LRI R R R 2T R AR AT R Y]

» 62820°0 141°0 O11°0 ¢
* 200°0 BID*0— =
» 0€09°2 81 81 92 =
s 00°1 00°1 =
- dVWYS00IVd »
® 0LZAAYND 0623HS »
sos0e008s SH6ZJHS sessesvee

A 4

LA IR R AR 22l

* »
. »
» $29% »
» S @
- Y81 o
- S6Z4HS »
wovssess SSO0IVI soveovsee

¥

BESSE P ROS LA SNSRI HSR R RNES

* 10120°0 %%1°0 211°0 ¢
L 010°0 E10°0- &
L] €$¥21°8 61 81 SZ
- 00°01 00°1 =
» dVWSS00IVd =
»  0LZAANND S6Z4HS »
s99¢00889 O0EIHS seoosveie

¥

L T YT
] 066°y 189°2 090°0 »
* 18%°%1 09€°6 ELI®0 »
¢ S e
* 0°21 00°Y 00°Y 00°% »
» SNOD »
» 00€4HS »
seseses0e 00EYIS sevsvvssse

¥

LTI e T e e
° »
] L]
® §29% »
® 0L s
L] 2°22 o
° 00€dIS =
s990eo98 9S00IVI s2seennesn

EER NP ES L TR SRR SR N BER S o

*
-

* S29Y
l mm
c
.
i

L 2R 2R 2R 4

1°610 =
06234HS »
*90906¢ YS00IV] seenssnnn

i

SRPEINABEBEENI RN ESE S B
06920°0 S91°0 1€1°0 »
S00°0 220°0- =

$102°2 12 02 2 =

00°1 00°V »
.

»

»

dVWESOOIV S
0L2AAYND $82Y)S
sssnseve 0624HS seesssns

i

(A XA L L E2 1L 2t

LR 2R 2R O BN 3R A% 3

840000 %

* »
° -
L] GZ9% »
» 9% =
- €°02 o
» SB82YIS »
sespdess CSO00IVI s2exsvose

<

L T T T T Y )
L] 1€y TE1°Z 6%0°0 »
] 982°01 019°9 9%1°0 »
s S »
* 0°2Z1 00°Y 00°¥ 00°Y =»
» SNID =
» SBZIHS =
se20088¢ SBZYIS wosssennn

e

SHEREP G S S BRI DV ENE O 2B

® 109%0°0 TL1°0 %€1°0 =»
] 600°0- BE0°0- =
® 8866°2 22 1Z 2t =
» 00°l 00°T1 »
L dVHZSO00DVY »
» 0l2AAYND 08ZYIS e
savnenevs GOZIHS savenvwrn

(R RIS RN R R RS SRR R N ]
* 9ES°Y 9tE°2 050°0 »
. Z29L°01 96€°L 461°0 »
- S e
* 0°21 00°% 00°% 00°% =
. SNOD =
- SLZ3HS »
sesessver GL2UDS wasswwsew

) 4

[ERZE SRR IR RS RS 2 2 2]

.

.

* 62Z9Y
o cs
c
.
I

L R R 2R 2

€12 »
S12UdS =
wsnsdsy 1S00IV] swonennes

A 4

PESRESEE S RSO P E RS BB INDH

* €1050°0 SI1°0 0%1°0 =
» 100 *0- 6€0°0- =
. 0%€EL*2 12 22 %€ =
» 00°1 00°1 =
* dVW16000Vd »
* 0L2AANYND S124¥dS =
sooessesy 0BZIHS »eseswess

A\ 4

SO BEERNEIL RSN BRI RN SRR NI DS
* 662°% B881°2 6%0°0 =
* €86°6 Z8L°9 BY1°0 »
. S
* 0°21 00°% 00°% 00°% =
. SNOD =
. 0823HS »
ssssesses 0BZHIS »wisessss

A 4

REIULRACRFOIITRIBHNN IO NRRS
* »
. »
* 6299 »
» 99 =
* 9°02 =
- 082935 »
*tseseen Z2S0UDV sxsewnnss

RERR SRR EPS R AR ON DR BN DY

» 91000°0 681°0 SG1°0 =»
* SE00°0 200°0 =
* L8662 €2 22 9¢ »
» 00°1 00°1 =
- dVWOSO00IVY »
s  O0LZAAYND 012435 »
sssnevene SLLIHS nassssusy

ki

LR AR LRI R R RS 2 Y )

. »
» »
- »
* -
» SZIY o
» 0224¥3S »
dosrosnr OLZAAUND sssrsevss

e

PEPS LSRN EET BB I ARV ISR RS P

* »
» °
- 629% »
» 26
» 822 =
* 0L24d2S =
»usesens 0SOUIVY sssasenss

i

PHBBHTERIDABABSERABEREE SRS
. 16€°6 9%8°2 €90°0 »
» $62°91 B869°6 961°0 @
» S »
» 0°21 00°% 00°% 00°% »
» SNOJ »
» OLZ24HS w
sesswsnne 0L2YUIS sesevenss

i

IR RI RS2SRSS AR S LA R 2 ]

» 9%610°0 9%2°0 802°0 »
* 6€0°0 €20°0- »
» 1168°¢ 1€ 82 9% »
. 00°1 00°1 »
» dVWE%00IVI »
s GSHZAA¥ND vS92uIS
wss94899¢ 0LZIHS eussnsess



304.

