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In the centrosymmetric zone, RK and Re differ only 
by a normalizing denominator: 

I: JLIFI 
RK =Re _!_i~I_ __ 

• J; IFPI1I . 
hk/ 

Kraut RH. values were calculated in the work to follow. 
These can be converted roughly to Re's by multiplying 
by 3·3 for Pt, 5·0 for Hg, and 3·6 for the double deriva
tive. 

The 'four-data' check sign set was the result of the 
combination of the Pt30w data, another 1: 1 Pt/cyto
chrome mole ratio set photographed at six weeks 
(Pt6w), and Hg photographed at one week (Hglw) and 
again at fourteen weeks (Hgl4w). Scale factors, x and 
y, coordinates and degrees of substitution, A, were re
fined until no further significant changes occurred. The 
duplicate heavy atoms refined to the same sites to 
within 0·05 A but differed in degree of substitution, 
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Figures of merit and Kraut Rg values arc listed in 
Table 4. The 'five-data' set of Table 4 consists of the 
.above four and the double derivative. 

Difference Fourier maps were calculated with indi
vidual terms both unweighted and weighted with the 
fi gure of merit for each reflection. No practical advan
tage was seen in the weighted maps in terms of added 
information or detail; moreover these maps had the 
disadvantage of having peak heights reduced by a fac
tor of around 0·6 (the mean figure of merit). All miJ.pS 
shown in this paper are unweighted. 

A complete series of cross difference maps was cal
culated, using parent protein signs determined from 
one derivative and LIF values from a different deriva
tive. In this context, the expression 'mercury signs' is 
to be interpreted as meaning the signs of the parent 
protein obtained by using the mercury derivative data 
alone, and not the signs of the mercury atom contribu- 1 

tion itself. Crossover terms, where Fpn and Fp have 
opposite signs and where the heavy atom contribution 

(b) 

(d) 

Fig.1. (tf.F)2 di fference Pa tterson maps of horse heart cytochrome C in hkO projection at 3 A resolution. All maps are to the s1t mc 
arbitrary scale. Contour in tervals are marked in the lower right corner and the height of the origin peak in the upper left. The 
zero contour is dashed. Coordinates 11 (horizontal) and v (vertical) run from 0 to t . with the origin in the upper left corner. 
(a) PtC1.,2- derivative (Pt30w) .~Interpreted as arising from a single) Pt site perimolecule. The expected"single peak is mar ked 
by x and the double peak by #. (b) PtC1,2- map as in (a) but with the innermost 20 of the 180 reflections omitted. ?' lote. 
the essential similarity to (a). (c) Mersalyl derivative (Hg14w). Single site, peaks_ indicated as in (a). {d) 'Null Patterson' map 
comparing two unrelated sets of parent cytochrome data to give some idea of the experimental noise level. · 
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is equal in m[,gnitude to the sum of the magnitudes of 
FPH and Fp, were rare and unimportant, and were 
neglected in the difference maps. 

Valid derivatives: platinum and mercury 

Fig. l shows the (L1F)2 difference Patterson projections 
down the c axis for Pt30w, Hgl4w and for one set of 
parent cytochrome data against another independent 
parent set. This last map, Fig. l(d), provides an esti
mate of the amount of background noise to be expected 
from errors in intensity data, and suggests that fea
tures over 50 to 100 in the other maps are probably 
to be ascribed to genuine structural changes between 
parent and derivative and not to experimental data 
error. The double peak at (x+y,y-x) is plain in both 
Pt and Hg maps, as is the single peak at (2x, 2y). Initial 
mean figures of merit (Table 4) from phase determina
tion were around 0·4 for each of the derivatives taken . 
alone, and 0·46 for the combination. 

L1F difference Fourier maps of three types for Pt and 
Hg are shown in Figs. 2 and 3: self-sign maps using 
signs determined by the derivative in question [Figs. 
2(a) and 3(a)], cross-sign maps using signs determined 
by the other derivative [Figs.2(b) and 3(b)], and check 
maps using refined four-data signs [Figs. 2(c) and 3(c)]. 
The self-sign maps give the best reproductions of the 
assumed peaks, of course, but prove nothing. Feedback 
of the initial assumptions in such cases is at its strongest, 
and any peak chosen at random for sign determination 
would have reappeared on the map and given the appear
ance of being 'confirmed' (see Fig. 9(a), for example). 
The real confirmations of the two derivatives are their 
cross-sign maps. There is no reason for a peak to show 
up where it does in Fig.2(b), for example, unless: (a) 
the L1F's are meaningful because of the correctness of 
the Pt derivative, and (b) the signs arc meaningful be
cause of the correctness of the Hg derivative. The self
sign Pt map, because of its bias in favor of a single-site 
Pt model, actually obscures information. The improve
ment in RK for Pt30w in Table 4 from 17·5 to 13·4% 
is mainly a result of the addition of a half-weight 
secondary site immediately to the right of the principal 
site [refined position at x in Fig. 2(a)]. The asymmetry 
of the Pt peak is most pronounced iri the cross-sign 
map, and the secondary site is Jess marked relative to 
the primary site in just that map whose signs are most 
heavily influenced by a one-site model. 

The maps obtained using the two-derivative sign set 
and the refined four-data sign set (Figs. 2(c) and 3(c), 
and Table 3, A) offer no proof of derivative correctness 
beyond that of the cross-sign maps in spite of their 
improved appearance. This improved appearance 
arises from the introduction into the sign analysis of 
just-those sites whose validity is being tested, plus the 
further advantage of least-squares fitting of the as
sumed models to the data. It is no surprise that they 
look superficially better. It is true that the least-squares 
program will often refine the effective substitution 

number of an incorrect site to zero (see erronium trials, 
below, and also Dickerson & Palmer, 1967). But it 
cannot add an omitted site, and the use of refined full
derivative signs clouds the proof by interrelating what 
would otherwise be two totally independent demon
strations of correctness. 

The only L1F difference maps which are really worth 
anything in proving out derivatives, in summary, are 
the cross-sign maps in which the sign set used has no 
dependence upon the parameters of the derivative 
whose validity is being tested. Self-sign maps are utterly 
worthless except as journal illustrations. 

An example of an incorrect interpretation: PdCl~

Fig. 4(a) shows the difference Patterson map b1:lwcen 
crystals in 4·3 M mixed phosphate buffer and similar 
crystals with PdCJi- added. A study of the effect of 
medium on IL1F1ikol in ammonium sulfate and in 4·3 
and 5·0 M phosphate buffer showed that, allhough 
several of the low-order terms changed in intensity, 
only the 100 and 110 reflections actually changed sign. 
This change of sign was accounted for in all the L1 F 
maps to follow. The 'interpretation' of the Pd map 
will illustrate some of the potential hazards of the 
process. 

