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ABSTRACT 

The crystal structure of the protein cytochrome £ss 1 from 

Pseudomonas aeruginosa has been solved by the method of multiple iso­

morphous replacement and refined by constrained difference Fourier 
0 

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
2
PtC1

4
, U0

2
(N0

3
)

2
, and NaAu(CN)

2
) 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 detennined. The resolu-
0 

tion was extended to 2.4 A 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 
0 

A 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. 

£_551 has major changes, compared to eukaryotic c, in the number 

(82 compared to 103) and the sequence of amino acids. Residues which 

have been highly conserved in £_-type cytochrome structures are altered 

or deleted in £_5 5 1 • 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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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 £ 

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£ proved the 

tertiary structures were identical (2). 

Sequence determinations from £_-type cytochromes of prokaryotic 

species found large differences in the protein chain lengths and the 

amino acid compositions. One of these, £_2 from Rhodospirilltnn rubrtnn, 

had 112 amino acids and a sequence similar enough to eukaryotic £ 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 folIDd to be 

homologous despite the ntnnerous insertions of amino acids to produce 

the chain length of 134 residues (5). 

Another class of cytochromes were folIDd to have the typical 

Cys - x - y - Cys - His sequence and a Met axial heme ligand. These 

cytochromes £ssr 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 
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order to detennine the relationship between these £551 proteins and 

eukaryotic cytochromes, the x-ray crystal structure determination of 

Pseudomonas aeruginosa c551 was started. These results would 

precisely answer the question of which residues in £551 were 

homologous to eukaryotic £ 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 (Qiapter 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 A for the native protein and to 2.4 A for three 

derivatives. After refinement of heavy atom parameters, the MIR 

phases and the 2.4 A 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 
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location of significant changes in sequence of residues previously 

thought to be conserved or invariant in £_-type cytochromes. 

The accuracy of the wire model coordinates obtained from the 2.4 

A resolution map was improved by refinement to an R-factor of 16.2% 
0 

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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Purification and Crystallization 

Pseudomonas aeruginosa cytochrome £551 was prepared from 100 liter 

cultures grown t.mder 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, KH2 P04 , MgSO4 , NaNO 3 , and yeast extract. 

Anaerobic conditions, with no agitation of the culture, and nitrate as 

the tenninal electron acceptor produced the highest yields of cytochrome 

£551 • Cells were harvested into a dry acetone cell powder, which was 

stored llllder vacuum in a desiccator at -20°C. The cytochromes were 

then extracted from the cells with alumina in 0.10 M 1'.JH 4 (CH 3COO) fol­

lowing the procedures of Harbury (1). 

After the final purification step, which separated cytochrome £ 551 , 

c 554 , and a~urin by elution through a column of Sephadex SP C-25, the 

cytochrome £ 551 was lyophilized for concentration and storage. 

From previous work on horse cytochrome£, it was thought that 

lyophilization might impede cytochrome crystallization. Accordingly, 

two modifications replaced the final lyophilization step in order ~o 

eliminate this as a possible source of trouble in crystallization: 

(a) the cytochrome £ 551 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 £ 551 through Amicon Diaflow UM-2 membranes at 100 

psi of N2 (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. 
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Hori0 et al (5,6) were the first to crystallize £551 • 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% (NH4 ) 2 S04 solution at pH 7 

to 8 in the presence of sodium dithionite. Cytochrome £551 could also 

be crystallized into needle and octahedral morphologies from (NH4 ) 2 S04 

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 £551 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 cryst~llizations, with approximately 100 µl of protein were also 

used after the appropriate conditions were folllld. 

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 µl), this was extremely difficult. In 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 rrnn length, containing a volume of approximately 

20 µl. It was prepared for use by cleaning in a H2S04/HN0 3 acid 
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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 £ 551 • 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 £ 551 solution and a reservoir solution con­

taining 1.0 M NaCl, 50% saturated (NH 4 ) 2 S0 4 , and 0.01 M (NH 4 ) 2 HP0 4 • 

The stock protein solution generally contained the same salt concentra­

tions as the initial reservoir solution. This particular initial 

(NH4 ) 2S0 4 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 

£-type cytochromes from horse (10), tuna (11,12), and Paracoccus 

denitrificans (13). The (NH 4 ) 2S04 concentration was incremented by 

2½% 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 produced small crystals. These crystals were 

found to belong to space group P2 12121 with cell constants a= 29.43 A, 
Q_ = 49.00 A, and c = 49.66 A, with one molecule per asymmetric unit. 



10. 

(0,k,t) 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 Q_ and£ unit cell vectors. In 

single crystals, the long crystal length would generally be around 0.2 

to 0.3 rrnn 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 rrnn 

would be formed. 

In attempts to improve the crystal quality, the effect of NaCl 

and (NH4 ) 2HPO 4 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 ~ to 3.0 ~ all produced crystals, but the average quality 

seemed independent of the NaCl concentration within this range. As 

with the NaCl concentration, the (NH4 ) 2HPO 4 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 ~ to 1.0 ~-

The protein concentration did have a significant effect on crystal 

grrn'1th. 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 appare~tly 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 µm pore size and 13 nnn 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 



12. 

of sizes 0.5 µm and larger from very small voltnnes of protein solutions 

proved very useful in this study. This procedure should be useful in . 

other protein crystallographic studies that are limited to small 

amotmts 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 £s s 1 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 Css1, crystallization trials of ferrocytochrome £ss 1 were set 

up. The crystallization conditions were the same as for the oxidized 

protein except for a lower initial (NH 4) 2S0 4 concentration (30%), due 

to the lower solubility of the reduced protein (6), and soditnn 

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 c551 crystals 

by reduction of ferricytochrome £ss1 crystals with an excess of 

_Na2S204. The color change upon addition of Na2S204 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 le. The inten­

sity changes from the oxidized to the reduced diffraction pattern are 

,substantial. With the exception of tuna ferrocytochrome £ (12), this 

was the first £-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 detec=:ted .. With the size of the intensity changes seen for £ss 1, 

the existence of conformational changes is likely. This structure 

may provide a significant comparison after the structure of ferricyto­

chrome £551 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)2S04, 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 compotmds, containing eight different 

heavy atoms were studied to find suitable derivatives of cytochrome 

£ssi• The types of heavy atom compotmds, crystal-soaking conditions, 

and crystal-soaking times were selected so as to have the best possible 

chance of success. The swmnary of Baumber et al. (14) of successful 

soaking conditions in other protein crystallographic studies proved 

very useful. The heavy atom cornpotmds 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_. pattem 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 motmted in thin-walled lithitnn borate glass 

capillary tubes, which were then attached to solid brass pins with a 

low melting point wax. J.bst 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 coltnnn 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 (rnM) 

I. Gold 

NaAu(CN) 2 0. 50 5.00 
NaA.uCL, • 2H2 O 0.05 5.00 
KAuBr4 0.10 5.00 
KAuI 4 0. 50 5.00 

II. Iridium 

Na 3IrC1 6 5.00 50.00 
K3Ir(NOJ 6 5.00 
K3 Ir (CN) 6 5.00 
(NH 4) 2 I rCl 6 5.00 

III. Mercury 

K2HgI 4 0.01 0.12 
Mersalyl Na 0.50 5.00 
PCMPS* 5.00 

IV. Osmium 

Na2OSO 4 5.00 
OsC1 3 0.50 5.00 

\T. Platinum 

K2PtC1 4 0.05 5.00 
K2Pt(NO 2 )4 0.05 5.00 
K2Pt(SCN)4 0.05 5.00 
(NH4) 2Pt(GJ) 4 0.03 1.50 

VI. Samarium 

SrnC1 3 15.00 

VII. Silver 

Ag2S04 0.50 5.00 

VIII. Uranium 

UO 2 (NO 3) 2 •6H 2O 1.00 50.00 
U02(Gl3C0 2 )•2H 2O 1.40 5.82 
U0 2 (SO4) • 3H2O 0.50 1.20 
KUO F 3.50 5.00 

* P01PS = E_-chlorornercuriphenylsulfonic acid Li salt. 
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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 tr.~ twenty-three different heavy atom complexes examined, 

K2PtCl4, K2Pt(SCN)4, K2Pt(NO2)4, UO2(NO3)2•6H2O, and NaAu(CN)2 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 K2PtCl4, UO2(NO 3) 2•6H2O, and the NaAu(CN) 2 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% (NH4 ) 2 SO4 prior to finding the best solvent conditions for the 

derivative reactions. It was subsequently folll1d that the K2 PtC1 4 de­

rivative diffracted better after being soaked in 1.0 ~ NaCl in addition 

to the 75% arrnnonirnn sulfate salt solution. Without the 1.0 ~ NaCl, 

the intensity changes were TIRlCh greater (approximately 37% in one case) 

and the lll1it 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, 

automated with a DEC PDP-8 computer, was used. CuK x-radiation was a 
generated with a G.E. CA-8S copper target x-ray tube, operated at 

45 KV and 15 ma, and a graphite plane monochromator operated in the 

perpendicular mode, in order to minimize intensity fluctuations in the 

29 plane. The other data collection system was a Syntex Pl 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 molll1ted and sealed in capillary tubes as described 

earlier, but always with their needle axis (~ 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 Pi 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 maximwn 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 thew angle. The 

scan width was determined by scanning some of the most intense reflec­

tions, detennining 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 30 criteria. 

Having set the scan width and time, the nl.Ililber 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 lirnites. 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 slUTill18.ry 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 
. -1 

the procedure of North et al. (17). The Lorentz factor, L = (sin 28) , 

for diffractometer data collection geometry (16) was applied to Inet· 

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 + cos2 28 mono 

The time decay, detennined by the standard reflections measured 

every 75 to 100 reflections, was found to be insignificant and no cor­

rection was· rnade. 

(16): 

The standard deviations of the F b were calculated as follows 
0 S 

Nscan + 1\kg + 0 •02 Nnet 

N net 

where K is a scale constant and N's are x-ray counts. 

The resulting Fobs for the three 28 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: 

F == p 

where pp and FPH are the native and derivative structure factor ampli­

tudes, K is the linear scaling constant, Bis the exponential falloff 

scaling constant, ands== 2sin8. Kand Bare detennined by a linear 

least squares fitting to a Wilson type plot of ln {<Fp>/<FPH>} versus 

s 2 (20). 

Heavy Atom Solution 

Difference Patterson maps (21) were used to detennine the coor­

dinates of ·':he heavy atom binding sites. Three-dimensional difference 

Pattersons, using coefficients A == (6F) 2 and B == 0, were calculated 

for the K2PtC1 4 and U0 2(N0 3) 2·6H 20 derivatives. Data to a resolution 

of 4 A (28 = 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 12121 are: 

1/2 ± 2x 

± 2x 

1/2 

± 2y 

1/2 

1/2 ± 2y 

1/2 

1/2 ± 2z 

± 2z 

The K2PtCl4 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 2 (N0 3) 2 •6H 20 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 ~ith 

the smaller A1' Harker peak at the v = 1/2 section and the A1'' Harker 

peak at the .u = 1/2 section. A1' and A1'' were folUld to be noise by 

the subsequent single isomorphous replacement (SIR) analysis. The 

relatively large B vector peak on thew= 1/2 Harker section did not 

correspond to any vector peaks at synnnetry consistent locations on the 

v = 1/2 and u = 1/2 Harker sections. In addition, the C peak at 

v=l/2 did not have consistent peaks at w = 1/2 and u = 1/2. The D 

peaks did have the proper Harker synnnetry 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 tmex­

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 6F terms, there were also contributions from the 

difference in the solvent (1.0 ~ 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. TI1e 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 6F 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 K2PtCl 4 derivative produced cleaner Harker sections than the 

U02(N03)2·6H20 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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in Table V. A U02(N0 3) 2•6H20 difference Fourier was then computed 

using these phases and the coefficients listed in Table V. A pseudo 

projection down the~ axis of the resulting map is displayed in 

Figure 4, with the contours being displayed only for the~ 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 K2PtC1 4 phasing site. This major peak corresponded to the 

Harker vectors labeled A, A', and A'' in the U02(N0 3) 2•6H20 difference 

Patterson in Figure 3. No other site was obvious and the inclusion of 

minor U02(N0 3) 2•6H20 binding sites was postponed until the more 

accurate MIR phases were obtainable. 

The same procedure was carried out using the U0 2(N0 3) 2•6H20 SIR 

phases and K2PtC1 4 6F terms to calculate a K2PtC1 4 difference Fourier. 

Four cycles of U02(N0 3) 2•6H20 SIR phase refinement were computed based 

on the major peak in the U02(N0 3) 2·6H20 6F 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 

K2PtCl4 6F Fourier map is displayed in Figure S. This pseudo projec­

tion 6F map was contoured at a lower level and has a lower noise level 

than the corresponding U02(N0 3) 2•6H20 6F map. 

This smaller scale results from the smaller figure of merit from 

the U02(N03)2•6H20 phase analysis. The smaller figure of merit could 

indicate that there is either more error in the U02(N0 3) 2·6H20 6F's 

or that the derivative is less isomorphous. This was consistent with 
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the larger percentage change in I§ for the uranyl derivative, as com­

pared to the platinum derivative, and the higher noise level in the 

uo
2

(N0
3

) 2 •6H2 0 difference Patterson. Again, there was a single major 

peak in the difference map, which was consistent with the fest 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 A1 , A1', and A1' ' in the 

U02 (N0 3) 2 •6H 2 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 th0ught 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 K2PtC1 4 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) 2 derivative evaluated, and the 
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ctProtein electron density map computed. 