S0P EE VOB O NGO R

LYY Y]
» L d
L] .
* -
® 9% »
® .
L .
sosoevss 0900IVI sevsevsas

LA AR AL RA R R 222 A2 R 2 2 2]

SZEIHS

. L]
» -
- -
. ———
» L]
» -
s00980%8 C90I20Vd sevsences

4+

EI AT RIAS RN TR RS R 122 )

. Y1020°0 %¥61°0 %51°0 =
L] S10°0 120°0-
. 0S61°2 €2 92 L€ »
L 00°1 00°1 »
* dVW19000Vd =
»  SOEAAYND S1EYdS »
00800800 SZEJHS sovessuse

A 4

PEECLEVIVG A S BIVBEEIBIEED
°® BLZ°Y 9£€°Z 6%0°0 »
* 10L°6 922°L 6S1°0 «
» S e
* 0°21 00°% 00°Y 00°Y @
[ SNOD o
L] SZEJHS =
990006088 SZEUIS sseveresse

LA L LA R I AT R T RS T ]

L] ZS920°0 S91°0 Z2€1°0 »
* 900°0 120°0- =
» SEL6°T 12 12 62 =
® 00°1 00°1 =
. dVYWE 00DV »
s GOLAAUND $2¢dIS =
80000809 OEEIHS vsovensee

L T P Y Yy Yy
» L16°% %88°2 €90°0 =
» SLL°y1 €22°01 BLI*0 »
. S @
* 0°91 00°% 00°% 00°% =»
» ISNOD »
* 0ZE€dHS =»
vessdnses OZEYIS wesssesss

+

PSSV EBESP R LRI R BRSO ¥ S

* 19920°0 %€1°0 %01°0 »
* 200°0- 610°0- »
» ZLL%°2 61 91 €2 =
* 00°1 00°1 =
* dVW6S00IVI »
» SOEAAYND S1E4HS =
sevssssses OCEJHS wusvweeve

*

PR AT SRR 2R S ALY R Y]

1°91
S TE4HS

» *
. *
* ]
® 0y =
Y .
? »
sndrvens 6500IVI soononsos

PECEPIEEG POV CT OIS HULRS S

® .
[ ] ]
" S29Y =
L] 09 =»
L] 0°0Z =
» STIEYIS «
sesoseee [900IV] wsessensn

BEBBHBECE OO EDER AN FRO P k&

» »
* .
* G2y =
» S9 »
» G°61 =
» 62eyIlsS »
sesnsuss 900V suensvers

PO AHSRTROIH BN SV NNER N ENGR S

» s
. »
. .
. »
* §29% »
L] S0E dHS =
«sessns SOCAAUND wsevvvnves

4

S0PPEIBEEE PSS ARV IVETRSRO R

» 092€0°0 0%1°0 O11°0 =
. 900°0- %20°0- =»
. 2L09°2 81 L1 S2 =
* 00°1 00°1 =
. dVWLS00IVd =»
+ SO0E€AAYND SOE4HS »
exsvssrss OICIHS wrossevsns

A 4

LA IR R R R 2 R 222 )

. *
» .
. .
» 96 «
. 0°L1 =
L] OTEdHS »
sesevnss BSO00IVY vassevsew

4

POSLENBEVUBICELEB ARSI IR NEN Y
. €E1°0 9%01°0 =»
* 900 °0- 220°0- »
. L612°2 81 S1 SZ »
» 00°1 00°1 =
] dVWBS00IVd =
*  SOEAAY¥ND 01 €4HS =
su2eesevs SIEIHS sneresesse

A 4

T T P TP PR IN A ST LYY
L] GEZ'Y 99€°Z 8E0°0 »
» wl2L°El 565°6 %B1°0 =
* 0Z »
* 00°% 00°1 00°1 0S°1 =
* »
. »
» .

SNOD
STEdHS
sonesvns SIEYIS »wwnsenx

NOESRBESS NP ERRBRDNERERN D

* L4
» *
. 6294 »
» 96 »
. 6°L1 =
» SOEJHS »
svsrsnes LSOUIVY wessnevne

iy

(R 2 R AR R R R RS RS R 2R 2 )

» €62€0°0 6L1°0 Y%1°0 »
» 900°0 920°0- =
- 19€9°2 €2 12 %€ »
v 00°1 00°T »
» dVYW9600IVS »
» 0.22AAYNID 00€4IS »
vesswnrnes SOLIHS voensnovn

e S

LT R TR TN TP LR R L 4 )
. .
” L ]
» L]
. 6S
» -
v »
svssnene 9600IV] snsvssens

i

PHNEBSIREBAOHOTEINRS RSSO N Y
» 186°% 269°2 090°0 =
» €8Y°YY 66€°6 ELTI®O »
» S »
» 0°21 00°% 00°% 00°% »
» SNOD =
- 00€dHS »
ssnssnrns 00CUIS svaneessw

i

IR R R RS RIS E RS R L N 2 )

. 10120°0 %%1°0 211°0 »
» 010°0 €10°0- »
» %206°2 61 B1 G2 »
» 00°*1 00°1 =
» dVWSS00IVS »
» 0L2AAdND G62dHS =
sxuepsens O0LIHS anvonsses



305.