Although this Pd map is noisier than either of the 
Pt or Hg maps, it can be fitted by a two-site model. 
These two sites, marked A and B in Fig. 5, account for 
the peaks in Fig.4(a) which are marked by x, IJ., 
or *. Only the two satellite peaks below and to the 
upper right of the very large peak near the origin are 
unexplained. If the data are cut off at 6 A resolution, 
then these peaks merge .and the interpretation is even 
more convincing. At 4 A the peak heights are very 
nearly correct; the highest peak is interpreted as the 
near-superposition of two double peaks, the next two 
as near-superpositions of a double and a single, and 
the next two as double sites. With due allowance for 
origin diffraction ripple, experimental error particu
larly in low-order reflections, and a certain degree of , 
non-isomorphism, it is easy to be persuaded that the 
interpretation is right. 

The Pd self-sign difference Fourier map [Fig. 6(a)] ' 
· supports this conclusion and even suggests a minor 
third site, C. With two exceptions, all ten of the new 1 

C-C, C-A and C-B vectors required do show up on 
or near features <?f the Patterson map. Nevertheless, 
this interpretation is wrong from start to finish, and 
it is important to see what kind of warning signs reveal 
this. 

The first sign of trouble is the low figure of merit 
for the Pd derivative taken alone, 0·3 as compared 
with 0·4 for Pt or Hg. Admittedly, the absolute value 
of the figure of merit is a shaky measure of correctness. 
Experiments with cytochrome C and with triclinic hen 
egg-white lysozyme suggest that the mean figure of , 
merit rises sharply with (a) the number of cie1iv::.~iv.:s,. 
(b) the number of sites per derivative, (c) the number 
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(a) 

(b) 

1925 

(c) 

Fig.2. LJF Difference ekctron density projections using 
platinum LJF's and the sign sets indicated. These maps and 
all LJF maps to follow are on the same arbitrary scale. The . 
contour interval in each map is given in the lower right 
corner and the height of the main peak in the lower left. 
Zero contours are dashed. Coordinates x (horizontal) and 
y (vertical) run from 0 to t, with the origin in the upper 
left corner. All maps arc ;unweighted. (a) Pt signs. (b) Hg 
signs. (c) 4-Data signs. 

(a) 

(c) 

Fig. 3. LJF difference electron density projectrons using mercury i 
LJF's and the sign sets indicated. Same conventions and · · 
scale as Fig.2. (a) Hg signs. (b) Pt signs. (c) 4-Data signs. 
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o:' parameters adjusted by least. squares per site (such 
:<. s ::.nisotropic temperature factors), and (d) the extent 
t0 which the r.m.s. errors in the derivatives arc undcr
csti:11ated. As an example, the mean figure of merit 
for a three-dimensional phase analysis at 6 A of tri
clinic hen egg-white lysozyme using three derivatives 
with 5, 6, and 6 sites was 0·83 (Dickerson & Steinrauf, 
unpublished), yet the analysis is now believed to have 
been at least partially in error. In a variant of this 
particular test, when the same lysozyme data were used, 
with the same number of sites in the three derivatives, 
but with atomic coordinates chosen from a table of 

100 

(a) 

Fig.4. (L1F)2 Difference Patterson maps of the PdC!42-

derivative in 4·3 M phosphate buffer against parent crystals 
in 4·3 M phosphate buffer. Same conventions and scale 
as Fig.1. (a) Full 4 A data. Expected peaks are marked as 
follows: 
x * Single and double peaks from sites A and B taken 

individually as shown in Fig. 5. 
- # Cross vector peaks between sites A and B. 

O © Single and double peaks from site C of Fig. 5. 
/::,, Cross vector peaks between site C and site A or B. 

(b) Same as (a), but with the innermost 20 reflections omitted. 
Compare the destruction of features of (a) with the analogous 
Pt maps [Fig. l(a) and l(b)]. 

random numbers, the mean figure of merit was 0·69. 
But in spite of the problems in interpreting absolute 
values of m, the relative values and changes in mean 

.Fig. 5. Heavy atom s'itcs. Same axis conventions as for L!F 
maps. Sites are: Etl Pt; /::,, Hg; x Pd (3 sites); D Erronium. 

(a) 

Fig.6. LJFDifference electron density projections using Pd Li F's 
and the sign sets indicated. Same conventions as Fig.2. (a) 
Pd signs. (b) 4-Data signs. The two principal sites arc 
marked by t:,,, and their sym~etry-related alternates by+. 
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figure of merit during the course of analysis are useful 
in differentiating between good and bad derivatives 
under controlled conditions. 

The clearest indication of trouble comes from the 
LJF maps. The Pd difference map with four-data signs 
[Fig. 6(b)] fails to reproduce the Pd sites, either as 
originally chosen or with a shift of origin by (-},-}, 0). 
Instead, 'ghost' Pt and Hg peaks appear, reflecting the 
fact that, although the sign set is a reasonably correct 
parent protein set, it has\ been biased in favor of the 
Pt and Hg sites used to obtain it. In the corresponding 
map using Pt signs alone, the Pt ghost peak becomes 
stronger at the expense of the Hg, and with Hg signs the 
reverse is true. The Pt and Hg difference maps using 

i Pd signs (Fig. 7) fail to reproduce the Pt and Hg sites, 
and the Pt map appears to have ghost Pd peaks as well. 

In addition to these direct space tests, a test in recip
rocal space of agreement between hkO signs determined 
by Pd and those from Pt, Hg, or any combination of 
them, demonstrates the incompatibility of the Pd set. 
A symmetry-permissible shift of origin in Pd by G·,},O), · 
resulting in the reversal of sign of all reflections with 
h+k odd, is of no help, and the conclusion must be 
drawn that either the Pd or the Pt and Hg taken to-
gether are wrong. . 

The Pd trials illustrate one of the pitfalls of inter
preting difference Patterson maps, namely the ability 
to fit anything with enough concentrated effort. With 
two assumed sites per molecule, in space group P4i. 
there will be six double peaks and two single peaks 
in the quadrant shown. With three sites per molecule, 
there will be three single peaks and fifteen double peaks. 
With such a great number of peaks available and with 
the low order 'checkerboarding' effect discussed below, 
seme kind of a fit or another is assured. 