The general procedure used for completing the MIR refinement in­

;volved an alternating process. First, computer cycles of .MIR phase 

~alculations 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, s, 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 tiF 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 1n { <tiF>/<fH>} 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 K2PtCl4 and U0 2(N0 3) 2•6H20 difference Fourier maps in Figures 7 

and 8. These maps confirmed the sites fotmd in the earlier SIR phased 

maps, with the peak-to-noise level greatly improved. Again, the 

K2PtCl4 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(rn) 2 6F 

Fourier map in Figure 9. A difference Patterson map was not previously 

calculated for this derivative in view of the large amotmt of noise in 

the K2PtC1 4 and UO 2(NO 3) 2•6H2O difference Pattersons and the poorer 

quality of the NaAu(CN) 2 data due to the extremely small crystal used 

for data collection. 

The 6F Fourier map was indeed quite noisy compared to the K2PtC1 4 

and UO2(NO 3) 2·6H2O 6F Fouriers. However, a single site (site A) was 

located which was significantly above the backgrotmd. 

Refinement was continued with fifteen more cycles of three de­

rivative :MIR phase refinement. The ln {<6F>/<fH>} vs. s Wilson plot 

for the NaAu(CN) 2 derivative indicated that the isotropic temperature 

factor shou1 d be less than zero (-3.03). TI1is was indicative of the 

fact that there was something seriously ·wrong with this data set. The 

difference map calculated for the NaAu(CN) 2 derivative also indicated 

that there was a problem. The NaAu(rn) 2 peak was surrotmded by a 

spherical diffraction ripple, indicating that the temperature factor 

was too low. 

The NaAu(CN) 2 temperature factor was set arbitrarily at 2.5, a 

value judged as not too tmreasonable from the K2PtC1 4 and 

UO2(NO3) 2·6H2O 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 - Fp) and fH were not scaled 

properly. The ratios of <6F>/<fH> increased with increasing resolu-

tion. 

At this point, the NaAu(CN)2 derivative data were reexamined, the 

data between 28 = 20.0° and 22.5° were eliminated, and the remainder of 

the data to 28 = 20.0° were rescaled. The temperature factor was ad­

justed from a Wilson-type plot to 0.08. 

The K2PtCh and UO2(NO3)2•6H2O derivative data between 28 = 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) 2 data between 28 = 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 ~ITR 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 m1der different salt 

conditions. The first two explanations, inherent errors in the differ­

ence Patterson method and lack of resolution, are extremely m1likely 

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 A, 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 K2PtC1 4 

and UO 2(NO 3) 2•6H2O derivatives using only reflections with 29 between 

15 ° and 2 2 .S O 
• The low order reflections , between 29 = 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 

K2PtCl4 derivative data minus the native data that were collected in 

the subsequent high resolution analysis. These native data were col­

lected in 75% (NH4) 2SO4 and 1.0 ~ NaCl, as were the derivative data. 
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The K2PtC14 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 6F and 66F 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. }Vhen data were collected under the same salt conditions, 

the problem .was eliminated (Figure 13). 

In sl.UJ1Il1ary, 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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Lm\r 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 £-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 £ 551 

will be postponed until after the refined high resolution structure 

detennination has been presented in Chapter 3. 
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FIGURE LEGENDS 

Figure 1. 

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

cytochrome £551 • The crystal size was approximately 0.6 x 0.075 x 0.05 

nnn 3• A 20° precession angle was used with an exposure time of 65 hours. 

(b) (h,k,0) precession photograph as described in (a), except 

from a crystal with dimensions 0.25 x 0.05 x 0.10 mnr, a precession 

angle of 17° and an exposure time of 94.4 hours. 

(c) (0 ,k, £) precession photograph of £ 5 5 1 after crystal reduction 

with Na2S2O4. A crystal size of 0.6 x 0.075 x 0.05 mm3 was used for 

this 17° precession photograph, exposed for 81 hours. 

tion. 

Figure.,i- K2PtCh (.6.F) 2 Patterson sections at 4 A resolution. 

(a) (½, V ,w) Harker section. 

(b) (u,½,w) Harker section. 

(c) (u,v,½) Harker section. 

Figure 3. 
0 

UO2(NO3)2·6H2O (.6.F) 2 Patterson sections at 4 A resolu-

(a) (½,v,w) Harker section. 

(b) (u,½,w) Harker section. 

(c) (u,v,½) Harker section. 
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Figure 4. U0 2(N03)2•6H20 projected 6F Fourier with PtC1 4 SIR 

phases from site A of Figure 2. The Fourier coefficients are 

A= (L',FU0
2 

x FM x cos~est) and B = (L',Fuo2 x FM x sin<jlbest). 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. K2PtCl 4 projected 6F Fourier with U02 (NO 3) 2 •6Ih0 SIR 

phases from site A of Figure 3. The Fourier coefficients are 

A= (6FPt x FM x cos <jlbest) and B = (6FPt x FM x sin<jlbest). The pro­

jection is down the~ 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. K2Pt Cl 4 proj ect ed t, F Fourier wi th U02 (N0 3 ) 2 •6H20 SIR 

phases from site A of Figure 3. The Fourier coefficients are 

A = (6FPt x FM x cos<jlbest) and B = (6FPt x H1 x sin~est). 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~ coordinates and peak heights are given. 

Figure 7. K2PtC1 4 projected 6F Fourier with K2PtC1 4 and 

U02 (N03) 2 ·6H20 MIR phases after six cycles of refinement of sites A 

from Figures 2 and 3. The projection is down the~ 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. U02(NO 3 ) 2•6H2O projected 6F Fourier with K2PtCl 4 and 

uo2(NO 3) 2•6H2O IvilR phases after six cycles of refinement of sites A 

from Figures 2 and 3. The projection is down the I 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) 2 projected 6F Fourier with K2PtC1 4 and 

UO 2(NO 3) 2•6H2O IvilR phases after six cycles of refinement for sites A 

from Figures 2 and 3. The projection is down the I 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 IvUR refinement statistics for cytochrome 

£s 5 l • 

Figure 11. K2PtCl4 (6F) 2 Patterson sections with a resolution 
0 

range from 5.9 A to 4.0 A. 
(a) (½,v,w) Harker section. 

(b) (u,½,w) Harker section. 

(c) (u,v,½) Harker section. 
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Figure 12. UO2(NO3)2•6H2O (6F) 2 Patterson sections with a 

resolution range from 5.9 A to 4.0 A. 
(a) (½,v,w) Harker section. 

(b) (u,½, w) Harker section. 

(c) (u,v,½) Harker section. 

Figure 13. K2PtCl4 (6F) 2 Patterson sections, calculated with 4 A 
resolution native data obtained from the subsequent high resolution 

structure analysis. 

(a) (½,v,w) Harker section. 

(b) (u,½,w) Harker section. 

(c) (u,v,½) Harker section. 

Figur~_li. Stereo view of the main chain fold of cytochrome c 5 51 

at low resolution. 
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Chapter 3 

STRUC'TIJRE DETERMINATION AND REFINEMENT AT 2. 0 A RESOLUTION 
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MATERIALS AND METHODS 

Extraction, Purification, and Crystallization 

A dry powder of Pseudomonas aeruginosa (strain P6009) bacterial 

cells, and purified ferricytochrome £s 5 1 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). 

Toe 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 µl 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 medilll1l. 

Small rectangular crystals of cytochrome £ 551 grew in diffusion 

cells from reservoir solutions containing 40-50% saturated (NH 4 ) 2 SO 4 , 

1.0 !i NaCl, and 0.01 ~ (NH 4 ) 2HPO 4 in the pH range 5.6 to 5.9. The 

crystal length along the~ axis was generally 0.2 to 0.3 mm, while 

the lengths in the~ and£ 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 1 2121 with unit cell dimensions~= 29.43 A,~= 49.00 A, 
0 

c = 49 .66 A, and one molecule per asymmetric unit. There were two 
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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 i1illipore 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. i1illipore filtration was more success­

ful and vollUTles 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 rrnn 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 ~1illipore membrane by centrifugation at the minimum speed 

of the Sorvall RC-2 centrifuge. In addition to being able to Milli­

pore filter very small vollilTles 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 4 ) 2S0 4 solutions with 1.0 M NaCl at pl-I 5.6 to 5.9, containing 

various metal complexes. The extensive experience summarized by 

BalUllber 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 compoIB1ds were tested IB1der various soaking con­

centrations and times. Five complexes gave clear, IB1ambiguous 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 K2PtC1 4 , the 

U02(N03)2•6H20, and the NaAu(CN) 2 derivatives listed in Table I. 

Data Collection and Reduction 

Data reduction, heavy atom refinement, multiple isomorphous 

replacement (MIR) phase calculations, and constrained difference 

Fourier refinement were done almost entirely on a Data General NOVA 

BOO minicomputer with a 32K, 16-bit-word core, floating point hardware, 
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two magnetic tape drives, a 2.5 megabyte moving head disk, and matrix 
I 
line printer and plotter. Im. 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 
a 

operated 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 

maxi.Jmnn resolution pennitted 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 rrruch by crystal decay (8). 

Also, backgrollllds were collllted 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 

Offsets of 0.10° to 0.20° from the limits of the peak scan. For at w 

ze greater than 26°, the background times were ten to fifteen seconds 

per side. These short backgrounds were used to calculate more accurate 

backgrounds by means of a lmear 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 mtensities for the particular crystal 

and the 28 shell, 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, IF b I, were calculated. The IF b I of heavy atom derivatives 
0 S O S 

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 IF b I to the native data. 
0 S 
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Structure Solution 

Tue distribution of native Fobs 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 (6F) 2 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 K2PtC1 4 difference Patterson map indicated the 

presence of two major sites. These sites were consistent with the 

single K2PtC1 4 site that was unresolved in the low resolution (4 A) 

structure detennination (13). Single sites were found in the 

U02(N0 3) 2•6H20 and NaAu(CN) 2 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 arnbiuity having already been 

solved from low resolution single isomorphous replacement (SIR) phased 

.6F 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 ln {<6F>/<fH>} versus s 2
• 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 folIDd for the K2PtC1 4 de­

rivative, one additional site was found for the U0 2 (N0 3 ) 2 •6H 20 deriva­

tive, and two additional sites were found for the NaAu(CN) 2 derivative. 

The additional U0 2 (N0 3 ) 2 •6H 20 derivative site had also been folIDd 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 U0 2 (N0 3) 2 •6H 20 sites were added. From the NaAu(CN) 2 

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 
0 

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: ~1ultiple Isomorphous Replacement Refinement Statistics 

Figure of Merit 

Mean Relative Error 
1 

K2PtC14 Derivative: 

RMS E2 

RKraut 
3 

l\:u11is 
4 

U02 (N0 3 ) 2 •6H2 0 Derivative: 

RMS E2 

R 3 
Kraut 

RCullis 
4 

NaAu(CN) 2 Derivative: 

1 

RMS E2 

~raut
3 

1\:unis 
4 

All 
Data 

0. 763 

2.35 

8.75 

0.092 

16. 33 

0.162 

11. 75 

0 .115 

MRE = mean relative error (17). 
2 

RMS E = root mean square lack of closure (17). 
3 

4 
RKraut = Z: (lack of closure) /Z: I FPH j (19). 

RCullis = Z: (lack of closure)/Z:j6Fj (20). 

Centric 
Data 

0.924 

0 .114 

0.425 

0.194 

0. 700 

0.126 

0 .45 7 
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refinement statistics in Tables II and III indicate that this deriva­

tive was the poorest. 
0 

A map of the protein electron density to a resolution of 2.4 A 

was calculated, using the centroid ~ITR 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 

boundary 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 praline 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 e:x.l)osed 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/A3 

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/A3
, well-defined side chains were at 

approximately 1.0 e/A3 , and the average main chain was around 



82. 

0_75 e/A 3 • The electron density averaged at all atomic centers was 

calculated to be 0.62 e/A 3
• 

Structure Refinement 

The £ssi 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 £551 • Constrained 

difference Fourier refinement is a cyclic process by which the rela ­

tively inaccurate ~1IR 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 !Fobs! - IFcalcl amplitudes 

and calculated phases,¢ 1 ; (c) coordinates and temperature factors ca c 

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. ~1anual adjustments of coord:inates 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 (-Bsin2 8/A 2
), with B being allowed to asslTille any of 

seventeen possible values distributed between 6 A2 and 40 A2
• The 

structure factor results were used to put the Fobs data on an absolute 

scale. A plot of ln {<I>/<f 2 >} versus sin2 8/A 2 yielded the scale factor 
0 

and an overall temperature factor of 12.4 A2
• Throughout the refine-

0 

rnent, the refined average temperature factor was approximately 17 A2
• 

Four-parameter scaling of \Fcalcl to \Fobs\ ,vas used, fitting in 

ln {<F b >/<F 1 >} to the function A1 exp(-A2 s 2
) + A3 s 2 + A4 • Despite 

o s ca c 

the significant overall improvement obtained at low resolution in 

using this scaling over linear scaling (see Figure 6), reflections 

with d>7 A 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 

program ran in one and three quarter hours for 5430 reflections to 
0 

2.0 A 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 121 21 and 

adapted for the NOVA 800 (25). The difference maps were calculated 
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0 

h grl.d interval of approximately 0.85 A. wit a In the final stages of 

refinement, significant improvement was obtained for the higher 
0 

resolution data by decreasing the grid intervals to 0.5 A. The FIT 

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 ~X ~ -2Ng/C for 

a noncentrosymmetric structure, where ~Xis 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 Fobs 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): 

-4TI 2 

Va 2 

where mis 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 
0 

initial refinement was as large as 0.4 A, but as the R-factor was 

reduced, the average shift was also reduced. At R = 34%, the average 

shifts decreased to approximately 0.2 A 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): 

(o 2P/ar 2
) is the difference map curvature, averaged from the values 

calculated along the three crystallographic axes. (aC/aB) is the 

derivative of the atomic curvature with respect to Band is evaluated 

as (22) : 
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l mf exp ( -Bs 2
) s 4 

hkt 

• the root mean square coordinate shift and S is the maximt.nn G dis max ra 
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 cunratures for use in the shifting 

program, 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: 

o (a p/a x) = 
4n { ; n mh 2 (F F ) 2 }½ -va- hl<:~ obs- calc 

where V, a, h, and mare the cell volt.nne, the axis length, the reflec­

tion index, and the reflection multiplicity. The total estimated error 

was calculated from the o's along each axis. This calculation is based 

on the assumption that the error in the structure factors can be 

approximated by the distribution of 6F = 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 

idealized (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: 

R = W1Iw1 (L-Ls) 2 + WAiwA(A-As) 2 + WfwT(T-Ts) 2 + WCwC(C-Cs) 2 

+2: 1/B(r-r ) 2 

0 

where W's were global weights for each type of constraint and w 's were 

local weights, assigned to each specific constraint. r was the 
0 

starting coordinate and! was the constrained position. How closely 

the structure approached the ideal structure was determined by the 

weightings. This minimization procedure was applied to a rrolten zone 

of residues, usually containing three amino acids. After a sufficient 

nwnber 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 

nwnber of cycles. All bond lengths and angles in the structure were 

included in the constraining process. Torsion angles of 0° to 180° 



88. 