SORBOEIBOEHENIREIINNS NS00
[
»
.
S§29% »

SYC€JIHS =

»
»
°
L L]
»
-
soevokn SHEAAUND weoeseesse

A 4

L]

L] $0000BVHNVIOBRNDNERNR S
™ €E€0€0°0 0Z1°0 160°0 »
* Z10°0~ 920°0- =
¢ 4106°2 S1 ¢1 22 »
] 00°T 00°Y =
- d¥WB900IVd @
s SYEAAUND SYEIHS =
99984009 OSEIJHS veovoonese

A\ 4

LTI T T T R P T R 2 2
] *
L] *
® €29y =
L] 0y =»
[ B°ST »
» 0SE4HS =
o980 6900IV esvessene

) 4

SEPVHE DI B IHSBANDHICES B OB Y

- ZZ1€0°0 101°0 610°0 =
» 910°0- $20°0- »
] 6SEE°T ZY 41 61 »
» 00°1 00°1 =
» dVW6900IVY »
®  SYEAAUND 0SE4HS =
#30060980 SSEJHS sonvesses

) 4

PLIBELBEN S ULV SL0RBOBE RSN
L] 996°y 202°€ 290°0 =»
. Zy0°%1 616°6 GLI°0 »
L4 S »
[ tetl 0S°0 0S°0 00°1 e
* 3SNOD o
» SSE4HS »
90000089 SSEYIS wvvesnsen

DN ISP HSSOVII NS I EIIBOD B S

*
s

» (T4 A
Q No
|
'
’

LR 3R 2R ]

1°LT »
SYEIHS »
sde86¢ BI00IVI sosssvson

tha

BOUB ST VR SR SRR RSB N RN GO9S

L] 081€0°0 2L1°0 Z€1°0 =»
* 000°0 820°0- =
» 0Y0€°2 22 12 0t =
» 00°1 00°1 =
® dVWL1900JVd «
s 0%€AAY¥ND 0%€¥IS »
398509094 SYFIHS ssesuvens

3

BPRPEN RIS VOBV EE RV SIS B Y
L]
&
*

G29% »
0%€YIS »
stsses OYCAAYND sosssenws

: 3

BSOSO EO LRSS IBNENS OB S
» »
* -
* 629y »
® 9L »
L]
»
]

*
L
»
L] L]
L]
L]
L 3

9°61 »
0%€YlS =
s9s8808 L900IVI eeveevess

i

BB EREIEO SR O EERERAE GO B ¥
» 062°S BEZ°€ 2G0°0 =
* 200°%1 0L£°8 SL1°0 =
* S »
» 00°S €€°0 €€°0 SL°0 =
* 3ISNID »
» 0%€ 3dHS »
s2esdener O9CYIS wevvevsnn

(AR AN RIS S I 2 2 2 N )

» L]
. »
. SI9% »
* SY »
- 6°81 »
L] SEEUIS »
sedvwss VSO00IV] eevssrses

A 4

ROBBEABESENPOB RN BIRAGROR S
#(0300Qv €2 3 0313730 €1) »
#26 = IN3IAI0S TVIOL °*dVW »
e 3INIY33410 VS900IVI NI =
» S3LVNIQUO0)D St€yIS UL =
. SINIWLISAFQV TVNNVH =
B ---—-—————co———gGEEYIS ¥
BEYIFEHET PRI SES SIS SO BIN S

A 4

L P T T Y ]
.
*
.
G29% »

GGEEYIS »

L]
»
.
» »
.
L
sesns9e SEEAAYUND wuxvssvesn

A 4

T PSS REB ¢SS S OB S B BNy

] L]
] ®
. »
™ 98 =
. 2°22 »
. 9SEEYIS =
st ss 9900IV] weansisen

A\ 4

PENIIRINSOI RIS SR EIRAD RN BIRSE
* 5 2%620°0 L6170 8ST1°0 »
® b 910°0 €20°0- =»
. 6651°2 %2 %2 9 =
. 00°1 00°1 =
L] dVW9900IVd =
¢ SEEAAYND 9SCEYIS =
sx0sud988 OYC4HS wavsevsns

4

T T T LT Yy
* .
» INVId 3IW3H 0L »
- U3NIVYLISNID WOLV 34 «
» v
* $€°61 = YOLIVI-Y »
» SELYIS »
sxsensess S9UIVI vosssoens

+

LTy P T R T T T P Yy
* 981°y 98E°Z £%0°0 »
» Y618 221°9 1%1°0 =
» SZ »
- ---— 06°0 05°0 00°1 =
* OSNOJ =
» SELIHS »
shssseses SECUDS visvssvees

i

THEND PSSV YOS SR DER BN NGED

. Z28L10°0 $S1°0 2Z1°0 »
* 900°0 810°0- »
. 1926°1 02 61 62 @
» 00°1 00°1 #
. . dVWYQ00IVY »
s SOEAAYND 0EfYIS »
sesnnsvee HECIHS vowvonson

i

PHBHNSREILIBIEIHEE TR G ET IS
* »
® L]
» £29% »
- €S @
. 1°61 »
* OEEYIS =»
»osunsss 900DV enensonse

i

ERBHNERRBEI ARSI RNBRAS LGS
* 892°% S61°2 84%0°0 »
. SUI®6 L62°9 1%1°0 =
» [
- 00°21 00°2 00°2 00°2 »
. GSNOD =
» 0CEdHS »
sessrsnns OEEUDS wavssnnve



306.