At low resolution, and especially in projection, errors 
in a handful of low•order reflections can introduce 
serious error ripples into the difference Patterson map. 
If only one or two terms are involved, the erring re-

flections can be identified, but if several are acting in 
concert, it may not be apparent that low-order error 
fringes are the cause of the observed peaks. Errors in 
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Fig. 7. (a) Pt and (b) Hg .dF difference maps wilh Pd sla:ns. 
Expected heavy atom sites arc marked with a +, ' 

Table 3. Peak heights in LJF difference electron densi!Y mq.ps 
A. Pt30w difference maps 

Signs: Pt Hg Pt+Hg 4-Data Pd Err 
Pt peak heights: 2353 1394 2067 1925 (-700)t (O)t· 
Heights with Err•;. 2139 1231 2134 

B. Hgl4w difference maps 
Signs: Pt Hg Pt+Hg 4-Data Pd Err 
Hg peak heights: 715 1625 1553 1551 (-50)t (142)i" 
Heights with Err•: 919 1425 1423 

c. Erronium difference maps 
Signs: Err Err+Pt Err+Hg Err, Pt, Hg 4-Data 
Err peak heights: 1234 700 677 (345)t (-16)t 

D. Double derivative difference maps 

Signs: 
Pt peak heights: 
Hg peak heights: 
Pt/Hg ratio: 

Pt 
1711 
283 

6·05 

Unweighted maps 
4-Data Hg 

1642 1232 
722 803 

2·28 1-54 

Weighted with figure .of merit 
Pt 4-Data Hg 

11.44 1367 643 
167 603 S62 

6·85 2:27 1-14 

• Peak heights obtained from sign sets after erronium is added to the analysis. 
t. No lor.ger the highest feature on the difference map. 
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somewhat higher order terms in tetragonal space 
groups lead to the grid pattern of fringes which Kraut 
calls 'checkerboarding'. 

If it proves possible to fit an . eight-atom model -
two per molecule - to 8 x 7 = 56 peaks in a three-di
'rnensional difference Patterson map, the temptation to 
accept it as valid is strong. But the danger lies in the 
fact that the nodes or intersections of a set oflow-order 
error fringes themselves will form a vector set. In the 
presence of such features, one will automatically be 
able to find four, or six, or eight atomic sites which 
will explain peaks which are really nothing more than 
low-order fringe nodes. However, an atomic site set 
obtained in such a way will itself tend to show the 
regularity of the error nodes, with sites falling in paral
lelograms or on a small number of parallel lines. This 
may be the proper explanation of the difference Pat
terson map of the Hgii- derivative of triclinic lysozyme 
shown in Fig. IO of Dickerson (1964). 

The simplest way to see if the inner reflections are 
producing fake detail is to leave them out and see what 
happens to the map. The Pt and Pd difference Patter-

Fig. 8. (LJF)22 Patterson map of the double derivative with Pt 
and Hg diffused in simultaneously. Pt- Pt and Hg-Hg single 
and double vectors are indicated by x and ~F, Pt-Hg 
double weight cross vectors by #. 

son maps of Figs. l(b) and 4(b) differ from those of 
. Figs. l(a) and 4(a) only in having the innermost 20 of ! 

the 180 reflections removed - all those within the 11 ·5 A 
limit. The features of the Pd map are now obl iterated, 
leaving nothing but noise. The Pt map is virtually un
affected. As the null Patterson of Fig. l(d) indicates 1 

that the features of the Pd map arc higher than the 
experimental noise level, the peaks of Fig.4(b) most 
probably arise from extensive non-specific or at least 
multi-specific binding to the protein, and the derivative 
is useless. 

A valuable control: the double derivative 

The best check on the validity of two individual deriva
tives is the simultaneous introduction of both sites into 
the same crystal. Now, in addition to the self peaks, 
there must appear the cross peaks in the difference 
Patterson map. It is difficult to see how a fortuitous 
combination of error ripples of the type discussed in 
the previous section could produce just the required 
peaks in the individual maps, and then these peaks 
plus just the right extra peaks in the double derivative 

· Patterson map. Fig. 8 shows such a difference Patter
son map for the simultaneous Pt/Hg double derivative. 
The cross peaks ( ~F) show up exactly where they are 
predicted to be, and the assumed model explains all 
of the highest features of the map. 

An example of the greater sensitivity of the weighted 
maps to feedback errors is provided by the Pt/Hg peak 
height ratios in difference Fourier maps of the double 
derivative using sign sets from various sources (Ta
ble 3, D). When the sign set has been obtained from 
a single · derivative corresponding to one of the two 
sites, that site is emphasized in the difference ri1ap at 
the expense of the other, leading to peak ratios in the 
unweighted maps ranging between 6·05 and l ·54. The 
final refined value was 2·8, close to that produced by 
the four-data sign set. The weighted maps, although ' 
producing .the same nearly correct value with the four
data signs, exaggerate the emphasis on the sign·deter• 
mining site when single-derivative signs are used. 

Table 4. Reciprocql space test o.[ derivative quality 

R,. 

Derivatives m Pt6w Pt30w Hglw. Hgl4w . Double Other 
Pt30w, unrefined 0·370 17·0 
Hgl4w, unrefined 0·396 10·6 
Pt+ Hg, unrefined 0·459 19·0 12·4 
Four-data, refined 0·575 15·5 17·5 ' ,. 11-3 . 11-1 
Double derivative, 

unrefined 0·328 ·17·9 
Five-data, refined, 

with secondary Pt site 0·641 12·6 13·4 ·11;1 10·7 13·8 

Palladium unrefined 0·291 . ' 15·3 
Erronium, unrefined 0·272 17·4 
Err+Pt 0·360 19·2. 22·9 
Err+Hg 0·361 12·3 23·3 
Err+ Pt+ Hg, unrefined 0·430 19·9 12·9 26·5 
Err+ Pt+ Hg, refined 0·485 16·9 . 10·8 . 21 ·0 
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The effect of a wrong deriv~itivc 
on subsequent analysis: crronium 

The checks discussed above should ordinarily be suf
ficient to exclude a wrong interpretation. But what 
would be the effect of adding a totally erroneous de
rivative to the sign analysis? How serious would the 
feedback problem be, and at what point would the 
mistake be discovered? 