USed to planarize groups of atoms. The heme was treated like the were 

ami.J1o 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

QTaJTI required three-quarter hour to execute. 
0 

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 

automated procedure could transcend the local minimum. The occasion­

ally incorrect interpretations from the minirnaps were discovered in 

subsequent minirnaps . .As the R-factor approached 20 %, these maps 

became much more noise free and the interpretations were made with 

confidence. In £ss 1 , the manual adjustments were almost always applied 

solely to the side chains, although movement of a main chain carbonyl 

oxygen was occasionally encolUltered. 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, TI1r, .Asp, and 

Glu residues. On several occasions, groups of atoms were cycled 

between two different conformations in alternate minimaps. This 

occurred for ioni zed 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 

as not to place solvent in density arising from protein coordinate 

errors. Ne1v solvent peaks were added conservatively in an attempt to 

include only real solvent. Difference map densities and refined 
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isotropic temperature factors from previously included solvent were 

also 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 2½% 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 I I I . 

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. TI1is procedure resulted in an improvement 
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in the R- factor 
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from 48.6% to 43.3%. Attempts to obtain further im-

provements from shifting coordinates in the ~1IR 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/A. 3 for the wire model 

coordinates to 0.73 e/A. 3
• 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. Al though 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 A 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 

* 
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were being overshifted. To alleviate this problem, their temperature 

factors were set to 7 A2
, 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 rninimap 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 A2 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 begi.m. In addition, 380 

reflections with assigned IF b I = 0 (which included reflections with 
0 S 

measured IF b \<0) were eliminated from the structure factor calcula­o S 

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%, 

minimap 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

ments resulted in an increased R-factor (R = 30.0 %). 

Automated shifts in the difference maps were again started, but 

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) 
0 

d>7 A resolution and (b) jF b j<2o were eliminated from the 
0 S 

structure factor calculations and difference maps. Reflections with 

d>7 A were eliminated to reduce scaling errors that would introduce 

errors into atomic parameters, especially temperature factors. Reflec­

tions with jFobsl<Zo were eliminated because of their unreliability. 

The dramatic improvement in the subsequent difference maps indicated 

that these modifications were necessary. The estimated effect on the 

R-factor was -0.7% and -1.3%, respectively. 

Minirnap 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 

arotmd 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 jFobsl<Zo 

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 rninimaps 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 F 1 to F b is shown. The average change in phase is presented in ca c o s 

Figure 7 as a function of resolution. The differences shown are 
0 

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 A 

resolution. The average changes in phase angles to the indicated 

resolution were 40.9 A and 54.2 A, respectively, In addition, the 

average phase change was calculated to be 54.1° 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), K2PtCl 4 was found to 

bind in a double site to a methionine side chain, a consequence 0£ 

statistically random binding to one or the other of the two electron 

lone pairs on the sulfur. In native cytochrome £551 , one of these 

bvo K2PtC1 4 binding sites was relatively exposed and fully occupied, 

while the second site was within 2.1 A of the epsilon oxygen atom 

of Gln 37 from a symmetry related molecule and only partially 
0 

occupied. The major UO 2 (NO 3) 2 •6H 2O site was approximately 3.5 A 

from the side chain carboxylate of Glu 4 while the third site was 
0 

also near this residue. The other two sites were more than 5 A 

from any native protein residues. The major NaAu(CN)z binding site 
0 

was closest to the exposed heme pyrrole ring 2 (3.6 A away), while 

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

The main chain confonnation of Pseudomonas aeruginosa cytochrome 

£551 foillld 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 pa th. 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 

£-type cytochromes (36-39), the £551 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 

£-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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TABLE IV. Ramachandran Angles 

Residue Phi Psi Residue Phi Psi 

E 1 338 A31 126 138 
D 2 85 304 A32 121 134 
p 3 123 148 K33 llS 127 

E 4 110 147 F34 91 193 

V 5 100 141 A35 231 60 
L 6 123 134 G36 55 215 

F 7 130 145 Q37 101 317 

K 8 100 124 A38 ll6 314 

N 9 127 130 G39 262 186 

Kl0 98 186 A40 115 137 

Gll 258 191 E41 122 143 

Cl2 130 137 A42 ll8 139 

V13 126 161 E43 107 136 

Al4 97 167 V44 ll8 139 

ClS 53 172 A45 126 136 

Hl6 43 330 Q46 116 145 

Al7 48 349 R47 101 144 

118 107 142 148 124 133 

Dl9 68 168 K49 105 132 

T20 54 326 NS0 85 176 

K21 106 317 GSl 279 337 

M22 60 74 S52 30 328 

V23 93 143 Q53 20 321 

G24 57 357 G54 281 153 

P25 133 331 vss 105 133 

A26 ll6 330 W56 71 183 

Y27 106 148 G57 331 358 

K28 ll8 143 PSS 94 170 

D29 ll0 143 159 80 325 

V30 ll6 128 P60 100 336 
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Table IV (cont inued) 

Residue Phi Ps i 

M61 92 304 

P62 107 343 

P63 120 323 

N64 80 327 

A65 93 244 

V66 59 343 

S67 90 356 

D68 119 132 

D69 110 150 

E70 116 133 

A71 120 142 

Q72 118 132 

T73 124 137 

174 106 142 

A75 121 134 

K76 108 155 

W77 103 142 

V78 124 132 

179 119 162 

S80 84 191 

Q81 102 147 

K82 86 
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quantum energy boundaries at 3 kcal/mole above the global miniITILUTl 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£ (Lys 27, just before 

the sequence Val-Gly-Pro) also lies outside this barrier on the 

Ramachandran plot, and close to the .<::_551 position (41). The only 

other c551 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 pralines. 

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 

.<::_551 is 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~ (Table IV). This is the region in 

the Rarnachandran 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 £_-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 
0 o 0 

average distances were 0.74 A, 1.15 A 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 
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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 2F b -F 1 electron density map. o s ca c 

Several sections of the £551 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 2F b -F 1 electron o s ca c 

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 £ss 1 , 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 

pennitted 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 £551 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 A2 for the refined £551 structure was quite 

large. This is a general result seen in many protein crystal struc­

tures. Lgrge 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, 

III, 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 All Atoms 

II 13.3 19.5 16.5 

III 14.1 20.9 17.6 

IV 13 .8 19.9 17 .0 

V 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 
0 

than 30 A2 included Glu 4, Lys 8, Asp 19, Tur 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 Css1• 
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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 (16c), and 

the final 2F b -F 1 map (16d). The improvement in difference maps o s ca c 

and coordinate fit coincided with the marked decrease in the tempera-

ture factors from 28 A2 to just over 10 A2 in Figure 15b. A very 

similar improvement is also seen for Ile 59 in Figure 13. Rotation 

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

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 ganrrna­

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 40A2 , while the s-carbon and 
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yl-carbon atoms had temperature factors of 14 A2 and 16 A2
, 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 2Fobs-Fcalc 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 

isotropic 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, 

asswning random errors, are listed in Table VI for each type of atom 

and each temperature factor group. The values ranged from 0.02 A 

through 0.47 A. As noted before, the accuracy placed on coordinates 
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0 

TABLE VI. Estimated Errors (A) 

B C N 0 s Fe 

6 .13 .10 .08 .04 

7 .13 .11 .09 .02 

8 .14 .11 .09 

9 .15 .12 .09 

10 .15 .12 .10 

11 .16 .13 .10 

12 .17 .13 .11 

13 .17 .14 .11 

14 .18 .14 .12 

16 .19 .15 .13 

18 .21 .17 .14 

20 .23 .18 .15 

24 .27 .21 .17 

28 .31 .24 .20 

32 .36 .28 .23 .13 

36 .41 .27 

40 .4 7 . 37 .31 
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is very dependent on the temperature factor. Carbon atoms with 
0 0 

temperature factors from 30 A2 to 40 A2 had estimated errors from 

o.36 A to 0.47 A. 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>2o) 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/.A. 3 • 

The final refined £551 structure was constrained to have an 

average bond distance deviation of 0.042 A 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 length deviations from idealized values for specific bonds. The 

main chain N-C distribution in Figure 18a has an average deviation of 
Cl 

0.039 A 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 A and 0.050 A. Figure 

18c shows similar deviations for all C -CQ -C bond angles, and have 
Cl µ y 

average and root mean square deviations of 2.8° and 3.7°. ~1ain 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 
0 

and peptides, the average bond distance deviation of 0.042 A 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 

Intennolecular main chain to main chain hydrogen bonding in the 

refined structure was examined by calculating all nitrogen to nitrogen, 
0 

nitrogen to oxygen, and oxygen to oxygen distances up to 3.6 A, ex-

clusive of those within the same residue or to adjacent residues. 

Within this list 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 hydrogen 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 sl.Ill1111ary of 

the acceptable hydrogen bonds and the rejected ones is given in 

Tables VII and VI II. Hydrogen bonds that were separated by large 

distances in tenns of sequence but which were important in terms of 

the protein conformation are noted. The statistics for hydrogen 

bonding, based on the 3.6 A maximum distance and an angle greater 

than 130 °, resulted in an average bond length of 2. 98 A 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 
0 

chain are listed in Table X for distances up to 3.6 A. The average 
0 0 

length for these bonds was 3.09 A, with a minimum of 2.67 A and a 

maximum of 3.48 A. 

Heme Structure 

The £551 t1IR 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 

Hydrogen Bond 
91 82 t/3 Distance CA) Acceptor Donor A D H -- 149.5 117 .5 160.5 2.78 D 20 L 6N 

p 30 F 7N 155.1 126.6 16 2. l 2.63 
V 50 N 9N 166.6 125.2 17 2.1 2.95 

L 60 K ION llt9.6 121.1 176.l 2.00 
F 70 C 12N 158.7 119.8 109.l 3.32 
F 70 V 13N 149.4 114. 6 143. 3 3.23 
K 80 G 11"-J 108.9 138.7 151.5 3 .18 
G 110 t, 14N 116. 3 133.1 170. 8 2.9<; 
C 120 C l 5t\ 127.8 128.8 17 2. 7 2.95 
C 120 H 16N 162.6 113.1 122.7 3.02 
C 15C G 24N 156.4 121.3 170.8 2. 78 * 
A l 7CJ 'Y 27N 14'9.9 1C7.6 152.7 3. 02 * 
I 180 t< 2 8N 149.5 132.1 168.6 2. 81 * 
G 240 fl,' 22N 162.8 122.5 158.2 3. 31 * 
A 260 V 30N 160.4 119.3 156.1 3.07 
y 210 J,. 31N le5.9 122.5 l 71. 2 2.80 
K 280 A 32N 150.5 125.0 156.0 2.96 
D 290 I( 33N 144.9 121.0 166.6 3.09 
V 30C F 34N 165.3 118.5 162.6 2. <; 5 
A 310 A 35N 144.l 122.2 122.3 2.92 
A 320 A 35N 108.3 143.8 130.6 3.42 
F 340 C 37N 145. 4 123.3 173.5 2.92 
Q 370 A 40r-.; 135.8 130.3 158.0 3. 31 
G 39C E 43N 154.7 122.0 151.8 3.le 
A lt00 l 44N 157. 7 127.5 169.4 2.59 
E 410 A 45N 157.7 127.4 166.2 2.84 
A 420 C1 46N 142.3 117.9 154.l 3.18 
r: lt30 R 47N 153.3 116. 4 148.4 3.26 
l 440 I 48N 164.2 124.l 167 .6 2.61 
A 450 f( 49N 157.2 114.5 157.7 3.11 
Q 460 N 50N 160.4 131.7 169.0 2.79 
R 470 G 51N 134.7 142. 6 140.2 2.88 
K 490 ~ 64N 124.6 108.4 148.9 3. 1 7 * 
0 610 s 52N 143.0 1C7.9 154.7 2. 9 2 * 
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 V 66N 78.4 92.9 134. 7 3.09 
s 670 A 71N 176.8 119. 8 170.8 2.91 
D 680 C1 72N 148.5 121.3 160.3 3.21 
0 69C 1 73N 146.6 123.0 163.7 3.19 
E 700 l 74N 159.l 119.9 154. 2 2.es 
A 710 A 75N 154.6 126 • 2 163. 7 2.73 



Q 720 f( 76N 
T 73C .. 77N 
l 740 V 78N 
A 75C l 79N 
K 760 s AON 
w 770 s BON 
V 780 Q 81N 

1 Acceptor angle C-0-N. 

2 Donor angle C-N-0. 

148.5 
144.8 
166.l 
161.4 
143.3 
110.0 
128.0 

3 Hydrogen bond angle 0-H-N. 

* 
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118.6 155.9 3.01 
118.0 148.4 3.26 
119.3 170.9 2.90 
123.8 16 c;. 2 3.0'3 
104. 4 109.6 3.23 
136. 2 156.7 2.88 
129.4 173.9 2.95 

Hydrogen bonds which are separated by large distances in the 

sequence. 