(AR ISR L2 A R 2222 2

. SS110°0 B891°0 HZI°O «
» S10°0 1¥0°0~ »
[ BZ6¥%°1 02 12 2¢ =
* 00°1 00°1 =
» dVWSL0JDVY »
s OLEAAUND 08E3HS =
seoeenses SOEIHS swvsesves

A\ 4

BB HCOPSVE VDS UISVBEE S BB B D

® .
- »
- 29 o
* 1% »
- 6°¢T »
o SBEIHS o
sssdss s 9.00IV] sessesves

A 4

LRI AT RIIE R TR R R L2

* 89110°0 L11°0 060°0 @
* 900°0 S00°0- &
* €182°2Z &1 S1 22 »
» 00°1 00°1 »
s dVW9L100JVd o
s OLEAAMNID SBEIHS »
03066689 06EIHS soosovese

4

LE T T e
$22°G 282Z°€ 68Y0°0
SEE°21 086°L 6E1°0 »
0Z »

—=>= 62°0 $2°0 0S°0 »
3ASNOD =

06€4HS »

04360008 06EUIS vossnnncse

) 4

BESPOHBOIR HIVIBOVB IR IV EE

L 2K 2% 2K 3 O J

. »
L] .
£29% o

0S =

9°LT =

[ ] 06EY DS =
ss00sese LLI00IVY wenscwess

S0P RRP UV THDESVRO VBBV O E B %

L L d
» »
. S2¥% w
» €S »
» S°Ll o
. 0BLJHS »
deess00e SLO00IVI #sssesees

i

PRI TED S PEEBE K ETRES S BN

- 64L10°0 000°0 000°0 =
. €10°0- €10°0~ »
» 1L60°% 00 00 00 =
. 00°1 00°0 =
» dVW¥2000v3 »
% OLEAAYND $1€4¥IS =
ssensse0e D0EJHS soossssss

e

ARSI R R PR R 2 20 X X 1]

L] »
* »
L] G2V o
L] 0S =
* 1°L1
» S1€YdS =
s00088¢ YI00IV] sevsvsess

A

RESIHIEEEDO SO S EAISB BG4 2D
L] 01¥°S 6S%°€ 1%0°0
s 116°11 S28°L 6€1°0
L o1
L] 0°01 02°0 0Z2°0 05°0
» 3SNDD
® SL1EJHS
soosubees GLEUDS sessensee

LA 2K 2R 3R 2% 3

i

LR Y R R Y Y]
» ———=—=== 1€1°0 S01°0
» 000°0 800°0-
* SLE%*Z 91 91 s2
- 00°1 00°1
s dVWE L0DIVS
» O0LEAAYND 01 € 3HS
wonoesnss SLEJHS seveewsne

LR R B 2R AN

CHEBIEPBL O IRNVIARETRNE NS ISOS
* 612°S 9Le*e 150°0 »
. ZS6° 11 0%5°L 1%1°0 =
» S e
» 00°01 62°0 SZ2°0 0S°0 =»
. 3SNOD =
L d S9CdHS »
evenbrens SOCUYIS ssewenien

A 4

T T T Ty )
- L]
s L]
L L d
» 0s »
. ]
. .
sedspnss ZL00IV] #evveress

A 4

LR RN AR S A R R R 1Y

» 2ESED°0 9L21°0 LETI®0 »
L] 100°0- 1€0°0~ =
s 0€02°2 12 22 te =
» 00°1 00°1 =
. dVWZI00IVd =
e 09¢cAA¥N) S9LYIS »
ses9seves OLEJHS wesnensses

) 4

LRI 2 AT R 2222 L 2 A2 2 2]

. *
. .
. .
L] 16 »
L] 1°91 =
* 0LEdHS »
ssensnnx €L00IVI sevssnnes

) 4

IE RIS TSI AR S 22 R 2 R 2 2 2
L 22N »
i »
L

Gl9Y =
OLEdHS =

*
.
» »
»
-
sensvns DLEAAUND sensvenss

LRl R A I YT YY)

* 66620°0 S1i°0 660°0 »
» 110°0- €20°0~ »
. 0eSYy°Z S1 %1 22 »
» 00°1 00°t »
» dVW12000Vd »
» 09¢AAdND 09¢3HS »
sesassers SOLIHS sonvesone

@

PO IERRIEIR RN OEIVS BRSSO Y

. »
" ®
- s
. .
- S29%
» 09€4HS =
sosnsds 09C AAYND wwvesenvss

BUPEABIVESVD LSS TE VR DHD

Ld
»
»
*
L4
-
-

£

VHFPRNATRIRSHEREOF SR IV SO NS

. ¥2G€0°0 B91°0 621°0 »
v 100°0- SE0°0~ o
* 19€1°2 22 02 1€ o
L] 00°1 00°1 »
» dVWOL00DVY »
s  SYtAAUND 6SEUIS o
vessnssns 09CIHS wnssssnne

i

EHFEBHVE ST RSP EBR I BB RSON S

* L
» L]
L 529y »
» 1S »
* 1°61 »
L SStYulS w
ssxsxsns 0L00DV] »avensnsde



307.

LA AR R R I RS NS 22 Y]

L] BOL10°0 991°0 921°0 +
- 400°0 L10°0- =
® 9160°2 02 12 0OFf »
* 00°1 00°1 »
s . dVHE80DIVY »
s 00%AAYNID S1%4¥IS =
s0%0s 2880 OZYIHS woevecvven

A4

(AL IR RIS AR R T Y Y]

. .
. »
L £29% =
. 9¢ o
L] 0°91
* 0Z2%4HS =
saessesd $600IVI snoseness

) 4

LA L2 14 (IR AL L LI TRl Rl dd

L] ¥1410°0 611°0 %60°0 »
* $00°0 010°0- =
L 2EZE°2 S1 &1 12 =
s 00°1 00" o
» dVWYB8I0IVd
¢ 009AA¥ND 0Z%4HS »

L]

so808u 088 SZYIHS sssoonne

A 4

SEOVERSNPIBSNOR VAN B BBE D

y°sl
GZY%3HS
5820698 SEO00IVI wenessves

A 4

LA A IR LI RIS TIT RS S 2L

bR 2K R R 2 AR
L2
~N
o
<

.
.
»
€Y e
»
-
®

*
L4
L]