To answer this question, such a site was selected and 
was used with the Pd data with the four innermost 
salt-sensitive reflections discarded. The site selected 
(Fig. 5) was chosen so as to be removed from any real 
site, not to be on any obvious low-order fringes which 
included a real site, and not to be compatible with the 
Pd difference Patterson map. This wrong site with its 
now pseudo-random L!F data will be referred to as 
'erronium', Err. Structure factor calculations, Wilson 
plots for A and B, and sign determinations were car
ried out for Err just as for either of the true derivatives, 
and the parameters obtained are given in Table 2. The 
Wilson plot was more ragged than usual, but not dis-
turbingly so. · 

The self-sign map [Fig. 9(a)] is reassuring; the peak 
is almost as prominent as is the Hg peak in its own 
self-sign map. But the addition of either Pt or Hg to 

(c) 

the sign analysis halves the Err peak, and the addition 
of both good derivatives wipes it out altogether [Fig. 
9(b)-(d)]. In contrast, going from either a Pt or a Hg 
self-sign map to the two-derivative Pt+ Hg rr:ap causes 
only a 5-10% drop in peak height. The map with Err 
(or Pd) Li F's and the four-data signs [Fig. 6(b)] shows 
no trace of the Err peak. 

The Pt and Hg cross-sign maps using Err signs show 
no trace of the expected peaks (Fig.10). But the :1ddi
tion of Pt to Err in the sign analysis brings in the r1 :sul
tant Pt peak in the difference map almost as strongly 
as with Pt signs alone. In fact, each of the PL maps with 
signs of Pt+ Err, Hg+ Err a nd Pt+ Hg+ Err is nuirly 
as good as the corresponding map without Err (Ta
ble 3, A,B). Exactly the same behavior is observed with 
Hg L!F maps and the corresponding sign sets. The Err 
contribution is so meaningless that to a good approx-. 
imation the sign analysis behaves as if the Err is simply ! 

not there. It only serves as a perturbing source of 
random error which lowers the quality of the maps and 
raises background noise. The relatively small drop in 
mean figure of merit upon addition of erronium (Ta
ble 4) corroborates the unsystematic nature of its con
tribution. 

The refinement program provides the most dramatic . 
evidence of the incorrectness of erronium. Before re-

' 
Fig.9. Erronium .dFmaps with signs indicated. (a) Err signs. (b) Err+ Pt signs. (c) Err+ Hi! signs. (d) Err+ Pt+ Hg signs. 
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fincment, the four-data set gave a mean figure of merit 
of 0·52, and ten cycles of refinement brought this up 
to 0·5S. The Err+Pt+Hg set before refincrnent gave 
a value of 0·43, and ten cycles brought this up to 0·48. 
However, in the course of this refinement the occupancy 
number of the erronium site foil drastically as shown 
in Fig.11. 

Thus, in this example of a bad deriviltive, ti1e bad 
derivative difference map was damaged by the intro-
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Fig.11. Effective atomic numbers or site occu;:mncy numbers 
of Pt, Hg, and Err during phase refinement. 

duction of only one good derivative and was wiped 
out by two; the bad sign set could not pull in the good 
derivatives in difference maps, and the bad site refined 
down towards zero occupancy when permitted to do so. 

Conclusions 

These trials seem to illustrate some fairly general prin
ciples: 

(1) In interpreting difference Patterson maps, there 
is considerable danger of deception by false detail from 
errors in low-order terms, particularly at 6 A resolu
tion. If many sites are required, if vector peaks from 
these sites tend to overlap in multiple peaks, if the sites 
themselves tend to fall on a common plane or to form 
parallelograms or anything like them, and especially 
if the Patterson map is sensitive to the removal of any 
selection of inner reflections, then the interpretation 
should be viewed with mistrust. 

(2) Difference Pa.tterson maps of multiple-site deriva
tives (3 or more per asymmetric unit in P4i. for ex
ample) probably will not be interpretable in isolation 
and will have to be brought in with the aid of other 
derivatives. But this roundabout interpretation must 
then be shown to be compatible with the original dif
ference Patterson map. 

(3) The surest proof of the validity of a derivative 
by difference Fourier methods is a cross-sign map 
using signs or phases which are absolutely untainted 
by information about the derivative in question. 

(4) A completely wrong derivative will have less ef
fect on the phase analysis than might have been ex
pected, especially in the presence of other very gl)od. 
derivatives. Careful use of cross difference Fourier 
maps will reveal the presence of a spurious derivative. 

(5) Trends in the refinement of the substitution 1111m

bers will often point out false derivatives or false 
secondary sites. Although the absolute values of the 
mean figure of merit can be deceptive, relative changes 
in m as derivatives are combined are informative. 

(6) The feedback problem need not be severe. Ghost 
peaks, while sometimes visible', would seldom be con
fused with real peaks unless one were overenthusiastic 
about choosing 'subsidiary sites'. If the minor sites of 
·one derivative turn out to coincide with the principal 
sites of other derivatives, then there are grounds for 
skepticism. 

An investigator who publishes a low-resolution pro
tein structure analysis is asking the reader to take an 
unusually large amount on faith. The results, once ob- ' 
tained, do not necessarily make any obvious chemical 
sense, the usual way of casually judging a structure 
analysis. As a compensation, therefore, the path of 
analysis should be crystal-clear. 

A reasonable minimum standard of publication 
might include the following: 

(a) Complete F data for parent and derivatives. At 
low resolution, this amounts to only 1000-1500 reflec
tions per derivative, a not e~cessive number even by 
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conventional standards. Since these data are the justi
fication for everything else, they should be easily acces
sible to the reader. 

(b) The (L1F)2 difference Patterson map for each 
derivative used, whether it was interpretable by itself 
or not. The map should have marked on it the loca
tions of the vectors expected from the heavy atom sites 
as finally adopted. 

(c) A summary of the manner in which the heavy 
atom sites were deciphered, and in particular how those 
derivatives whose difference Patterson maps were un
interpretable in isolation were pulled into the analysis. 

(d) L1F difference maps for each derivative using 
phases or signs obtained from other unrelated deriva
tives. The parameters of these derivatives should be 
as they were before any refinement in combination 
with the derivative in question. 

(e) Mean figures of merit and other refinement cri
teria such as the Kraut R factor for each derivative 

, separately (or for pairs of derivatives in three dimen
. sions), and for 'the final combination of all derivatives . 

before and after refinement. 
(/) Commentary on any unusual features of the re

fi nement, such as the previously mentioned wiping out 
of the erronium site, which would permit one to judge 
the derivatives. 