114. 

TABLE VIII. Rejected Intrarnolecular Main Chain Hydrogen Bonds 

Hydrogen Bond 1 82 83 Distance (A) Acceptor Donor 8, A D H 

D 20 E 4N 68.9 70.8 79.5 3.32 
D 20 " 5N 109.l 129.5 129.6 2.98 
p 30 " 5N 71.4 60.1 12.1 3.34 
p 3C L 6N 'i 1. 0 112.1 <;7.0 3.21 
V 50 f 7N 76.l 55.6 69.6 3.36 
V 50 t( 8N 115.0 125.1 127.5 3.26 
L 60 t( 8N 75.9 65.7 71.6 3.15 
L 6C ,-.; 9N 102 .1 '17.4 91.5 3.31 
K 80 t( lON 11.6 57.6 71.3 3.47 
N 9C G llN 73.0 78.7 100.7 3.24 
K 100 C 12N 73.8 76.3 102.3 3.47 
G 110 V 13N 70.6 62.6 72.3 3.16 
C 120 A 14N 77.6 78.6 92.0 2.90 
y 130 C 15N 75.6 67.1 89.2 3.18 
C 150 V 23N 117 • 5 126.2 127.7 3.14 
A 170 C 19N 18.0 - 54. 0 72.3 3.5c 
I 180 y 27N 102.9 111.5 106.8 3.46 
p 250 " 27N 100.4 49.0 6 7. 1 3.56 
A 260 t( 28N 18.1 60.6 70.6 3.42 
A 260 C 29N 116.3 122.7 117.9 3.30 
y 270 D 29N 77.4 59. 5 68.4 3.25 
y 270 V 30N 108.2 117.0 109.9 3.0c; 
K 28(' V 30N 10.1 57.5 71.8 3.49 
K 280 A 31N l 01 • 7 109.l 98.9 3.54 
D 290 A 31N 69.9 46.4 62.3 3.56 
() 29C A 32N 93.4 115.4 107.9 3.39 
y 30[' A 32N 14.2 57.9 69.l 3.24 
V 300 f( 33N 110. 3 116.l 111.0 3.21 
A 310 I( 33N 71.l 56.3 67.l 3.46 
A 310 F 34N 9<;.6 104.0 109.4 3.41 
A 32C F 34N 79.8 48.9 71.4 3.52 
K 330 t,. 35N 68.l 85.9 88.8 3.oc; 
F 340 G 36N S5.2 68.6 63.8 3.24 
G 360 A 38N 92.0 64.~ 86.2 3.59 
Q 370 G 39N 103 .9 56.8 72.9 3.33 
A 380 A 40N 71.6 75.0 98. 5 3.3e 
G 390 E 41N 1c;.4 59.5 75.6 3.47 
G 39C ,. 42N 116.8 119.l 114. 1 3.54 
~ 400 I,. 42N 72.3 56.5 65.8 3.36 
A 40C E 43N I 01. 0 118.8 111.6 3.07 
E 410 E 43N 13.8 59.7 72.2 3.33 
E 410 L 44N 104.9 110.8 102.9 3.35 
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A 42C t,. 45N ~3.4 114.9 106.2 3.51 

E 430 A 45N 71.7 55.6 69. 1 3.36 

E 430 C 46N lCB.5 117.4 117.5 3.25 

L 440 0 46N 75 .1 57.7 67. 7 3.27 

L 440 f< 47N 111. 1 123.4 121.4 3.01 

A 45G I< 47N 74.6 t3.5 77.9 3.37 

A 450 I 48N 101.9 119.6 105.5 3.24 
Q 460 I 48N 10.2 57.0 66.8 3.43 
Q 460 K 49N 1c1.o 114.2 112.9 3.40 
R 470 t( 49t\ 76.0 54.4 68.7 3.46 
Q 530 V 55N 77.9 79.3 110.1 3.44 

G 540 w 56N 74.8 51.6 71.0 3.60 
G 570 l 59N 67.8 70.l 96.2 3.se 
p 620 N 64N 103. 7 52. 6 64. l 3.56 
s 670 C 69N 81.l 54.4 67.0 3.09 
s 670 E 70N 119.5 114.5 108.4 3.03 
D 68C E 70N 10.0 56.5 69.9 3.40 
D 68C A 71N 99.2 112.1 109.4 3.49 
D 690 C 72t--: 100.7 120.4 11 7. 8 3.49 
E 700 0 72N 7 3.4 57.7 69.5 3.28 
E 700 T 73t\ 106.0 112.3 104.6 3.13 
A 710 T 73N 70.0 51. 0 6 5. 6 3.43 
A 710 L 74N 100 .5 117.3 114.0 3.22 
Q 720 l 74N 67.2 58.6 73.8 3.43 
Q 720 A 75N 96 • 8 116.3 108.7 3.37 
T 730 I( 76N c:;8 .2 116. 4 116.9 3.48 
L 74C K 76N 74.7 55.6 68 .6 3.38 
L 740 '-I 77N 110.9 118.7 120.0 3.19 
A 750 w 77N 78.9 60.3 74. 1 3.27 
A 750 V 78N 110.1 110.9 104.2 3.34 
K 760 L 79N 101.4 119.0 107.9 3.44 
w 770 l 79N 11.9 56. 1 68.l 3.38 
V 780 s BON e2.s 13.5 89.4 2.85 
L 79( C BlN 10.0 13.2 92.3 3.16 

1 Acceptor angle C-0-N. 

2 
Donor angle C-N-0. 

3 
Hydrogen bond angle 0-H-N. 
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TABLE IX 

Intramolecular Main Chain Hydrogen Bonding Statistics 

Root Mean 
Average Square Minimum Maximum 

Distance (A) 2 .98 3.00 2.59 3.42 

Hydrogen Bond Angle 155.6° 156.5° 109.1° 176.1° 

Acceptor Angle 147.7° 148.6° 78.4° 166.6° 

Donor Angle 122.8° 123.2° 92.9° 154.4° 
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TABLE X. Intramolecular Side Chain Hydrogen Bonds 

Hydrogen Bonds Distance (A) 

D 2002 E 4N 2.67 
0 20D2 \I 5N 3.39 
K l Ot\Z A 650 ~.05 
K l ONZ E 700El 3.42 
H 16N01 p 250 2.ss 
I( 33~Z V 550 ~.20 
E 4 lOE 2 Q 72NE2 2.80 
Q 46CE1 N 50ND2 3.24 
I 480 I\ 64ND2 2.15 
K 49NZ V 660 2.74 
Q 530El p 580 3.27 
s 67t\ E 700El 2.88 
s 670G 0 69001 3 .48 
s 67CG E 70N 3.23 
s 670G E 700El 3. 15 
D 6<;0 , 730Gl 3.17 
w 77NE1 Q 810El 3.31 
w 77C s 800G 2.S6 
~ 770 Q 810El :? .16 
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in coordinates during refinement was comparatively small (1/2 A). 
0 -

The relatively low average temperature factor of approximately 10 A2 

was roughly constant during refinement and indicated that the heme 

density was well defined. 

Toe 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 2F b -F 1 o s ca c 

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 infonnation, whether real or 

not, is in the Fobs or some aspect of the model other than bias from 

a previously uncentered iron position. The electron density calcu-

l ated on the same planes, but for the 2F b -F 1 electron density o s ca c 

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 21a and 21b at an 

R-factor of 16.2 %. The iron position was approximately 0.23 A from 

the heme center, with the out-of-plane component being O .14 A toward 

the histidine. The in-plane shift was entirely along the ZN to 4N 

direction. This resulted in the iron to 2N bond distance being 
0 

0 .18 A short of the nonnal value. It appears from the 2F b -F 1 o s ca c 

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 A, 
0 0 

2.05 A for 1.98 A, 2.00 A, and 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 2Fobs-Fcalc heme plane sections indicated 

the electron density peaks were at the heme center. For example, in 

Figures 21c and 21d, it appears that the 2F b -F 1 peak and iron o s ca c 

positions are significantly different. The electron density peak 

appears to be very close to the heme center. However, a three­

dimensional 2F b -F 1 map has the iron electron density only 0.03 A o s ca c 

away from the unconstrained iron position. The 2F b -F l peak and o s ca c 

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 
0 . 

difference maps, it was concluded that at 2.0 A 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 2F -F electron density map and coordinates for obs calc 

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/A 3
• Some bond distances for this 

structure and the structure with constrained heme nitrogen to iron 

bond distance are given in Table XI. 



122. 

TABLE XI. Heme Bond Distances 

* 16.2% Coordinates 16.6% Coordinates 

Fe Center Fe Center 

1 N 1.97 2.01 1.98 2.02 

2 N 1. 82 1.99 1.98 2.03 

3 N 2.01 1.95 2.00 1.93 

4 N 2.1 7 1.99 2.05 1. 97 

NEZ (His 16) 1.90 2.05 1.90 2 .11 

SD (Met 61) 2.39 2.25 2.40 2.19 

* The angle between the histidine plane nonnal vector projected onto 

the heme plane, and the vector bisecting the 1 N and 2 N bonds is 

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 £5 5 1 • However, many of the possible sol vent 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 £551 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 location 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 accornt. 

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 exo.rbitant 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 H2O 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 
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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 salvation typically 

measured by other methods includes disordered solvent. 

The refined solvent in the £551 crystal structure is listed in 

Table XII, along with the protein atoms within the specified ranges. 
0 

All solvent protein distances of less than 3.0 A are compiled in 

Colurrm 1. It is interesting to note that all protein atoms within 

this list are polar in character and capable of hydrogen bonding, 
0 

with only one exception. One half of the 42 solvents are within 3.0 A 

of these polar protein atoms. Table XII also slilTl!11arizes the hydrogen­

bondable protein atoms within a range of 3.0 to 3.5 A 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 
0 

in these two classifications and are within 3.5 A of the protein. 
0 

The remainder of the solvent, with protein contacts up to 5.0 A, is 

listed in Table XII. 

A stereo view of the location of the solvent is shown in Figure 
0 

24a and 24b. Most of the ordered sol vent was fo1..md 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 

were disordered to some extent, as discussed previously. £s s 1 

There were several internal solvents that are possibly important 

to the c551 structure or flmction. One interesting example, solvent 3, 

was tetra-coordinated to bvo amide nitrogens and two carbonyl oxygens 

of the backbone loop from His 16 to Pro 25. All distances were 
0 

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. Sol vent 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. 

Sol vent 23 was deeply irnbedded 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 £ss1, but 

it 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 

located at the actual site of electron transfer to the £_551 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 detennination of 

cytochrome £ 5 5 1 , the evolutionary relationship between this protein 

and eukaryotic cytochrome £ was unclear. Al though £s 5 1 was known to 

have the £-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£ that 

homology alignments were difficult. Along with the overall differ­

ences observed in the £551 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 £-type 

cytochromes. 

From the low resolution structure (35), it was found that cs 51 

was clearly related to eukaryotic cytochrome£ 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£ 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 



133. 

terms of the distances between the alpha carbons for £s 5 1 and tlllla 

CIII in Figure 26. The distances were calculated after minimizing the 

deviations between 44 structurally similar alpha carbons. From this 

figure, it is apparent that the £ss1 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 is shown in Table XIII, along with 

several predicted alignments. This £ 551 comparison to the 103 

residues in tlllla cytochrome£ 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 

* 
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 £_551 which had no sequence homology to eukaryotic £· This 

sequence prediction used as a basis the crystal structures of cyto­

chromes £ and £_2 -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 '1back" of the molecule). 

Tyr 48(T) and Tyr 27(P) are unrelated and a residue equivalent to 

Tyr 48(T) is not present in £_551. 

McLachlan 's procedure was based on substitution compatabili ties 

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 £ 551 alignment to the 

tuna cytochrome£· The Needleman and Blair predictions, although 

the least accurate, had the greatest nlilllber 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 assl.DTied single residue 

:ftmctional 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 £ 551 to be 

very similar to other £-type cytochromes, differences in sequence 

were folllld at positions previously thought to be invariant. A com­

parison of £ss 1 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) sLUTlITlarized the sequences of 67 

eukaryotic cytochromes c and found only the 28 totally conserved 

residues in Table XIV. With the crystal structures of cytochromes .s:_2 

and £sso and the sequences of three more .s:_2 cytochromes, this list of 

28 invariant residues was markedly shortened. Based on the 67 

eukaryotic £'S, four £2 's, and .s:_550 , Dickerson and Timkovich listed a 

new set of twelve totally invariant residues. Cytochrome .s:_5 5 1 , being 

a large step removed from these£, £2, and .s:_550 cytochromes in terms 

of sequence similarities, reduced this number even more dramatically. 

Of 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 

£s 5 1 protein, With the newer sequences in Table XV from the SLUTlITlary 

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 number 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 
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TABLE XIV. Totally Invariant Residues 

67 Eukaryotic + Cs so and + C551 + Sequences 
Cytochromes 4 C2 1 S from Table XV 

Gly 1 

Gly 6 Gly 6 

Phe 10 

Gln 16 

Cys 17 Cys 17 Cys 17 Cys 17 

His 18 His 18 His 18 His 18 

Gly 29 Gly 29 Gly 29 

Pro 30 Pro 30 Pro 30 

Leu 32 Leu 32 

Gly 34 Gly 34 

Arg 38 

Gly 41 

Tyr 48 Tyr 48 

Asn 52 

Trp 59 Trp 59 

Leu 68 

Asn 70 

Pro 71 

Lys 72 

Lys 73 

Pro 76 

Gly 77 

Thr 78 

Lys 79 

Met 80 Met 80 Met 80 Met 80 

Phe 82 Phe 82 

Gly 84 

Arg 91 
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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 £_-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£ structures (36-39) . From the 2.4 A reso­

lution I,!IR maps of cytochrome £ 5 5 1 (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 S:_ss1 

structure clearly shows the iron position displaced from the 

heme center. Nonplanar iron atoms may also be folIDd for other £_-type 

cytochromes when refinement yields more accurate coordinates and 

electron densities. 