GZ29% =«
S2Y3HS e

L]

*

*

® .
L ]

*

380008 SZYAAUN) sessenoss

SRRV EBEITIBI SR RNNEEO Y

» »
L] L]
» G29Y »
» €y »
L] S°Ll »
* S1%IS =
sasesses LB00IVI weensonsn

i

L e Y T Y -
L] €0G6°S B96° € €S0°0 »
» 006°21 %10°8 6€1°0 »
» S =
» 00°S SZ2°0 S2Z2°0 0S°0 =»
*

* »
- -

3SNDD »
S 19 3HS
senesnes STYUIS wemsnnns

e

CHRPRAGE NS GH U RSB I EBE RN kN

] 19410°0 B811°0 680°0 =
* 200°0 110°0- =
L) 08L2°2 ST %1 12 »
[ ] 00°1 00°1 =
. dVWZB00IV3 »
® O00%AAYND O1%dHS »
sossssese STHIHS sevsnvess

<t

SN ISOEEPERERBEN S NBS O &

» »
® »
» SZIY »
» 8y =
. 1°91 =
» O1%4HS »
sesseses Z000IVI ssvsssevs

A

PRRBRGE G EP 0N KOS RN RS RS RS

» 88910°0 091°0 221°0 =
* S00°0 810°0- =
» 16122 61 02 0t =»
» 00°1 00°1 »
» dVWT1B800JVI =
s 00%AAY¥ND SO%YIS =
ssnssenns O19dHS sansevers

BEIRENBERE BV PERPVYRPPPREY

* ¢
. »
. Qe
» %S »
. 2°L1 »
» 00% 4HS »
susnenss 0800IV wessvsnne

) 4

SURUPLREL AP EBHI SIS SRR N0 S
»
-
L J
L]
S99 =

00%3HS »
s9sens 00%AAUND ssvsvsinn

A 4

SEBBEIBEOENSER TN BNB NN

L
*
L
»
L]
-
»

* ¥8€10°0 621°0 960°0 =
. ¥00°0 110°0— »
- €169°2 81 S1 %2 »
. 00°1 00°1 o
. dYWO0B800IVd »
« 00%AA¥ND 00%4HS =
ssnoesnes SOVYIHS wevsvwnns

A4

SN RELEBRESIEEVIERARERD
* $69°S 9¢9°€ 9S0°0
L] BS%°El G62°6 BYT 0 =
- S »
* 00°¢ $2°0 62°0 06°0 »
. 3SNOD »
- SO0%3HS =
ssenvnnen SO%UIS swsevsess

A 4

EE R R R R Y]
. L
» »
L] §29% »
. 1S =
- B°Il »
. S0%Y IS »
senedsns 1B00IVY wesbnnses

FRVRLPREPRABROSRRERDAE TN NG

(] £EQDJQ0 S81°0 S%1°0 ¢
v 02Q'0 1100- »
» €2LET2 €2 27 € »
. 00°1 00°1 »
- dVW6L00IVd w»
* 0Lt AAYND VSOEIHS »
sessssrne D0YJHS s vnesnnes

r

L T T T T T TP Y
. L]
) °
* »
» €8 =
. ]
» .
esssnwne 6100IV] sensvsens

o

BARERERNBEN R BEB B EA RS RI B
¢ (Q300V S 9 0313730 s1) »
%2y = INJAIOS IVIOL *dVW @
¢ 3ON3Y¥3d4410 8200IVvd NI o
. S3LVNIQY¥00) S6ELHS »
» 04 SINIWLSNrOV TVNNVW @
#-————m———— e ==V G6ELIHS »

L]

PHEIVOIBYTE S EDSBPNTHID S

e

BEIBSRINUB R RSB IR SV SR BUE S D
. »
» .
) v
» % e
» .
» L
s2dnssss BL00IV] »rsssenes

i

LIRS RS R AR ARSI Y ]

* 80S10°0 000°0 000°0 =
. €10°0- €10°0- =
» 6§%66°c 00 00 00 »
. 00°1 00°0 »
. dVWLLOCIVY »
*  0LEAASND 06¢€YIS w»
ssohewved GOLIHS 23800080



308.

L T T R P P TP P R LT T
° .
* »
. e
» ——
s Lot
» SY54IS
wesssnpes Z60IVY svseesnes

L T T LY T T Y T
» *
» »
® L]
» 8y ¢
. .
. .
soss8s s 16020V sossenetse

+*

L T T
] EYI°S L61°2 L%0°0 =
® 91Z2°%1 912°6 Z91°0 o
» ST »
- 0$°2 06°0 06°0 $2°0 »
» 3SNQD o
» 0SY4HS »
seo6 susd OSHYYIS veeecwsse

BILVEPVSV 0PV HVSS RSV SRS RS
L]
*
*

L

GZ9% »

B0€EYYIS »

¢ 0EYAAYND oosesessw

A 4

BEBIEOREDBIINONSIE VIR OO N
L] 04210°0 851°0 02Z1°0 =»
L] 600°0 €10°0~ o
° y1L2°2 02 61 62 »
o co._cc._c
C .
0 .
ﬂ 9

. 4YWE 6000V
Ok $AAHNI goE %Y IS
se009088 SEHIHS suvdbned

L TR T T T Y
» %80°S 601°2 $%0°0 =
- 968°11 Z28°1 SE1°0 »
» SC @
* 00°$ 06°0 0S°0 61°0 =
. 4SNOD o
» CSYHIHS »
s2gnedede SYYYIS vssnseenn