The opportunities for self-deception in a low resolu
tion analysis are limitless. If the fundamental difference 
Patterson maps are interpretable, then their publication 
should be a matter of record. If some are not inter
pretable, and if the derivatives are used in the phase 
analysis, then publication of the maps becomes a mat
ter of obligation. Enough supplementary information 
should then be provided to convince the average crys

-tallo-grapher that the derivatives are valid in spite of 
the uninterpretability of the difference Patterson maps. · 
In view of the difficulties of interpreting the final struc
ture, the onlooker may legitimately ask, 'If you don't 
know where you are going, how do you know when you 

are there?' The only answer is that the course of anal
ysis must be so transparent and so obvious that any 
end product, no matter how unexpected in appearance, 
will be accepted. 

We would like to thank Drs Jon Bordner and D avid 
Eisenberg for their help in the calculations involving 
the double derivative, and Miss Lillian Casler for the 
preparation of all of the figures. The authors arc in
debted to the United States Public Health Service for 
their support in the form of research grant GM 12l21, 
under which this work was carried out. One of the 
authors (J.W.) is also the holder of a National Insti
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Horse heart ferricytochrome c has been crystallized in space group P41 with one 
molccule per asymmetric unit andcelldimensions: a= b = 58·45 A,c = 42·34 A. 
A derivative search concentrating on transition m etal complexes, organomercurials 
and labeled carboxymethylation reagents has produced two isomorphous 
single-site derivatives, PtC14

2 - and m ersalyl. D ata from the hkO zone out to a 
resolution of 4 A have been collected, heavy m etal sites found and phases found 
and refined. The refinem ent behavior of mean figure of m erit and Kraut R factor 
has been compared. The hkO projection has been calculated and interpreted, and 
t he interpretation checked with salt difference studies. The molecule appears 
to be a sphere of 31 A diameter, with a center of packed hydrophobic side chains, 
a polypeptide chain framework and an outer covering of packed hydrophilic side 
groups. 

1. Introduction 
Cytochrome c has the dubious distinction at the moment of being the only cyto
chrome member of the mitochondrial terminal oxidation chain which can be isolated 
and charact erized on the molecular level without Joss of function. It is present in all 
aerobic organisms, and must have evolved very early in the history of life on this 
planet. The primary amino acid sequences of cytochrome c from a great many 
species are known (Margoliash & Schejter, 1966), and comparison of them has led to 
some very fruitful speculations on evolution at the molecular level. 

Out of this comparative sequence work has come the observation that some regions 
of the chain, being almost totally invariant across the entire range of species, must be 
absolutely essential for the functioning of the molecule. Other regions, although 
constant for any one species, vary widely from one species to another. Hydrophobic 
residues t end to clust er, as do the great number of basic groups (24 out of 104 in 
horse), and to a certain extent hydrophobic and basic regions coincide. It is a matter 
of some interest to know how these different regions of sequence are arranged relative 
to one another in space. The manner of binding of the heme to the polypeptide chain 
is also of interest, as it is known from chemical studies to be different from that in 
myoglobin or hemoglobin. There is also evidence of a.t lea.st a small change in conforma.-

77 
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tion between ferri- and ferrocytochrome c (summarized in Margoliash & Schejter, 
1966), so that for an understanding of the mechanism of action it becomes important 
to know the structure of both the oxidized and reduced forms. 

As a first step towards this goal, an X-ray diffraction crystal structure analysis has 
been begun on the oxidized form of horse heart cytochrome c, and the results of a 
two-dimensional analysis are reported here, at a resolution of 4 A. The three-dimen
sional 4 A analysis is in progress. 

2. Materials and Methods 
(a) Extraction and crystallization 

Cytochrome c is extracted from frozen horse hearts by the method of Margoliash & 
Walasek (1967), using aluminum sulfate at pH 4·5 rather than trichloroacetic acid or 
sulfuric acid. Under these gentler conditions, a product is obtained which crystallizes from 
90 to 95% saturated ammonium sulfate, 0·5 to l ·OM in sodium chloride, at approximately 
pH 6·2, in a matter of d ays or weeks. The crystals are stable in the range of pH 4·5 to 8·0. 
Approximately 3 months are required for crystals in a new batch to grow to the size 
d esirable for X-ray work (about 0·2 x 0·2 X 0·6 mm). A typical crystal preparation is 
shown in Plate I. 

(b) Crystal data 
The protein crystallizes in t etragonal space group P41 , as prisms of square cross-section 

elongated in the direction of the 4-fold, or c-axis, with length to width ratios of the 
order of 2: 1 to 10: 1. Only (100), (010) faces and faces of the {1 11} class aro observed. 
Unit cell dimensions are: a = b = 58·45 A, c = 42·34 A. Photographs of tho hOl and hkO 
zones are shown in Plate II. The crystal d ensity as measured by flotation in chlorobonzene/ 
bromobenzone mixtures is 1·264 g/cm3 • With tho assumption of 4 molecules/unit cell or 
one/asymmetric unit, the crystal is then calculated to be only 44·9% protein by weight, 
the remainder b eing intermolecular liquid of crystallization. With a molecula r weight of 
12,400 and a unit cell volume of 144,700 A3 , this crystal form has a vol./atomic mass 
unit of 2·92 A3 /a.m.u., which is high in comparison with most proteins and even with 
other crystal forms of cytochrome c itself (Dickerson & Margoliash, manuscript in 
preparation) . It is mathematically conceivable that there could be e.ight molecules per 
cell, in a crystal 90% protein by weight. But the intrinsic unlikelihood of this value when 
compared with other proteins, together with the mechanical softness of the cytochrome 
crystals, their susceptibility to heat disordering as observed by the fading out of tho X-ray 
pattern above 80°F, their shrinkage upon drying and the fact that the diffused heavy-atom 
sites always occur 4 to a cell make such a tightly packed cell untenable. · 

(c) Preparation of derivatives 
The derivatives to be discussed in this paper were almost all prepared by diffusing 

heavy-atom groups into pre-grown crystals, the heavy-atom compounds having previously 
been dissolved in real or simulated mother liquor. In a typical preparation, 2 to 4 ml. of 
crystal suspension in 95% saturated ammonium sulfate 0·5 to l ·OM in NaCl, was placed 
in a small plastic-lidded glass vial. A fresh, m easured (usually near saturation) solution 
of PtC14