The refined heme iron position was lIDexpected, not only because 

of the differences compared to other cytochromes S:_, 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 A 

resolution, three-derivative structure) and Glycera dibronchiate 
0 

hemoglobin (64) (2.5 A resolution, three-derivative structure) have 

iron atoms at the heme center. In Erythrocruorin (65) (2.5 A reso­

lution with phases from the i1IR met structure), the iron moves 

toward the heme plane in going from the met structure (high-spin) 1 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 c551 , is CO­

rnyoglobin (66). At an R-factor of 37%, the neutron structure 

indicates the iron is out of the plane by approximately 0.1 A. 
In conclusion, although £551 is a low-spin heme protein (6 7), 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 is 

stronger than the iron to methionine, could explain the results. 

Although it cannot be stated tn1equivocally 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 1s 

likely a real effect. 

The alternate explanation is that the shifted iron position is 

not real. It could possibly result from a nl.IlTlber 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 nl.IlTlber 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 £551 heme structure 

is its orientation relative to the polypeptide backbone. As indicated 

previously (58), the £551 heme is rotated approximately 11° to the 

left and tilted forward 16° compared to the heme orientation in 

cytochromes £, £ 2 , and £sso, 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 £ss 1 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 £ 551 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 £, £2 , and £550 , this propionic acid is to the right side 

of the heme and hydrogen bonded to a tryptophan at the back of the 

molecule. In £551 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 £551 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£ is hydrogen bonded 

to Trp 59, Tyr 48, Asn 52, and the amide nitrogen of Gly 41 (36). In 

£551 , 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£ is hydrogen bonded to 

Tur 49, Tor 78, and the carbonyl oxygen of Lys 79. In £551, this 

propionic is hydrogen bonded only to Ser 52 and solvent. 
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An additional difference in the structure of £_551 relative to the 

other cytochrome structures is the position of the r-methyl from the 

heme ligand Met 61. In£_, £_2, and £_550 , this methyl is extended 

approximately parallel to the iron-lN bond. (lN is the nitrogen in 

pyrrole ring 1, which is attached to the first Cys heme attachment.) 

In £_551 , 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 £_2 and £_550 , 

prevents the r-methyl from assuming the £_551 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, £_551 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 E-methyl proton NMR absorptions are very 

similar. For the oxidized proteins, the resonances are -24.2 for c 

(68), -15.2 for £_2 (69), and -15.7 for £_ss 1 (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 ~ ss 1 and that of£ and £ 2 , £ 5 5 1 and £2 are more alike magnetically, 

and c is significantly different. 

Side Olain Structural Homology 

The relationship between Trp 59 in tuna cytochrome£ and Trp 56 

in £ 551 is very interesting. Tuna Trp 59 was deleted in £ 551 along 

with the molecule's bottom loop. The 70's loop in tuna c was extended 

in £ 551 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 £ 2 and £ 550 , 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!_ cytochromes and 

£ 554 cytochromes from S. ma.xtmJa and A. nidulans in Table X:V 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

terrninal helix. One can easily imagine this slightly extended chain 



150. 

coming arolilld 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 £551 , 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 

£551 . 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 tlilla £· 

A case similar to that of Trp 56 and 59 is seen in comparing 

tlilla Tur 78 to £551 Ser 52. Again, these residues are performing the 

same flillction in hydrogen bonding to the exposed propionic acid. And 

a Tur 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 flillctionally critical residue, it is derived from a struc­

turally different position in tlilla £ and £551 • In tlilla £, Tor 78 is 

located following the 70's loop, while in £551 Ser 52 come prior to 

this loop. 

Another very important feature of the £551 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 ftmdamental to 

the £-type cytochromes, so is the sequence A(l) - x - y - z - A(2) at 

the left of the heme. A(l) and A(2) can be the hydrophobic Leu, Val, 

or Ile, with only minor exceptions. x, y, and z can be any residue. 

A sUIJID1ary 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 £ 551 is in a structurally 

homologous position to the conserved Leu 32 in£, £2, and £550• 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 £ 551 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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TABLE XVI. Residues at Positions A(l) and A(Z) in the 
Sequence A(l) - x - y - z - A(Z) 

Cytochrome 1 Sequence Position 2 

A(l) A(Z) 

Eukaryotic Leu, Met Leu * 
L 1 Leu Val 

2 Phe Val * 
3 Ile Val 

4 Ile Leu 

5 Leu Leu 

6 Leu Val 

M 1 Phe Ile * 
2 Phe Ile * 
3 Leu Leu 

4 Leu Leu 

5 Leu Leu 

6 Leu Leu 

7 Leu Leu 

s 1 Leu Val 

2 Met Val * 
3 Leu Ile 

4 Leu Ile 

5 Leu Ile 

6 Leu Ile 

7 Ile Ile 

8 Leu Ile 

F 1 Val Val ** 

2 Ile Val ** 

3 Ile Val ** 

4 Ile Val ** 

5 Ile Val ** 

6 Ile Val ** 
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TABLE XVI (continued) 

7 Ile Val ** 
1 Leu Ile ** 
2 Leu Met * ** 
3 Val Leu ** 
4 Leu Leu ** 
1 Val Ile ** 
2 Ile Val ** 
1 Leu Met * ** 

1 Prokaryotic cytochrome£ sequences from Table III. 

2 Positions A(l) 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(l) or 

A(2). 

A shift in the amino acid sequence in Table A'V 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 £_5 5 1 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 

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

£_551 . However, this conservation cannot be extended to all cyto­

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

Table m have very high sequence homology with £_551 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 £_551 form a large 

percentage of the molecular bottom and shield the heme from the 

solvent. A similar aromatic pair in tuna cytochrome£, Trp 59 and 

Tyr 48, have similar orientations. 

Structure and Chemical Properties 

The major changes in the sequence and composition for Css1 com­

pared to other £_-type cytochromes has resulted in alterations of many 

of the physical, chemical, and biological properties. css1 is an 

acidic protein with an isoelectric point of 4.7, compared to 10.0 for 

eukaryotic £· Some of the highly conserved positive Lys residues im­

plicated in the mechanism of cytochrome care not present in Css1• 
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One apparently important Lys is consenred. This is Lys 10 in £551 , 

which had the same orientation as Lys 13 in eukaryotic £· It was an 

lfilusual Lys in the structure of £551 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 llllusual ionic 

surface residue that was well defined. From the structures of£, £2, 

and £550 , it is 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 folllld for !::_s5 1 . Simi­

larities between the ~1R spectra of £ 551 and £2 and the significant 

difference between these and c have been discussed in terms of the 

methionine resonances. These same characteristics are seen in the 

~1R resonances of other protons and in ESR spectra. 

The pH-dependent conformational changes associated with cyto­

chrome£ are significantly altered for !::_5 5 1 . Specifically, the transi­

tion monitored by the disappearance of the 695 nm band between pH 7 

and 10 for cytochrome£ is not present in C551 (73). This spectral 
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transition is associated with the replacement of Met as the sixth 

ligand, and a confonnational change probably resulting in the E­

nitrogen of Lys 79 becoming the ligand. In £_551, this transition 

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

There are bvo possible explanations for this observation in terms of 

the structure of C551. First, the Lys 79 in£ is not present in £_551 • 

If this residue was responsible for the displacement of the Met 

ligand, then its nonexistence in £_5 51 would explain the unobserved 

transition. A more likely explanation is the nonexistence of a Tyr 

residue homologous to the residue 67 inc. 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 assurne the axial position. In C551 there is no 

homologous Tyr or Lys and thus no transition. Additional evidence is 

obtained for the :iJnportance of Tyr 67 in this transition from 

chemical modification studies. Modification of Tyr 67 by mononitra­

tion (74) and diiodination (75) lowered the pK of the tyrosine 
a 

hydroxyl group and resulted in a lowered apparent pK of this transi-
a 

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 (Fp), (b) the mean figure of merit (Fi'-1), (c) the 

mean fractional change in structure factor amplitudes for the three 

derivatives (6F/Fp), and (d) the mean ratio of the lack of closure 

error to the changes in structure factor amplitudes produced by each 

derivative (€/6F). 

AU= NaAu(CN) 2 • 

Figure 2. Harker sections from the 2.1 A resolution (6F) 2 

Patterson calculated for the K2PtC1 4 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 (6F) 2 

Patterson calculated for the U0 2 (N0 3 ) 2 •6H20 derivative. The single 

heavy atom binding site A was located. The sections are contoured 

as in Figure 2. 

0 

Figure 4. Harker sections from the 2.43 A resolution (6F) 2 

Patterson calculated for the NaAu(CN) 2 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 

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 minirnaps 

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 F 1 to F b . ca c o s 

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 £ s s 1 • 

Figure 9. (a) A stereo front view of the structure of £551 • 

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

Figure 10 . A Ramachandran plot of the ¢ and 1/J 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£ (41). 

Figure 11. A stereo view of an idealized polyproline three-fold 

helix (left in each stereo pair) and the c551 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 £551 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 ~IlR electron density map and wire model coordinates. 

The contour levels start at 0.24 e/A3 and increment at 0.24 e/A 3 • 

The RMS electron density error is 0.16 e/A 3
• 

(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/A3and increment at 0.10 e/A. 3
• ~The RMS error in the electron 

density is 0.14 e/A3
• 

(c) Difference map and coordinates at an R-factor of 16.2%. 

The electron density contours start at 0.20 e/A3 and increment at 

o .10 e/A 3
• 

(d) The 2F b -F 1 electron density and coordinates at an R­os ca c 

factor of 16.2%. The electron density contours start at 0.60 e/A. 3 

and increment at 0.60 e/A.3
, The RMS error in the electron density 

03 
is O .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) WR electron density map. The contour levels start at 

0.45 e/A 3 and increment at 0.45 e/A.3
• The 'R~1S electron density error 

/
03 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/A 3 and increment at 0.45 e/A 3 • 

The RMS electron density error is 0.14 e/A. 3
• 

(c) The difference map and coordinates at an R-factor of 16.2%. 

The electron density contours start at 0.20 e/A 3 and increment at 

0.10 e/A. 3
• 

(d) The 2F 1 -F b electron density and coordinates at an R­ea c o s 

factor of 16.2%. The electron density contours start at 0.60 e/A 3 

and increment at 0.60 e/A 3
• The RMS error in the electron density 

is 0.08 e/A 3
• 

Figure 15. Average temperature factors calculated at various 

points in the refinement. 111e 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 16. Sections of electron density for Val 23. Both the 

initial wire model coordinates (open bonds) and the refined co­

ordinates (solid bonds) are plotted. From minirr~p 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 irr~roved electron de,'1.Sity maps. 

(a) The :MIR electron density map. Contours start at 0.24 e/A.3 

and increment at 0.24 e/A. 3
• 
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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/A 3 and increment at 0.10 e/A 3 • 

(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/A 3 and increment at 

(d) The refined 2F b -F 1 electron density map at an R-factor o s ca c 

of 16.2%. The orientation is the same as in (c). The contours start 
0 

at 0.40 e/A 3 and increment at 0.40 e/A 3 • 

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

coordinates were obtained by a fitting to the difference and 2F b -
0 S 

Fcalc electron density maps calculated with Val coordinates at an 

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 A. Difference map contours start at 

0.075 e/A 3 and increment .at 0.0 75 e/A.3
• 2Fobs-Fcalc map contours 

start at 0.00 e/A 3 and increment at 0.20 e/A 3 • (a) The difference 

map calculated from structure factors obtained with Val coordinates. 

(b) The 2F b -F 1 map calculated from structure factors obtained o s ca c 
with Val coordinates. (c) The difference map calculated from 

structure factors obtained with Leu coordinates. (d) The 2F b -F l o s ca c 

map c~lculated 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-C bond distances. 
Cl 

(b)' All main chain bond 

distances. (c) C -C
0
-C bond angles. 

Cl µ y 
(d) Main chain torsion angles 

C -C-N-C and O-C-N-C. 
Cl Cl Cl 

Figure 19. The 2.4A 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 lN - 3N direction. 

0 

Figure 20. A 2.0A 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 
0 

map contoured at intervals of 0.20 e/A 3 above zero. (b) Same as (a). 

(c) ZF -F electron density map contoured at increments of obs calc 

0.40 e/A 3 above zero. (d) Same as (c). 

Figure 21. A 2.0A 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/A 3 above zero. (b) Same as (a). 

(c) 2F b -F 1 electron density map contoured at increments of o s ca c 

0.40 e/A 3 above zero. (d) Same as (c). (e) ZF b -F 1 heme plane o s ca c 

electron denstty section. 
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Figure 22. A 2.0A 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 
0 

intervals of 0.20 e/A 3 above zero. (b) Same as (a). (c) 2F -F obs calc 
0 

electron density map contoured at increments of 0.40 e/A 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). 

0 

Figure 24. The 2.0 A resolution 2Fobs-Fcalc electron density map 

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

Figure 25. A stereo view of the solvent structure of cytochrome 
0 

css1. Solvent with contacts up to 3.0 A resolution are indicated with 

a heavy bond. 
0 . 

Hydrophilic solvent contacts up to 3.5 A resolution are 

indicated with a light bond. Synrrnetry 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 css1. 
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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 .!_-type cytochromes might hydrogen bond to the buried propionic 

acid. The bottom residues are deleted as in £5 51, which allows the 

C-terminal helix to be extended into hydrogen bonding position. 
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The Cytochrome Fold and the Evolution of Bacterial Energy 
Metabolism 

R1cHARB E . DICKERSO:!-i, R u ssELL TIMKov1cH AND 

R OBERT J. ALMASSY 

Norman W. Church Laboratory of Chemical B iology 
Calif ornia I nstitute of T echnology 
Pasadena , Calif. 91125, U.S.A. 