LA AR IE RIS AT R 221 2 Y]

% *
. »
L4 $29% »
] €t =
® 8°%l o
» SHYHIHS =
sensesss 06000V vwsesssnsn

¥

SO PLTEV SPGB ERHS PSRN E S B

» 1$800°0 280°0 %90°0 =
» €00°0- 600°0- @
» SLBB T IT 11 91 o
» 00°1 00°71 =
L4 dVNO600IV] e
s SZ%AAUND SHYYIHS =
*3090908¢ 0GYIHS wovsennss

PP SSDESEEOPRER I ER VO SO S

& »
* L]
» S2Z9Y ¢
» ey »
» €Ll »
» Q0€EYYIS
ss990¢e E600IV] wossenesn

i

(222 A2 R R R R RIS R R R )
» 0 = (1IVY3AD)IE 0S °rav =
» SY0LIVI IWNIVY3dAdILl =
#ONY *0343730 SINIATOS 6 «
#'50¥00) S6€4HS D1 CG3AIN =
422 W HLIM °0¥00) 0€%¥)S =
D —--00€E%YIS »
SRSV OO SR HS RV SR DB ISR Y B

LRSI RS RN R RS L R S R 2 2]

- %1010°0 €60°0 690°0 »
L] 000°0 100°0- »
. 8290°2 11 21 I1 =
* 001 00°1 »
* dVW6800IV3 =
s  SZY%AAUND 0% %4HS »
ss000%e2e SYHYIHS wrevensss

*

S T P Y Y
» -
L L
. »
. 1€ »
¢ -
» -
se9vsens 6800V swwsdrsne

*+

PR BEEBVSEO TSNS TR NSRS

. ¥9%900°0 151°0 %01°0 =
. 110°0 L00°0- »
. 0%10°2 LT LY SZ »
* 00°1 00°1 »
» dVW 88002V »
¢ SZY%AAUND 0L %YIS =
sxsvsvens OYYdHS wswnsvvny

+

CEBETHVSEC RSO SR VEDRBIBORR W
LJ
»
[
L
L
L]
-

seewess 8800IVH

*

e T E T P IR SR R L T
. Y€2°9 LU9°E 960°0 »
* LS1°61 698°6 BL1°0 =
. 5 SZ =
» 00°S S2°0 S2°0 06°0 =
L 4SNUD =
- Ot Y4HS =
sedesosen 0EYUDS Ssvvessns

LR LA A A R R 2 R 22 1)

SE%YIS
wxssess LB00IV] vesvsnss

+

»
L L]
» L ]
* L]
» 6 »
» ]
» »
»* *

BEYE ORI SSESE D SRSV BR O RN EY

- €08°6 0%L°€ SS0°0 »
» 069°S1 161°07 $91°0 »
. 0T »
. 00°% $2°0 62°0 0S°0 »
» 3SNOD »
. SEHIHS »
avsvssnss GEYUIS sevesenne

+*

LRSI RIS R RS2 22 R 22 L] ]

» OCET0°0 111°0 S6O0°0 »
» 200°0 010°0-
. 10z*Z S1 €l 61 w»
» 00°1 00°1 »
» dVW98002Vd e
»  SZ2%AAUND OE43HS »
snssennss HCYIHS wossssose

+

VEIBEH S ISIIIBSB %

.
»
»
L]
L
-
»

*

ER TR A TR SRR R SRS S A R ] ]

» L1600°0 211°0 S60°0 »
. 600°0 L00°0- »
» SIEL®Z %1 %1 02 »
» 00°*1 00°1 »
» dVWSBOULIVS »
»  GZYAAYND G2H3IHS »
wosssnsns 0C9JHS »sensunen



309,

L T Y
® €E0L"Y 68%°Z Z%0°0 ¢
L] 16L°6 969°9 261°0 «
s SZ s
] 00°t OE*0 0€°0 09°0 =
L 4SNOD
- SI%4HS =
38860809 GLYHIS ssesessese

3

BEEVEE DIV ESENE AR AIRSB P 0B

L] %1810°0 691°0 Z2€1°0 =
. 800°0 %10°0- «
L4 $€88°1 61 02 %€ =
] 00°1 00°1 w»
» 91886000VS o
* VSSYAAUND 01%90S =
22600880 SLYIHS sevscvsve

CREOVRE S FE RN RN BN E Y

» ¥80°S 289°2 8%0°0 »
- LEZ°OT SBL°9 091°0 »
» G2 »
» 00°% 62°0 6Z2°0 0S°0 »
* 3SNOD #
* S9%4HS =
- #60 S99HIS snsvevne

A 4

BIEPHEB NGNS

VRGOS S

L 2R 2% 2R 4

S9%YIS =

»
]
»
L €t
s
L4
sasnestne L60IVI sewsnsnes

A 4

BREFBSSSGII VA SRR RN E G S

* $0810°0 8€1°0 €01°0 =»
* Z00°0 410°0- =
» LE696°T 21 91 92
* 00°Y 00°1 =
- 11416003V »
» VSSYAAYND $945YIS »
sredene e O0LHIHS ssenssnss

A4

L T T P TP T Y
» 18%°% 962°2 6£0°0 »
* 9€1°6 086°S 1€1°0 »
» GZ »
- 00°Y 0%°0 0%°0 S9°0 =
* 4SNJD =
» OLY4HS =
susseee OLYYUIS ennwsenis

A\ 4

SEESBEE GO SE PRSI SR RREI e AN

* »
* .
» GZIY =
» Lt »
* 1°91 =
» 01%4)S =
sesotnen G600V suwnewn s

| 4

AR IZ 2 A R RIS 222 R 22 R R 2 Y )