2 - or m ersalyl in this ammonium sulfate-sodium chloride mix ture was prepared 
and the pH adjusted to that of the crystal suspension with acetic acid or ammonium 
hydroxide. The correct volume of heavy-metal solution for the cytochrome to metal mole 
ratio desired was then pipetted into the glass vial and the solution gently swirled. The 
final pH was checked and adjusted if desired. The sample vials were stored at 5°0 until 
used for photography. Total concentrations of cytochrome in the crystal suspensions 
before the addition of heavy-metal compounds were typically 0·6 to 1·8 µmoles/ml., 
and the added metal solution was typically 1/10 the volume of the crystal suspension. 
Metal to protein ratios varied from as much as 50 : 1 in some preliminary tests to as 
little as 1 : 1 in the final Pt crystals used for collection of three-dimensional data. In some of 
the early trials, the crystals tended to dissolve partially and then to regrow after addition 
of heavy-metal solution. In view of the quite open packing of the crystal structure, the 
distinction .between diffusion and crystal growth in the presence of heavy-metal was felt 
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to bo unimportant. All crystal preparations were stored at 5°0, but crystals wore mounted 
ond photographed at 20°0. No material improvement in picture quality was seen in 
crystals photographed at 5°C. 

Three m ain typos of h eavy-a tom derivative wore tried: transition motal complexes, 
organomercurials and t agged carboxymethylation reagents. In addition, mixed phosphate 
buffer WM investigated as a possible crystal m edium. In all, 71 potential derivatives were 
t ested in 110 different screening trials in ammonium sulfate by looking for intensity 
changes in 12·5° (4 A) hOl precession camera photographs. Only two compounds produced 
usable changes: PtC14 

2 - and mersalyl: HO-Hg-CH2-CH(O-CH3)-CH2-NH-CO-(o-C6H 4 )-

0-CH2-COON a. 

(i) Transition metal complexes 
Our experience with diffused derivatives seems to have boon in m arked contrast to 

that of many other X-ray groups. Instead of finding many derivatives which produce 
intensity changes, and then encountering difficulty in interpreting the difference Patterson 
maps because of m any sites or non-specific binding, we very rarely found intensity changes, 
but found them always associated with clean single-site binding (see below). This m ay 
be an effect of the abnormally high salt concentration and the difficulty of getting 
all but the most reactive heavy-atom groups into solution and near the protein 
at all. It may also be an effect of the competition of ammonia lone pair electrons with 
potential ligands on the protein for complex formation with the heavy-atoms (Sigler & 
Blow 1965), since the only n ow derivative in ammonia-free m edium, PdC12, was found to 
bind in a multiple and non-specific manner (Dickerson, Kopka, Varnum & W einzierl, l 967a). 

PtC12 worked as well as K 2PtC14 , probably because tho PtC12 picked up 2 more ligands 
to form a square planar complex as soon as it dissolved. The analogous 2 palladous com
pounds in ammonium sulfate solution did not produce intensity changos. Neither did 
PdC16

2 - or any of tho analogous octahedral platinic complexes, with ligands 01-, Br-, r-, 
CN- or CNS- . None of the ammonium, ethylen e diammine or diothylcno triammine 
cation complexes with Pd or Pt which were tried worked; this is not surprising, since the 
protein itself carries a considerable net positive charge in the pH range of stable crystals. 
The gold complex which is isoelectronic with PtC14

2 - , AuC14 - , did not produce intensity 
changes, nor did Au(CNb - . Iridous and iridic h exahalide complexes foiled, as did mercuric 
tetrachloride and tetra.iodide anions. Various other miscellaneous complexes of molyb
denum, ruthenium, cadmium, tin, antimony, tungsten, rhenium, osmium, load, thallium 
and uranium were t est ed without success. 

One of the problems of such a screening procedure is tho pH depondonco of binding. 
Most of the complexes were tried initia lly either at the pH which resulted naturally upon 
their addition or at pH 6 to 7 if the natural pH foll outside tho stable crystal range. Those 
which showed promise in our experience or that of other groups were then retested at a 
series of mole ratios and pH values . Mersalyl was found to bind well to cytochrome cat a 
pH of 6·5 or higher, but poorly below 6·0. Recent work with OsC13 has shown intensity 
changes at pH 4·8 but not at 5·3, 5·7 or 6·6 (mole ratios 5: 1 or 10: 1). Of the compounds 
list ed above, it cannot be said with assurance that no other cytochrome derivative exists, 
but only that it h11S not appeared under reasonable testing. 

(ii) JY[ersalyl analogs and other organomercurials 
After the success of m ersalyl and some slight changes in crystals containing parahy

droxymercuribenzoate, a series of mersalyl analogs was collect ed or synthesized and 
tried with cytochrome c. Those compounds were chosen to have 119 common elements a 
m ercury atom, a benzene ring and a n egatively charged group, and included parachloro
m ercuribenzoate, parachloromercuribenzene sulfonate, hydroxymercuribenzene, para
hydroxymercuriphenoxyacetic acid, 3-hydroxymercuri-4-aminobenzoate, 2-amino-5-
hydroxymercuribenzoate, 2-hydroxymercuri-3-nitrobonzoate, 2-amino-5-hydroxymercuri
benzene sulfonate and 2-hydroxymercuri-5-aminobenzene sulfonate. Nono of them 
produced intensity changes. The work on mersalyl analogs is continuing with heavy
atom modifications of mersalyl itself. Other mercury compounds tried without success 
include p-aminophenylmercuric acetate, phenylmercurio nitrate, mercurochrome, and 
p-chloromercuriphenyl- l-azo-2-naphthol. 
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(iii) Carbo:i,71methylation trials 

Following the lead of Okunuki and others (Ando, Matsubara & Okunuki, 1965,1966a,b), 
several attempts have bean made to label selectively 2 residues, His 33 and Met 65, by 
carboxymethylation reactions using 2 h eavy-atom-bearing bromoacetamide analogs 
synthesized in this laboratory, o-bromomercuribromoacetanilide and 2-bromoacetamido-
5-iodobenzoic acid. They have been observed to react with free histidine and methionine, 
and Okunuki's reaction of the control bromoacetamide with cytochrome has .been shown 
to occur under our experimental conditions. The final link, the reaction of the new labeled 
compounds with cytochrome, has not yet been successful, and further trials are being made. 
The reaction is carried out in a solution of reduced cytochrome c at pH 5 to 8 under a 
nitrogen atmosphere at 20 to 37°C over a period of several days; the products are purified 
on a Bio-Rex 70 column and crystallized. If such an approach can be made to work for 
proteins in general, it offers several advantages over the traditional diffusion methods: 