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

Respiratory c:vtochrome c from eukaryotes, photosyn thetic c2 from purple n on­
sulfur bacteria, a nd respiratory c550 from Paracoccus (formerly .Micrococcus) 
denitrificans, have been shown by X -ra y structure analysis a nd amino acid se ­
q uence comparisons to form a. un ified subfamily of evolutionarily homologous 
proteins (cytochromes c2 ), in which the differences between respiratory and 
phot-osynthetic cytochromes a.re n o greate r than t he variation a mong photo­
S~"Tl thetic cytochrornes c2 . From sequence and st ructure considerations a lone, 
these cytochromes are indistinguishable as to origin or function. Low resolution 
(4 A ) X- ray analysis of P seudomonas cytochrom e c551 shows it t o h ave t he same 
overall folding pat.tern as cytochrome c, wit h a. massive deletion a.t the bottom 
of the molerule. T h is informat ion enables amino a.cid sequence h om ologies to be 
extended -with reasonable probability of correctness to all cyt ochromes c551 , 

t,o Ch/orobium c555 . P seudomonas c5 , a lgal cytochromes f , a nd even c553 from 
Desulf ovibrio. All of these proteins appear t o comprise a. broader famil y of 
e \·olut ionaril y related electron carriers. 

I t is prop osed that bacteria.I and euka.ryotic oxygen respirat ion a.rose from the 
dual -functi on photosynthetic and respiratory electron cha.in in purple non-sulfur 
ba.cteria , by the loss of photosyn t hetic capabili t ies. A detailed out line for the 
evolution of p hotos~'llthesis and resp irat ion in bacteria. is presen ted, involving 
first a. symbiotic sulfur cycle, then t he development of t he Krebs cycle machinery 
a nd finally the evolut ion of the present-day symbiotic oxygen cycle between plants 
a nd animals. 

1. Introduction 
One of the more int riguing 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 el 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
creat ic 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,t al ., 1973; Rossmann 
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et al., 19i5). 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 molecu lar 
weight. with the same type of heme and covalent attachment of heme to the prot ein 
chain. The homologies between some of these cytochromes are obYious from amino 
acid sequence comparisons alonr , as \\ith cytochromes c of eukar_\'Oti c respiration 
and c2 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 c and bacterial c551 should be aligned in order to demonstrate homol og_\· 
(Keedleman & Blair, 1969 : Dickerson , l9il) . Still other types of cytochromes ex­
hibiting a c-t_\-pe spectrum may not be related at all. These proteins ma:- represent 
nothing more than convergence on a particular]_\- favorable wa.\' of binding heme to a 
pol_\·peptide chain. 

Can three-dimensional protein structures reveal evolutionar.\- 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 
ernlutionar:- history of families of proteins. and of the metabolic chains that include 
them 7 These are the questions that thi s paper attempts to answer. for C_\-tochromes c 
of eukaryotic and prokaryotic photOS_\'nthesis and respiration. 

2. The Varieties of Cytochrome c 

lt should .be emphasized that the t erm "cytochrome c" is a spectral classification. 
based on the wavelengt hs of the principle visible absorption bands, and that these 
ultimately arise from the particular rnbstituents on the heme and the mode of 
attachment of heme to polypeptide chain (Dickerson & Timkovich, 19i5). 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 
photos:vnthesis and respiration. A summary of the various kinds of photosynthesis 
and respiration encountered in prokaryotes and eukaryotes is given in Table l. All 
of these pathways use electron transpcrt chains that possess low molecular weight 
cytochromes c. Some, but not necessarily all , of these cytochromes c may be evolu­
tionarily related ; and this in turn may provide information about the evolutionar:· 
relationships between photosynthesis and respiration. 

The patterns of amino acid sequences that have been observed in these small 
cytochromes care shown diagrammatically in Figure I. The most common pattern. 
in the first line, is found in respiratory c of eukaryotes and c550 of Paracoccu.s denih-i­
ficans (formerly M icrococcus) , and in photosynthetic c2 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 carboxyl terminus. Other bacterial cytochromes have a chain-bending praline 
residue follo"ing this methionine , and cytochromes c551 from Pseudornonas bracket 
the methionine with no less than three pralines. 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 

P hotosynthetic and nspiralory eledron transport systems 
where cylochromes c are f ound 

Met a bolic pathwa:,· 

1. S ulfide -using photosynthesis: H 2 S ➔ S ➔ S0, 2 -

Green sulfur ba cte ria : Chlorobium 
Purple su lfur bacter ia : Chromalium 

2. S ulfa te respiration: s0, 2 - ➔ H 2 S 
D esuljovibr io, Desuljotomocu1u m 

3. Cyclic photosynthesis: K o externa l reducta nt necessa ry 
Purple n on-sulfu r bacteria : R hodospirillum , R hodopseudomonas 

4. J,Vater-u.9 ing photosynthesis: H 2 0 ➔ 0 2 

P rokaryo tes : B lue -green algae 
Eukaryot.es: Ot her a lgae, green plan t s 

5. Oxygen resp irat ion: 0 2 ➔ H 2 0 
P ro kar>·ot es 

Purpl e n on- sulfur bact er ia (secondar>· importance) 
Blue -green algae (secondar>· importance ) 
Other non -phot os>·nthetic , respiring bacieria (nit rat e 

respirati on som etime;, a n a lt ernatiYe) 
Eukaryotes 

Other a lgae (secondar:,· impor tance) 
Green p lant s (ma jor impor tance) 
Animals (essential ) 

4i5 

Typical small 
cyt-och rom es 

J 
J 

C55 u . C551 • C4 , 

c5 , other ::-

C 

C 

C 

surel:, are descendants of a common protein ancestor . For cytochromes c4 . c' , and 
the subsequent examples of Figure L the sit uation is less certain . R esolution of t heir 
evolutiona r~- relationships, if any. must depend on future research . Similarly , t here is 
no reason at present to suspect that the larger cytochrome c1 of mitochondrial 
respira ti on is necessarily related to these proteins by ancestry . 

3. The Cytochrome Fold 
The stru ctures of t hree cytochromes c have been solved by X-ray diffraction 

methods at high resolution : respiratory cytochrome c from tuna (Dickerson et al ., 
1971 ; Swanson et al ., 19i6; Takano el al ., 1973, 1976), phot-0synt heti c c2 from the 
purple non-sulfur bacterium Rhodosp irillum robrum (Salemme et al ., 1973), and c5 5 0 

from t he facultative nitrate-respiring bacterium Paracoccus denitrific,a ns (Timkovich 
& Dickerson . 1973, 1976) . These molecules are similar but not ident ical in size : 
103 amino acids from tuna c, 112 amino acids from c2 , and 134 for c550 . Nevertheless . 
the overall folding pattern of these proteins is the same, as can be seen from the 
stereo dra\\ings of Figures 2 to 4. In each case , the heme is \\Tapped 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, aromat ic side chains occur in equiv­
alent locations; and positively charged lysines are found at the upper and lo\\·er 
ends of the heme crevice. 
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c, C550, C2 --C• • CH ----------M----- 110 

C555 , C5, /(0190, ) -- C•• CH----------MP---- 90 

--C• • CH--------- PMPP --- 82 

-- C • • CH ---------C • • CH -- 200 

C ---------------------C•• CH - 12 7 

-----C•• CH-C•••• CH ---Coo CH -C•oo• CH-105 

---- C • • CH ---- Coo CH -Coooo CH - 68 

FrG. 1. Schematic representation of amino acid chains in small cytochromes c. Cytochrome types 
are listed a t 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 (ll0) vary from 103 t o 134 residues. 
C, H, M and P are cyste ine, histidine, methionine and proline ; and dots represent unspecified 
amino acids. From Dickerson & TimkO\·ich (1975). 

(Sc 
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e ).-.> 
r if-· 
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r , 

. -
G 

FrG. 2. Stereo pair alpha -carbon drawing of reduced tuna cytochrome c, viewed directly int o 
the heme crevice. The heme group is SBen 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, c2 and c550 , 

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 
c550 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 c molecule is carefully 
preserved, presumably by natural selection. 
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FJG . 3. Equivalent ste reo drawing of oxidized cytochrome c2 from R. rubrum . The sam1> 8 
aromatic side chains and 2 lysines are drawn as in Fig. 2. Kotice the overall similarit y of folding 
of the main chain, with addition.;; in the regions around residues 50 and 80 regions (70 region in c 
nwnbering). Observe also the shift in p ositions of the 2 aromatic rings on the right side (positions 
20 and 107, or 20 and 97 inc numbering). Co-ordinates by courtesy of F . R. Salem me and J. Kraut. 

Fie . 4. Stereo drawing of oxidized cytochrome c550 from ParacoCCUB (formerly M icrococcw) 
denitrificana. Notice the similarity in location of aromatic rings, but the replacement of an aromatic 
ring by leucine at position 85 (74 inc) . Note also the high positioning of rings on the right side, as 
in cytochrome c, at residues 12 and 113 (10 and 97 inc), 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 c2 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 IO is serine in c2 rather than phenylalanine. A compensating 
phenylalanine is found farther down the right side of c2 at position 20, which in tlw 
two respirator~- proteins is rnline 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 c2 being 
rotated by 100° along its axis to bring the same tyrosine 97 next to position 2(1 
rather than IO. 

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 c550 . To a 
certain extent , c, c2 and c550 are cross-reactive. Cytochrome c can donate electrons t o 
the R. sph£roides bacteriochlorophyll photocenter (Prince el al ., 1974) . and all threr 
prot eins can interact with the reductases and oxidases of c and c55 0 w·ith varying 
efficiences (Kamen & Yernon, 1955 ; Smith et al. , 1966: Dans et al .. 1972). suggesting 
a shared electron-transfer mechanism. The complete absence of an aromati c ring at 
position i4 in c5 50 therefore effect inly eliminates the so-called " Winfield mechanism .. 
of electron transfer through aromatic side chains on the left side of the moleculv 
(Dickerson et al ., 19i2 ). 

4. The c2 Class of Cytochromes 
The X-ray structure comparisons described above suggested initiall~- that eukary­

otic respiratory c. bacterial respiratory c5 5 0 . and bacterial photosyntheti c c2 each 
had distinctive structure features : 

(a ) extra loops of amino acids in the 50 and 70 regions of bacterial cytochromes. 
(b) An extended loop in the 20 region and a carboxyl-terminal tail in c5 5 0 . 

(c) A lower position for the paired aromatic rings on the right side of c2 . 

In reality, none of these generalizations is valid. Ambler has sequenced four other 
cytochromes c2 from purple non-sulfur bacteria, and these are compared with 
sequences of the previously discussed cytochromes in Table 2. (Ignore c555 and 
beyond for the moment.) These comparisons reveal that: 

(a) the extra chains in the 50 and 70 regions are not characteristic of all cytochrom es 
c2 . R . vannielii c2 , 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 c550 . The same features are observed in c2 of R. capsulata and R . spheroides. 

(c) The lowered aromatic rings are not general for all cytochromes c2 , but are a 
peculiarity of R. rubrum . In all other purple non-sulfur bacteria. these aromati c 
residues are positioned as they are in c and c55 0 . 

In summary , there appear to be no clear-cut structural features that distinguish 
C?tochromes c, c5 50 and c2 , 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 aspect s 
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 c, c2 , c550 

Tuna Rl. RR RP RS RC PD 

Tuna c 59 78 81 92 85 981 
R . vannielii c2 54 75 73 89 86 98 1 Missing 
R. ru.brum c2 61 59 74 72 68 85 I 

R. palustris c2 58 49 62 88 71 96 ~ 
ammo 
acids R. spheroides c2 65 65 60 64 62 86 I counted 

R . capsulata c2 60 60 56 51 54 7l j 
Para coccus C5s o 57 60 57 60 66 51 

'-

Missing amino acids eliminated from count 

Compare these differences with those of eukaryotic cytochromes c given in Table XI of 
Dickerson & Timk ovich ( 197 5 ). 

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 c and c550 are no more different 
from c2 th the various cytochromes c2 of photosynthetic bacteria are from one 
another . 

In both sequence and structure, the cytochromes c2 span the entire range from 
small cytochrome c to large c550 . We are left with the unsettling conclusion that there 
i8 nothing in the three-dimensional folding or the amino acid sequences of eukaryotic 
respiratory cytochrome c and bacterial respiratory c550 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 c. The designation by principal alpha-band absorption wave­
length in nanometers is not discriminating enough : Tuna cytochrome c (actuaJly 
a c550), Paracoccus c550 , and Euglena c558 are members of this subfamily, but Pr,eudo­
monas c551 and Desulfovibrio c553 are not. One alternative would be to choo~e the 
only designation for this subfamily that does not conflict ·with other cytochromes, 
and to refer to all of these proteins-photosynthetic c2 and respiratory c550, including 
eukaryotic cytochrome c-collectively as cytochrome c2 . This would have the virtue 
of comprehensiveness, and also an after-the-fact logic in the mitochondrial respiratory 
chain of having cytochrome c1 pass its electrons on to cytochrome c2 . 