- »
. »
* o
. S
. 2°81 »
» 09%Y¥IS »
ssssvsnd SO00IVI seewvenas

CREFSEEP SRR R R NS AR NP RO G ¥

» %1120°0 081°0 Z2%1°0 »
. €10°0 S10°0— »
L] 8261°2 12 22 S€ =
» 00°1 00°1 =
. 17d496002V3 »
& VSSHAAUND S69YIS »
ssevssess SOYJHS eenesnene

=

LA IS TSI RS R AL R Y]

*®aw

S29% »
SSYYUIS »
¥owss VSSHYAAUND essnesees

0

SRR HIESESSOBIISER PN E 0N
L d *
- »
L Sl9Y =
L 6y =
*
.
»

.
*
-
*
L
L]
.

911 =
SSHYYIS =
983888 9600IVI sxssssses

il

EERFSE SR AN AT RPN N e R DRI RNN
L] 289°% L0%°C 1%0°0 »
» E20°11 9€S°L YS1°0 =
. SZ »
» 00°S 0S°0 05°0 SL°0 =
* »
. »
L »

4SNUD
GS9INS
sevsnens SGU YIS awsevans

LR AR R R PR R Y R R R R
. 198°*% 016°2Z 14%0°0
» £H1°21 006°2 L€1°0
. se
* 00*s 04$°0 05°0 SL°0
* 4SNOD
+ 09%4HS
ssrsevrss 09V YIS wossvsnne

LR B 2R 2R 2% 2

*

IR R R R R RS RIS R R I YY)

» 1L910°0 121°0 €60°0 »
» 100°0 210°0- »
* 6%12°2 %1 91 22 »
» 00°T 00°T »
- dVWY600IVd =
*  GSHAAYND SSYJHS »
woxsnedvs 0993IHS wesnnvons

+

PHAENRRREEV BB EES R RS SR B Y
»
»
»

.
$29% »

SSYIHS »

*esuey SSYAAUND vesssvsns

*

IR TSRS RS RS2 12 22 22

.
»
.
L]
»
»
»

. -
. »
- S29% »
» 9¢ »
. 8°sl »
» SSY4HS »
asexsenn Y6000V veswsvnse



310.

]

a0 asnas

CEOL AR BO RGBSR EBNR S

006492S
s200698 EOTO0IV] sovcoeee

4+

SEB PRSI ERE SRS ERSS
921y €1%°Z 6£0°0
991°6 898°¢ 2€1°0

174

00°% 0€°0 0€°0 09°0
4SN0D

0053 HS

$s2606908 00SUIS seevenne

»

.
*
L
.
L4
»
*

L
[ ]
L J
»
¢
-
L4

LR PRI  R LR R IR R R Y Yy

L
]
»
L
»
»
L]

AINDO S31VNIOW0O0)D

3W3H G3N!VYLISNOD

sz

00°y 0€°0 0£°0 00°9
35N00

00GLHS
s956698 VOOSUIS wivecwee

L d
L4
L]
]
.
-
L]

LA AT R R R S Y T Y

- 1$810°0 €S1°0 B811°0 =
* $00°0 410°0- »
» 1248°1 L1 81 1€ »
* 00°1 00°1 »
L] 91810102Vs
s 06%AAYND 06%YI2S =
e85 986¢ SH6YIHS wonnsnenns

A 4

T T T Y]
» 669°Y 18%°2Z 1%0°0 »
» €E6°6 09€°9 9%1°0 »
» G2 »
L] 00°€ 0€°0 0€*0 09°0 =»
» 3SNOD =
» S6%4HS =
39088888 SHIHIS sesennrex

A 4

L T T T
L]

»

$29%

67 »

8°G1 »

S6%YIS =

se¢ Z010IVY snnsesens

A 4

FEBEISOESEEIEEOIINIEESINS

S ateaes

.
L
.
LJ
SZ9% =

S69YIS =
ssesns SOYAAUND ssessesen

A 4

-
L
»
L
»
L ]
»
L d

L] SEPOEPOIEPIINIRINK
L] BEST0°0 9€1°0 10170 =»
. €£00°0 Z10°0- =
» 1L58°1 91 91 £Z »
» 00°1 00°1 =
» -
» .
» »

LR Y]

9182010Jv4
S6%AAYND S6%4)S
#eeedwed 00SIHS w»uwssswn

CHRBEPIEI P ORGP SENII NSNS
L
»
»

.
.

.

* .
* $29% »
» 06%4Y3S =
soansnd D6YAAYUND wunessevse

e

SEEFENBENERRNREN
. »
. »*
. $29% =
' ewc
a
i
.

e85 %8¢

1°91 =
06%YdS »
dessees 10100V snesssnne

S

SEEPPEPEE B R RS IB B &
* 1EL Y S8%°2 0%0°0 »
* 920°6 20€°9 Z%1°0 =
. S »
o oc.com.oon.ooo.oc
' l
c c
o -

4SNDD
06%3HS
sanpesve 069405 susnnens

4

PPV EFSESE NP IS ISR BRE R ISR S

. Z9L10°0 684%1°0 €11°0 »
L] $00°0 €10°0~ »
L] S116°1 L1 81 62
. 00°1 00°1 «
. 91866002V3 »
*«  SLYAAUND SL%4IS =
sensvsses 06%IHS wresssnves

i

LRI SR TR RIS R RS TR 22 R 2 2L
»
- v
L]

G29Y »
S1L%40S =

*
»
*
. *
.
-
weanaen SLHAAYND swnsoxise

CVIBEENIVSFB R FR BRI IR CE RIS Y
SLE20°0 »

920°0 600°0~ »
SCB1°Z 22 62 9¢ »
00°1 00°1 =
»

-

.