(a) the heavy-metal would be bound selectively to a known residue and would serve as a 
marker group in the map; 

(b) the group would be covalently bound and would be stable to later diffusion of other 
metals to form double derivatives; and 

(c) being stoichiometrically bound, the group would make the maximum possible phase
determining contribution, and could even be used to place the data on an absolute in
tensity scale. 
To date, the o-bromomercuribromoacetanilide preparations have crystallized well but 
have not shown any changes in X-ray intensities. The 2-bromoacetomido-5-iodobenzoic 
acid products have not been crystallizable so far . The carboxymethylation experiments 
will be reported in detail later if they prove to be successful. t 

(iv) Alternative crystal media 

It was suspected that one reason for the failure of most reagents to bind might be com
petition for metal binding from free NH3 in solution (Sigler & Blow, 1965), and a search was 
made for ammonia-free media. Lithium chloride, sodium and magnesium sulfa.to, Aoclium 
citrate and lanthanum nitrate were all tried, and rejected because of tho impossibility of 
achieving high enough ionic strength to keep the cytochrome crystals out of solution. 

Saturated lan thanum nitrate solution was tried because of its combination of trivalent 
cation, efficient in building a high ionic strength, and a solubilizing anion. Crystals trans
ferred into lanthanum nitrate from ammonium sulfate were not stable; they swelled and 
dissolved in a matter of minutes. But in the process they showed a characteristic warping 
behavior which may permit a tentative guess to be mil.de as to the absolute handedness 
of the 41 and 43 crystal screw axes. As long crystals (axial ratio about 8 : 1) swelled, they 
twisted into right-handed helices. When such a long crystal was viewed ond-on, its far 
end was observed to twist in a clockwise direction. This is precisely the swelling and relax
ing behavior which would be expected from left-handed helices within the crystal, and 
suggests that the true space group may be P43 instead of P41 • 

It was found possible to transfer crystals grown in ammonium sulfate to mixed solutions 
of Na2HP04/NaH2P04 , with total phosphate molarities of 4·0, 4·3, 4·6 and 5·0 M, a 
1 : 1 mole ratio giving a pH of around 5·5 to 6·0. Crystals in 4·0 M-phosphate had to be 
kept at 5°C to prevent solution; the higher phosphate samples were stable for weeks at 

t The Third Derivative 

Turning and tumbling in tho bubbling stream; 
The r eactant cannot bear the reagent; 
Things fall apart; the crystal cannot hold; 
Disorder is loosed upon the world, 
The blood-red block is lqosod, and everywhere 
The symmetry of solid state is drowned; 
The best lack of all cohesion, while the worst 
Are full of passionate intensity. 
Surely some revelation ie at hand; 

(with apologiea to W. B. Yeats) 
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PLA'.l'E I. P h oto111 ic l'ogrnph of crystalline horse h eart fe 1Ticytochrome c. The long axis of t h o 
ctystals is t he c-ax is, and the a- an d b-axes al'e normal t;o t.he prominent side faces. 

[fa ci11(J p . 80 
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(a) 

(b) 

l'LATE II. Precession camer a photograph s of native cytochrome c c rystals . 

(a) hkO at 4 A (µ. = 12·5°). 
(b) hOl, l axis hor izontal , at 2·8 A (µ. = 17°). 
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(a) 

(b) 

PLATE III. Packed-sphere model of cytochrome c crystals based upon a 31 A sphere and the 
evidence of Figs 10 and 11. 

(a) View down the x- or y-axis with the z-axis vertical. 
(b) View down the z-axis. The large open channel is at (0, 0) and the small channel is at (-}, }). 

The spheres lie on the 120 planes through the crystal. 
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room temperature. Photographs of crystals in phosphate showed that the X-my pattern 
was unchanged except for the inner spots, out to approximately fourth order. These 
changes were used for the snJt-effect studies of section 3(e). 

22 different potential heavy-atom derivatives were tried in 4·3 or 5·0 M-phosphato, in 
35 photographic trials. l\forsalyl and Pt·Cl4

2 - gave intensity changes identical to their 
sulfate changes. Three compounds gavo minor and unreproducible changes, but tho only 
new derivative was PdC12 or PdC14

2 -. Both these compounds produced the same extensive 
changes (Dickerson et al., 1967a). But the binding was shown to be either non-specific 
or of such a nature as to distort the isomorphism of the protein, and the derivative was 
rejected. 

(d) Data collection and processing 

The sot of platinum data labeled Pt30w was obtained by adding Pte11
2 - in synthetic 

mother liquor at a final platinum-cytochrome mole ratio of 7·5 : 1 at pH 6, allowing the 
sample to diffuse for 30 weeks, and then taking an hkO photograph. The set labeled Pt6w 
is the hkO part of the three-dimensional Pt data. Crystals for these data were prepared at a 
1 : 1 mole ratio and aged for .6 weeks before photography. The mersalyl derivative was 
prepared in a similar manner at a 10: 1 mole ratio at pH 6·8 and photographed at 1 week 
(Hglw) and again at 14 weeks (Hgl4w). The double derivative was prepared at pH 6·8 
with a Pt: Hg: cytochrome ratio of 1 : 3: 1 and was photographed a:t 7 weeks. All data 
except those for Pt6w were obtained from 12·5° precession camera photographs, using 
CuKcx radiation and a Ni filter. Intensities were measured on a Joyce-Loebl mark III 
microdensitometer and were corrected for Lorentz polarization factors in the usual way. 
All computations were carried out on the IBM 7094 computer using locally written 
programs in FORTRAN IV. 

The radial distributions of F data of parent cytochrome, together with changes produced 
by heavy-atoms, and experimental error are shown in Fig. 1. It can be seen that platinum 

0 0·10 0 ·20 0·30 
S=2 sinB-

Fra. 1. Radial distribution plots of hkO structure factor de.ta.. 

(a.) i\foa.n native cytochrome structure factor divided by 2. (b) Mean j.dFj for .Pt30w clorivo.tive; 
(c) mean j.dFI for Hgl4w; (d) mean j.dFI for the double derivative; (e) mean j.dFj between two 
independent native oytoohrome c films. 
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is a very strong derivative, the mercury contribution is 2 to 3 times the noise level, and 
tha,t the double derivative as prepared here is intermediate in quality. 