5. Evolutionary Implications 
The most probable conclusions to be drawn from the foregoing comparisons are 

that all of these photosynthetic and respiratory cytochromes c (or c2 ) 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 haw 
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 usuall>· 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 dissimilarit>· 
elsew·here 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 c, c2 and c550 are like those between trypsin and 
chymotrypsin; greater correspondence of chain folding than could be explained by 
an>· reasonable picture of functionality. The overwhelmingly most likely explanation 
is that these cytochromes are folded in the same way becam:e the>· 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 b>· the other. The 
other common features of these electrons chains: ubiquinone-like molecules at the 
low-potential end, cytochromes b in the middle , and cytochromes c at the high. 
potential end, suggest that the entire chains are related, and not merely the cyto­
chrome c elem,fnts . The traditional view of the sequence of events during the evolu­
tion of life mlfkes 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 band 
c (or f). Not all of the chain components and ATP-generating sites are sho,rn, 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 bet·ween photo­
synthesis and respiration occurred in the ancestors of purple non-sulfur photo­
synthetic bacteria. Aside from blue-green algae, which ha.ve 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 Chlorobium and Chromat.ium 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 2S 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 CO2 
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Chl~NADH 
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1 
NAO' 
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Chi" NAO PH 

Chi* Q ADP ATP { ~NADP+ 
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2 '\_ I 
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II 
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Fm. 5. Patterns of electron transport. (a) Non-cyclic bacterial photosynthesis with H 2S as a11 
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 Chi*, electron­
ically excited chlorophyll. b, c and/ represent cytochromes. The electron transport chain that is 
proposed as being evolutionarily homologous in all these mechanisms is emphasized by the dark 
arrow. 

(Evans et al., 1966; Fuller, 1969; Doelle, 1969; Sokatch, 1969; Stanier el 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 0 2 (Lascelles & Wertlieb, 1971; 
Marrs & Gest, 1973b) . 
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At least in R. wpsulata and R. spheroules, 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 c 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/a3 as in eukaryotes (Saunders & Jones, 1974) , although the 
oxidase in R . e,apsulata 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 re~piration 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 O2-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, c2 and c550 

comprise one virtually indistinguishable subfamily of proteins (cytochromes c2), 

whose close structural and sequence similarities arise because of their close evolution-

NADH NAD+ 

• "--('ATP (Succinote 
Behl .-..---\ 

T ,,.,, .. 

b 

Light 
energy 

~ 

Behl 

Fm. 6. Photosynthetic and respiratory electron flow in R. apheroides, showing the common 
electron chain from ubiquinone (Q) to cytochrome c2 , and the probable sites of ATP synthesis. 
Adapted from Marrs & Gest (1973a,b), Dutton & Wilson (1974), and Jones & Plewis (1974) . 
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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 c550 and eukaryotic c harmonizes well "ith 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/a3 as an oxidase, and the mechanisms of respirator~· 
inhibition and control. Ko other bacterium, they point out, has such a large assembly 
of mitochondrion-like features , and no other ba.cterium has significant mitochondrial 
characteristics not possessed by Paracoccus as well. They also point out the similarities 
between mitochondria , Paracoccus and R . spheroides , 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 c551 

The search for the cytochrome fold in prokaryotes has recently been extended by a 
preliminary, low resolution (4 A )X-ray analysis of cytochrome c551 from Pseudomonas 
aeruginosa (Almassy & Dickerson, manuscript in preparation). This is a member of a 
class of ~t'll aller respiratory cytochromes, \\ith 82 amino acids and, like Paracoccus 
c550 . it is involved in facultative nitrate respiration. A sequence homology with 
cytochromes c and c2 has been suggested (Keedleman & 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 c550 analysis at 
4 A (Tirnkovich & Dickerson, 1973) showed that a correct interpretation of the map 
could be made using the high-resolution structure of eukaryotic c 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 C551 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 c, c2 

and c550 . 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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\_ 

FIG. 7. Stereo pair drawing of the main chain path and h eme (se!" on edge) in oxidized cyto­
chrome c551 from Pseudomonas aeruginosa. Same molecular orientati on as Figs 2 to 4. n and c 
indicate amino and carboxyl ends of chain. Ast-eri sks locat e cysteine attachments of heme to chain 
at positions 12 and 15 (14 and li in cyt-ochrome c). H and M, heme ligands, histidine 16 an<l 
methionine 61 (18 and 80 inc). F , phenylalanine 7 (10 inc), P, praline 25 (30 inc), K, lysine 49 (72 
in c) , and D , aspartic 68 (8 8 inc). W , tryptophan 56, with s ide chain density in the map suggesting 
that it is hydrogen -bonded to the innermost heme propionic acid like tryptophan 59 inc, alt.hough 
the chain p ositions are not sequentially homologous. Positioning of amino acids is based partly on 
side-chain sh:4"pe3 (especiall~• aromatic rings) an<l partly on total running chain-length through the 
map. 

To a first approximation, if this interpretation of the c551 structure is correct , c551 

can be obtained from cytochrome c 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 c551 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 c551 ";th 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 c555 of 
green sulfur bacteria, photosynthetic f of algae, respiratory c5 from Pseudomonas , 
and even the low-potential but mono-heme cytochrome c553 of sulfate-respiring 
Desu.lfovibrio vulgaris. The conclusions reached by Dus et al. (1968) regarding the 
phylogenetic relationships between the carriers of cytochromes c, c2 and c551 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 c2 , with more distant relationships. There appears to be ,1, 

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 c numbering, near the 

innermost propionic acid of the heme group . 
(c) 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 c555 , f, c5 and c553 have been based on the assumption 

tha.t their three-dimensional folding patterns resemble that of c551 . 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 c2 (including c550 and eukaryotic c) is a sub­
family. Other cytochromes with several hemes, "ith heme attachment near thr 
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 

opertting 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 elect ron-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 c, 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 
a.bout electron transport chains and cytochrome c structures, and which can serve as a 
framework for t,biukiug about bacterial metabolism. 

(1) Ancient bacteria. on the primitive Earth under reducing atmospheric conditions 
were anaerobic fermenters resembling present-day Olostridia. They obtained free 
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FIG. 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 a.dapted 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 
capabilitie~•see text for discussion. 

energy by anaerobic glycolysis or the breakdown of other smaller organic molecules. 
(2) The first schP-me 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 Chwrobium and Chromatium. Electron transport chains with cyto­
chromes c are first recognizable in these bacteria . Such organisms would have used 
the readily available H 2S ai, 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 Chwrobium and Desul­
fovibrio (Gray el al., 1972). 

(4) The components of the Krebs cycle evolved piecemeal in the photosynthetic 
sulfur bacteria, probably for synthetic or CO2-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 20 , by adding photocenter II as a second energy source. " Green plant., photo­
synthesis evolved, splitting water and liberating 0 2 . 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 0 2 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 ma~- help 
to decide this point . 

(7) Photosynthesis-impairing mutations may have occurred repeated!~· 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 beyond 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. 
Thiothrix) may have evolved from blue-green algae b~- 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 prokaryotes and eukaryotes of a closely-knit subfamily of cytochromes c2 

(c2 . ~55~, eukaryotic c), with a related but less uniform family of molecules possessing 
the essentials of the "cytochrome fold " (c5 , c553 , c555 , algal 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. 

Vl"e would like to thank Drs Martin Kamen and Barry Marrs for catalytic discussi ons 
about bacterial energy metabolism. We are indebted to Drs Lucile Smith and George 
McLain for the gift of the original sample of cytochrome c550 , to Drs E. Margoliash , W . 
Schroeder and L . Hood for advice and assistance in determining its amino acid sequence, 
and to Dr Henry Harbury for guidance in the isolation and purification of cytochrome 
c551 . This work was perfonned v.,jth the support of National Science Foundation grant 
no . BMSil-00825 and National Institutes of H ealth grant no . GM-12121. This paper is 
contribution no. 5144 from the Norman \\". Church Laboratory of Chemistry Biology, 
California Institute of Technology. 
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SUMMARY 

The structure of Pseudomonas aeruginosa respiratory cytochrome 

£551, 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 £, £2 , and £550, except for a large 

deletion at the bottom of the heme crevice. This same 

"cytochrome fold" appears to be present in photosynthetic 

cytochromes £ 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) 

Cytocnrome £551 is found in various Pseudomonads and Azotobacter 

vinelandii, 1ihere it plays a respiratory role analogous with mito­

chondrial cytochrome£ in eukaryotes and cytochrome £550 in Paracoccus 

denitrificans1-4. 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 £551 and the larger cytochromes, but in 

the absence of x-ray data it was difficult to decide where the 

"deletions" in the £551chain should be placed to make the proper 
. 5-8 sequence alignment . The preliminary low resolution x-ray analysis 

of Pseudomonas aeruginosa cytochrome £ 551 (discussed in Reference 4) 
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showed that the folding patterns in£, £2, £sso and Css 1 were indeed 

the same. This has now been confinned by x-ray analysis and con­

strained difference map refinement at 2.0 A resolution. 

Experimental procedures 

The original cytochrome £ss 1 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 commlfilication). Crystals were grown in 40-50% saturated 

amroc>nium 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 121 21 with 

lIDit cell dimensions: ~ = 29.43 A, }2__ = 49.00 A,£= 49.66 A. Three 

heavy atom dj rivatives were prepared by soaking crystals in stock 
. r solutions: • K2PtC1 4 , UO2(NO 3 ) 2, and NaAu(CN) 2. All high-resolution 

data were collected on a modified General Electric XRD-490 x-ray 
0 

diffractometer, to a resolution of 2.0 A for native protein crystals 
0 

and 2.4 A 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 
9 0 

merit for TIIl.lltiple isomorphous replacement phase refinement 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 map10 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 1s 
0 

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 
0 

replacement map at 2.4 A resolution, and Figure lb the refined 

(2F
0 

- Fe) ei¢c map at 2.0 A. 

Description o,£ the structure 

The a-carbon atoms, heme group, and a few key side chains of 

cytochrome £ 551 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£ from 

tuna11-13 , £sso from Paracoccus 3, and £2 from Rhodospirillum rubrum14 

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

* 

R -
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main chain folding are perhaps easier to see in the ribbon drawings 

of cytochromes £ss1 and£ in Figure 3. Among the connnon structural 

features are the amino-terminal alpha helix, cysteine and histidine 

attachments to the heme, the 2O's loop at the right, the 6O's helix 

(4O's helix in £ss 1), methionine ligand to the heme, and the carboxy­

terminal alpha helix. The principal differences are the deletion of 

the bottom of the£ molecule in £ss 1 , its replacement by a 3O's helix 

at the lower rear, and the pulling downward of the 7O's loop of£ to 

close off the bottom of the c551 molecule. The deletion in cytochrome 

£ required to produce the £ss 1 oolecule 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 £, £2 , and 

£550 . 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 tlfila 

cytochrome£ 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£ orientation, the heme in £ss 1 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 £sss, 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 £ 551 . 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 inc and 23-25 in £551 , 

the correspondence between the 60's helix ending in asparagine 70 inc 

with the 40's helix ending in asparagine 50 in £551 , and the carboxy­

terminal helices beginning at residue 87 inc and 67 in c551 . This 

new alignment requires a local three-residue shift to the left to be 

made in the middle of the £551 sequences in the more comprehensive 

Table 2 of Reference 4--that table having been made prior to the high­

resolution structure analysis of £ 551 . It is obvious from the x-ray 

results tha\. leucines 64 and 68, packed against the heme in tuna£, 
~ 

correspond to the similarly placed leucine 44 and isoleucine 48 of 

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 £ sequences and six prokaryotic £551• 

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 

• • h h b h • h 15 • • two rings m w at as een called t e "rig t channel" , positions 10 

and 97 in£ or 7 and 77 in £ 551 , 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 £ 551 . However, 

the tryptophan 59 that is hydrogen bonded to the inner propionic acid 

group of the heme in all molecules of£, £ 550 , and £2 has a functional 

equivalent in tryptophan 56 of £551 , in a way that suggests evolution­

ary convergence. There can be no precise homologue of tryptophan 59 

in £ 551 , since that portion of the chain is involved in the large 

deletion in _s551 • (Residues 40 et seq. in £551 correspond in three­

dimensional structure to 60 et seq. in£, but the two chains just 

before these positions adopt quite different conformations.) Never­

theless, £551 does have a tryptophan residue that occupies a corre­

sponding position in the folded IIDlecule and is hydrogen bonded to 

the buried propionic acid. Its position along the amino acid d1ain 

of £551 , number 56, corresponds to the mid-70's region of eukaryotic 

cytochrome£· 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 £551• 

The environments of the buried and exposed propionic acid groups 

on the heme are similar in£ and £551 , although the results are 

achieved in different ways from a sequence standpoint. The aromatic 

rings of invariant tyrosine 48 and tryptophan 59 in£ are matched by 

invariant tryptophan 56 and semi-invariant phenylalanine/tyrosine/ 

asparagine 34 around the buried propionic group in £551 . 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 £ss 1, 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 £2 

of R. rubnnn,. (but not in any other £2 nnlecule), 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--£, £2, £550 and £551 --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 £551 is the presence of so many pralines arolill.d the heme­

liganding methionine. In Pseudomonas aeruginosa, the sequence is: 
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Trp56--Gly57--Pro58--Ile59--Pro60--Met61--Pro62--Pro63--Asn64 

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 £ 551 using refined coordinates, and the left poly­

peptide is an idealized polyproline helix using coordinates from 

Reference 16. This portion of the chain in £5 51 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 

17 years ago In an introduction to a collagen symposium a few years 

later, G. N. Rarnachandran half-seriously suggested that since the a­

helix and S-sheet fibrous structures had been fomd 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 hi~1ly asymmetric distribution of positively and negatively 

charged side chains that has been remarked for other cytochromes 

3 14 15 . • cyt h 1 c' ' is present m oc rome £ 551 a so. 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 1 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 £, are present here also. Lysines 

10 at the top of the crevice, 21 at the right, and 47 at the left, 

correspond to Jysines 13, 25/27, and 72/73 in eukaryotes. These resi-
.f ~ 

dues are evolutionarily invariant among the six £ss 1 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 £ss1 

belongs in the same evolutionary family with eukaryotic, mitochondrial 

£, Paracoccus £sso, and £2 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 £, £2 , and C550 were the most 

closely related group, and that the £:_551 's with their chain deletion 

at the bottom of the molecule were more distantly related. Among the 

cytochromes £2 from various purple nonsulfur photosynthetic bacteria 

that had been sequenced by Richard Ambler and others18 ,19 were mole­

cules that were as small as eukaryotic £ or as large as £:_550 , but with 

nothing in the size range of £:_551 • Recent work has changed this 

picture (R. Ambler, private corrrrnunication). Sequences have been 

determined for at least one £2 from every formal species listed in 

Bergey's Manua1 20 . In at least two of the three genera, Rhodospiril-

lum and Rhodopseudomonas, Ambler found species containing cytochromes 

c2 that in both size and amino acid sequence appear to be homologous 

~~th Pseudomonas c 551 . It appears that all of these small cytochromes, 

from c5 51 with 82 amino acids to !=_5 5 0 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 C553 of 

purple sulfur bacteria (Chromatiaceae) with 112 amino acids, C555 of 

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

i or £:_55 4 of prokaryotic and eukaryotic algae with 83-89 amino acids, 

and perhaps even the single-heme cytochrome C553 of the sulfate­

respiring Desulfovibrio with 82 amino acids. Salerrrrne has recently 

reported the folding of the polypeptide chain backbone in cytochrome 
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C555 of 01.lorobium thiosulfatophilum21 as obtained from an unrefined 

MIR analysis at 2.7 A resolution, and it is apparent that this back­

bone is virtually identical with that reported for Pseudomonas C551 

in Reference 4 and this paper. The same large deletion is observed 

at the bottom of the molecule, and from ti1e ribbon drawing of the 

£555 chain path, the heme appears to be tilted forward as in £551• 

One interesting difference observed in £ 555 is that the tryptophan 

hydrogen bonded to the buried propionic acid (R. Salernme, private 

communication) is present in the same position along the chain in 

eukaryotic cytochromes £ and all published £55 5 sequences, even 

though these two proteins probably are the most distantly related in 

an evolutionary sense. The shifted tryptophan observed in C5 51 may 

represent a special adaptation in the Pseudomonads. 