LR 2 B B 4

914600102v4
» VSSHYAALND 08%4)S
vevssssses SOYIHS nesvesnn

*

(AL RIS R R 22 R 2 )

* »
» -
. SC9% =
L] 0S »
» 2°81 »
* 084942S »
esessses 0010IVI weensevne

+

T T TP T YT TY Ty T
» €66°Y 026°2 1%0°0 »
» 269°6 185°9 0S1°0 =
» SZ
» 00°€ 0€°0 0€E°0 09°0 =»
» 4SNDD »
* 08%4HS »
sesesevss 08%UIS vessvsnne

*

T R T T T P PR TR TY )
L] 14%10°0 B891°0 621°0 »
» L00°0 210°0- #
* 9%%0°2 61 12 €€ »
L] 00°1 00°1 »
L] 91866002V »
* VSSHAAUND SLYYIS =
sss¢snes 009JHS wuvvsnese

2

IRRLEA TR R R 2L 2 222 2 2 )

»
»

* 629y
o am
o
.
l

L 2K 3R O J

€£°31 »
SLYUlS »
wessens 6600IV] snsvenvvs



311.

LA AR RS R R R I R 2

s «
L v
s GZ9% =
L] 2t »
L] £°91 »
* $0649IlS »
s¥s0¢098 GOTOIVY suvovnnes

PRSP USSR RAN PRI SIISd RS %
L $96°y 28%°Z 2%0°0 =
* €22°01 E12°9 091°0 =
® Sz »
* 00°y 0E°0 0£°D 09°0 &
- 3SNDD =
. SO0G4HS »
st udd SOSYIS woewssves

222 2T RS R 2SRRI R LA 2 )

+
Ld

0164 2S

*
L d
-
i ]
.
L d
ssneons LOVT0OIVY enscensen

»
*
® [
.
»

L2 R R L R e R R R P )

* °
b4 »
. S
» - s
* 231 »
* 026835 »
sedsesee S5010IVY wsssseaex

BOEIVER SN I ER DS DD ON S 2N

° 61810°0 2S1°0 Z11°0 »
» 900°0 €10°0~- *
* 68981 L1 81 Z2¢ =
* 00°1 00°1 »
» 91850100vy
» 00SAAYND J20054IS »
weuvnsere SO0GIHS wsewsonrs

¥

EXI YIRS SR R 2 2 2 22 2

* »
» »
. $23% »
» le »
L] 9°Sl »
. SO0S4HS =
*osesose 9010IVI senvessns

¥

FRBUPOS EE O PR EEN ISR SRR SR IS

* 66610°0 Y%1°0 S11°0 »
» 600°0 €10°0- =»
L] CYELZ LT ST 1€ »
» 00°1 00°1 =
*« 91090100V =
* 00SAAYND CUSIHS »
seondeeos OISIHS sonenwsnin

¥

AERFHIEER KO KPS ISR SRR OGNS
* 168°% 0%9°2 BEO"0 »
- L16°01 915°9 Z211°0 »
- SZ
L] 00°*% 0€°0 0€°0 09°0 =
. 3SNID =
* QIGH4HS =
seppensss 01GUDS sanvnesnna

CRABRENFIEDILRIRREININNS ¥ 4D D

» 816y €12 9E00 =
* 69¥°8 LE€2°S L1170 »
- GZ w
* 00*% 0€*0 0L°0 09°0 =»
- ASNUD »
* 026 JHS =
sessennee 0CSUDS #wsrnness

+

SESXIBNESRIER R X P EHEE B EBONS

* 19610°0 021°0 260°0 »
. 200°0 $10°0— »
. 1661°2 €1 %1 52 »
. 00°1 S2°0 »
. 91d%0100V4 =
» 00SAAYND J005Y¥IS
susnsswre O0ZGIHS sawseseny

CEAPSUNGEOBEEIFEIERNBERIRG S

» »
» L]
. S29% »
. te »
. €91 »
- 9005325 »
ssevssne YOI0DVI senressene

y 3

FEIRRERERENRIEFELENERRAER Y
* 50102vd4 ¥Ud »
# J.-°H G3NIVYISNOD XIVH e
«Q0V Q5 - €0162VY 30 3W3H »
* U3NIVYLISNOINN 1DVulyns «
»* ULl S3ILVNIUHOOD FW=H »
TR AT, H00%UIS »
LR R R RR PR LIS SRS A A R s

2R AREIRCAEI0RRRIRODER O

» °
» »
. g
L] ———
. Y91 »
» STGIHS »
snerdnrs HOTUIVY vwoennenee

+

IR R R RS SRSt 2 Al R 12 ] ]
» $L810°0 000°0 000°0 »
» €10°0- €10°0- »
- 8190°¢ 00 00 00 «»
» 00°T 00°0 »
. 91450103V »
» 00SAANND 2005435 »
sovossnss S1SIHS sesveveve

I TY TR TR TR IR 2R AR AR 1] )

L]
*
v
* »
. $29% »
» J00s¥IS »
venssss 00SAAUND ssssssses

e

TEREIESENIEVIESERANSINONE S
. .
» .
. $31VNIGY00D dW3H »
. 03INIVHISNOD YO00SHIS »
sH1IM S3LVNIOWUOD 00SYIS »
g ~=====200642S »
BANSRESNPELECEVENRRENN SIS NS