The proqable evolutionary relationships between the cytochrome£­

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: £555, £2, £s51, £550, and 

£, 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 (£551) 

and cyanobacteria or blue-green algae. The "large" form of cytochrome 

£, 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 



272. 

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 rorphological similarity matched by a bio­

chemical similarity: all members perform either photosynthesis or 

respiration or both, all possess electron transport chains with a 

cytochrome£ near the high-potential end, and all of these cytochromes 

£ 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. 



273. 

REFERENCES 

1. Horio, T. , Higashi, T. , Sasagawa, M. , Kusai, K. , Nakai, M. , and 

Okunuki, K., Biochern. J. 7]_, 194-201 (1960). 

2 . .Ambler, R., Biochern. J. 89, 341-349 and 349-378 (1963). 

3. Tirnkovich, R. and Dickerson, R.E., J. Biol. Chern. 251, 4033-4046 

(1976). 

4. Dickerson, R.E., Tirnkovich, R., and Almassy, R.J., J. Mol. Biol. 

100, 473-491 (1976). 

5. Needleman, S.B. and Blair, T.T., Proc. Nat. Acad. Sci. USA, 63, 

1227-1233 (1969). 

6. Dickerson, R.E., J. Mol. Biol. ~' 1-15 (1971). 

7. McLachlan, A.D., J. Mol. Biol. §1_, 409-424 (1971). 

8. Dayhoff, M.O., Atlas of Protein Sequence, Vol. 5, Suppl. 2, ,. 

pp. 26-27, Washington (1976). 

9. Dickerson, R.E., Weinzierl, J.E., and Palmer, R.A., Acta 

Crystallogr. B24, 997-1003 (1968). 

10. Chambers, J.L. and Stroud, R.M., Acta Crystallogr. B33, 1824-

(1977) . 

11. Swanson, R., Trus, B. L., Mandel, N., Mandel, G., Kallai, O.B., 

and Dickerson, R.E., J. Biol. Chern. 252, 759-775 (1977). 

12. Takano, T., Trus, B. L., Mandel, N., Mandel, G., Kallai, 0. B., 

Swanson, R., and Dickerson, R.E., J. Biol. Chern. 252, 776-785 

(1977). 



274. 

13. Mandel, N., Mandel, G., Trus, B.L., Rosenberg, J., Carlson, G., 

and Dickerson, R.E., J. Biol. Chem. 252--in press 1977. 

14. Salemme, F.R., Freer, S.T., Xuong, Ng. H., Alden, R.A., and 

Kraut, J., J. Biol. Chem. 248, 3910-3921 (1973). 

15. Dickerson, R.E., Takano, T., Eisenberg, D., Kallai, O.B., 

Samson, L., Cooper, A., and Margoliash, E., J. Biol. Chem. 246, 

1511-1535 (1971). 

16. Sasisekharan, V., Acta Crystallogr. g, 897-903 (1959). (Note: 

The ~ coordinate of 0(1) in Table 5 should have a negative sign.) 

17. Szent-Gyorgyi, A.G. and Cohen, C., Science, 126, 697-698 (1957). 

18. Ambler, R. P., in CRC Handbook of Biochemistry and :Molecular 

Biology, 3rd edition (G.D. Fasman, ed.), Proteins Section, 

Vol. III, pp. 294-298 (CRC Press, Cleveland, 1976). 

19. .Arnbler,:·R.P., Meyer, T.E., and Kamen, M.D., Proc. Nat. Acad. Sci. 

USA, 73, 472-475 (1976). 

20. Buchanan, R.E. and Gibbons, N.E. (eds.). Bergey's Manual of 

Determinative Bacteriology. 8th ed. (Williams and Wilkins, 

Baltimore, 1974). 

21. Korszw1, Z.R. and Salernrne, F.R., Proc. Nat. Acad. Sci. USA 

(1977) - -in the press. 

22. Brock, T. D., Biology of Microorganisms (Prentice Hall, New 

Jersey, 1970), pp. 579-606. 

23. Dickerson, R.E. and Timkovich, R., in TI1e Enzymes, 3rd edition 

(Paul Boyer, ed.), Vol. XI, pp. 397-547 (Academic Press, New 

York, 1975). 



275. 

TABLE 1. Hydrophobic heme contacts in cyt.ochromes £ and £s51 

Cytochrome £ Cytochrome £551 
'I'l.ma 60 Eukaryotes P. aeruginosa 6 Prokaryotes 

Phe 10 60 Phe Phe 7 5 Phe, 1 Tyr 

Pro 30 60 Pro Pro 25 6 Pro 

Leu 32 60 Leu 'I'yr 27 3 Phe, 2 Leu, 1 T'yr 

Leu 35 51 Leu, 5 Ilu, 2 Val, 2 Phe Val 30 6 Val 

Leu 64 57 Leu, 2 Met, 1 Phe Leu 44 5 Leu, 1 Ile 

Tyr 67 59 T).'T' 1 Phe No heme contact in £551 

Leu 68 60 Leu Ile 48 6 Ile 

Pro 71 60 Pro Gly 51 6 Gly 

No heme contact in C Pro 62 6 Pro -

Phe 82 60 Phe No heme contact in £551 

Ile 85 36 Leu, 24 Ile Val 66 6 Val 

Leu 94 58 Leu, 2 Ile Leu 74 6 Leu 

Val 95 55 Ile, 4 Val, 1 Leu Ala 75 6 Ala 

Leu 98 57 Leu, 3 Met Val 78 4 Val, 2 Ile 

Eukaryotic cytochrome£ sequences from Tables IX and X of 

Reference 23, prokaryotic £551 sequences from Table 2 of Reference 4. 
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TABLE 2. Aromatic side chains in cyt.ochromes £ and ,£551 

Cytochrome £ Cytochrome £551 
Tuna 60 Eukaryotes P. aeruginosa 6 Prokaryotes 

Phe 10 60 Phe Phe 7 5 Phe, 1 TyT 

Not aromatic Tyr 27 3 Phe, 2 Leu, 1 Tyr 

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

Not aromatic Phe 34 3 TyT, 2 Asn, 1 Phe 

'I'yT 46 33 TyT, 27 Phe Deletion region 

Tyr 48 60 TyT Deletion region 

Trp 59* 60 Trp Trp 56* 6 Trp 

Tyr 67 59 Tyr, 1 Phe Not aromatic 

Tyr 74 58 Tyr, 2 Phe Not aromatic 

Phe 82 60 Phe Not aromatic 
~,'f 

Tyr 97 59 TyT, 1 Phe Trp 77 6 Trp 

1:Molecular convergence: same position in three dimensions, al though 

different positions along polypeptide chains. 



277. 

FIQJRE CAPTIONS 

FlQJRE 1. (a) Section through the heme group, from the 

multiple isoITDrphous replacement electron density map of Pseudomonas 

aeruginosa cytochrome £ 551 . Herne coordinates as obtained from the 

MIR rna.p are superimposed . (b) Section through the heme group in the 

final (2F - F) map from the refined structure, with the refined co-o C 

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 

P)TTOle ring. The two propionic acid groups e:>-.-tend out of the 

sectioning plane at the upper right corner. 

FIGURE 2. Stereo drm,;ings of the main chain backbone, heme, 

and key side chains in £s 51 • (a) Front view, ·with the main chain 

oriented as in the stereos of£, £2 , and £sso 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 £ 1S. Residues 58-63 

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

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

chrome c 551 from P. aeruginosa and (b) cytochrorre £ from ttma. The 

basic oolecular folding is the same. One can thinlz of making £s s 1 
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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 ~~th 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 ttma cytochrome£ 

and P. aeruginosa £s 5 1 , made on the basis of the x-ray analyses. 

Brackets v;ith o: indicate regions of a helix. Ala 17-Ile 18 in £ss 1 

are considered a-helical because they make the proper hydrogen bonds 

to the beginning of helix 26-34 . 

.. 
FIGURE f . Stereo pair dra¼~ngs of an idealized polyproline 

threefold helix (left in each stereo pair) and the £ss 1 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 cheTIDautotrophs, 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 £ 

that are related by structure and probably by descent from a conunon 

ancestral gene. For oore discussion and justification, see References 

4 and 23. Abbreviations: GSB = Green sulfur bacteria, PSB = Purple 

sulfur bacteria, PNSB = Purple non-sulfur bacteria, ~ITTO = Mito­

chondria, PARA= Paracoccus, PSEU = Pseudomonas, BEGG= Beggiatoa 

and related gliding bacteria, BGA = Blue-green algae or Cyano­

bacteria, o-ILO = Oiloroplasts, DESUL = Desulfovibrio. 
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FIGURE la 
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FIGURE lb 
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FIGURE 2a 
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FIQJRE 2b 
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FIGURE 3a 
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FIGURE 3b 
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FIQJRE 5 
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FIGURE 6 
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APPENDIX III 

Refinement History of Cytochrome Css1 



R Pactor • 48.6 

4J,J 

290. 

CYTOC!!R0II!! ~
551 

RUINl!Y.ENT KIST0RY 

•• Wire ■odel built to 2,4i roeolution ~derivative •-I.R. map and 
a co■plrto Ht to _s4J1 Peale (to 1•96A rHolution) ova.luated 

.... 
9 computer cycles of shift■ and constraint• in •.I,R. map 
including 8 ahitt• and 14 conatraints 

Pir■ t (P ob• - P calc) ¢ calc ■ap calculated 

II computer cyelu of conatrainH 6 P refine■ent 
including 7 ahift■ and 7 con■traints 

Tnparature h.ctore tor hno decraued <5i, .. 1•7, l!protein•14) 

J),7 •• • lli.nimap I plotted and coordinate■ adjuatod (Paeo016) 

R • J6 . 2 after coordinate adjuat■ents 

5 computer cycles ot constrained 6P retine■ent 
including 5 shift• and 5 constrtlnta 

Begin t1■poraturo factor retine■ent 

Eliminate reflectiona with Pobs • 0 (-'1.R • -2.9, # retl . • 5050 ) 

Add 19 sol vent ■oleculu (-'I. R • +o. 20) 

25.8 •• •• •ini.Joap II plotted and coordinate and solvent adjusted (Paco0J1) 

2 solvents deleted and 18 solvents added (total of J5) 

21.5 .... 

R • J0.0 after coordinate and solvent adjuatmenta 

10 computer cycle• ot constrained 6P refinement 
including 10 ■hitts and 9 constraint■ 

!liminated reflection■ with d)7.oi (-'I. R • -0,70, # ren. • 490) ) 

Eliminated reflections with P obs< ;;i..,- (unob■erved) (6 R • -1. J, 
I ren. • 4625) 

U.niaap·Ip plotted and coordinate and solvent adjusted (Paco048) 

18 eolvents deleted and 25 solvents added (total ot 42) 

R • 26.4 after coordinate and aolvent adju■ t■ents 

13 coaputer cycles ot constrained 6 P refinement 
including 1) al',itta and 9 constraint■ 

Difference between planar Pe and non-planar Po R Factors • -0,6~ 

18,9 .... lli.ni■ap IV plotted and coordinate and aolnnt adjusted (Paco065) 

1J aol..-ent■ deleted and 2J . ■olYanta added (total of 52) 

17.5 .. 
R • 22.2 after coordinate and eolvent adJuet■ente 

12 computer cyclu of conatrained 6 P refine■ent 
including 12 ahilte and 5 conatrainte 

•W■ap Y plotted and coordinate and aolvent adjuated (Paco078) 

15 aolventa deleted and 5 aolventa added (total of 42) 

R • 21.1 after coordinate and aolvent adjust■ento 

15 co■putar cyclH of cone trained 6 P refinement 
including 15 ahitta and 1 conatraints 

6 P ■ap grid interval decreased fro■ o.s5i to o.5oi 

16.2 .... Pinal coordinates 
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