Data wore also collected for the parent protein and for Pt and Hg in 4·3 M mixed phos
phate buffer and for parent cytochrome in 5·0 M-phosphate. Ji' data are to be found in 
Dickerson et al. (1967a) for native cytochrome ("Nin AS"), Pt30w ("Pt in AS"), Hgl 4w 
("Hg in AS") and the double derivative, all in ammonium sulfate, and for native cyto
chrome and the Pd derivative in 4·3 M·phosphate. Ji' data for Pt6w and Hgl w in sulfate, 
for Pt and Hg in 4·3 M-phosphate, and for native cytochrome in 5·0 M-phosphate are 
given in Table 1. 

TABL E 1 

Observed structure factors 

P t6 Hg1 NS.O PIP Hg P h k Pt6 Hg1 NS .O PIP Hg P h k Pt6 Hg1 NS.O PtP 

22 . 77 13 . 55 11e.2s 6h86 -1.00 5o l o 65 . 48 56.35 67.28 63 0 !~ 60.8°2 9. 6 . ,3.53 ·s1.3z 41.51 44.58 
5 . '33 26 . 19 74 . 91 3 8 .60 -1.00 5 o 2o 46.51 76 . 0.5 72.43 42.00 · 8'• · 22 9o 1J 4.46 '.J.38 s . os· 4 . 95 
2. so -1.00 29 . 7(} 11.11 26.f,7 5o ,. 36.43 27 . 36 37.53 3s.o;2 29.68 .. e. 15 . l4 19 . 41 12.77 13 . 3z 

-1 . 00 15.71 t a. so 12.26 -1. 00 5. .. 13 . 99 4 . 40 7.41 .. }6.94 4 . 61 •.· 9o 21.es i"3 . 21 t S . 95 14.08 
-1.00 16.64 23.87 3s.az 11·53 5o 5 . s1.16 43.93 42.52 44.15 53 . 29 9.10 . 19e80 lA.02 14.64 19.42 

9 . 40· 13 . 98 16 . 70 3 . 26 17 . 65 5 • •• 46.49 JS,33 2ll.67 36.92 24.116 9.11. 5 . os 5.57 -1.00 4 .. 90 
40 . 39 40 . 13 51 . 64 36 . 9 1 4Cl· 20 5 . 1.; 34 . 73 10.41 13.76 24.67 5.25 9."12. 5.77 3 . 02 - 1.00 4•72 

9 . 76 14 . 16 19 .. 58 . 3.92 20.91 5o a. 36 . 65 28 . 97 29 . :rn 22 . 13 . 22.31 to . Oo 1.16 3.26 6.oo 5~57 
60.63 '55.60 54.3·5 45.52 45.35 s. .. 33 . 12 46 .. "7.6 lt9 . 5l 34 . 99 so . as to . lo 8.95 3. 2 7 4.64 4 . 63 
l0 .. 11 22.15 14 . 23 6.119 2 5 ·41 5.10. 37.43 39.05 37.04 

0

33.60 41 · 79 to. 2 . 26.57 4 . 5 7 1 .. 61 26.23 
38.24 33.?:0 :n.42 31. 74 37.14 5 . 11 . 29.43 17 . 33 - 1.00 29 . 35 2n. 50 lOo 3. 3 . 69• 3. :n '•·71 4 . 67 
48. 73 63.57 -1.00 43.57 62.43 s.·12 . 3 . 87 4,. 73 ...:.1 . 00 s.03 ~ · ?2· . to. 4. 24 . 43 32.!:ib lt0.90 zs . :n 
49.36 28 . 81 -1.00 37.82 26 · 06 5 . 1 3 . -·1.00 28. 7 7 '"- 1 · 00 30."89 28.}8 10· 5. 18.98 14.98 1 2 .44 21 . 06 
12 . ss 15.60 -1~00 1.51 }3e 90 5.14 .. - 1·. oo 12 . ~3 -1 . 00 11 . :'38 11 . 18 lOo 6. 23 . 1, 0 76.118 26.57 17 .. 99 
1 5 . 78 3.2T - 1.00 11 . 11 5.54 s.·15. ..:1 . 0o -1.00 -1 . 00 - 1.00 - .1 . 00 10 . 1. s.01 17.0R 5.24 4,.94 
25.49 26 . 53 -1.00 17 . 27 23 . 48 6 ~ o. 26.92. 120.44 1 7.50 }B.24 16.60 10• s. 46.50 50.94 4 9 . 4 3 38.41 
2 9 e06 2(1.26. 19 .. BB 16.99 35e,38 .. lo 6.11:: 12 . 16 l0.8!) 3.63 21. 70 lo. 9 o 24.65 12.01 .. 1.00 17.66 

2.50 1·67 33•3' .. 20.3n -i.oo ... 2. 2.19 5.24 3.53 3.73 l1e60 10. 10. 30 . 94 28.07- 29e68 26 . 27 
11 . 11 9 . 21 47 . 61 15 . 17 21.03 6. ~ - 3.84 3. 39 8 .97 ·3.5z 4".-71 lOel·l• 16 . 96 27 . 38 -1.00 1e;15 
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(N5.0), Pt and Hg in 4·3 M-phospha.te buffer (PtP and HgP). Data. a.re to the same sea.le as Table 1 
of Dickerson et al. (1967a.) . A value of - 1·00 indicates that the reflection intensity was not mea-
sured. 
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3. Results and Structure Analysis 

(a) Heavy-atom location and sign determination 

The different sets of data were put on the same relative scale by applying a scale 
factor of the form: ](exp(- DS2 ) to the derivative data, where S = 2 sin 0 and the 
scale constants ]( and D for each derivative were obtained from Wilson-type plots 
plots of In { (Fp) / (FPH)} versus S 2

• (Fp will be used for the native cytochrome 
structure factor, FPH for the heavy-atom derivative andfH for the contribution of 
the heavy-atom group alone. Bold-face type will indicate the vector quantities with 
phases or signs; normal type will indicate magnitudes only.) This so-called "level 
scaling" was then modified by an additional scale constant, K' = .L Fp2/.L FpFpm 

"·" "·" applied to the heavy-atom data to produce what is called "Kraut scaling" and to 
allow for the increased intrinsic scattering power of the protein with added heavy
atoms (Kraut, Sieker, High & Freer, 1962). 

Heavy-atom positions for mercury and platinum were found from 

(tl.F)2 = (JFPHJ - JFpJ)2 

difference Patterson maps (Fig. 2). The validity of the two individual derivatives 
was confirmed by the successful interpretation of the double-derivative Patterson 
map, Fig. 2(c), including Pt-Hg cross vectors. Heavy-atom structure factors were 
calculated from: 

fH = .L 2A exp( - BS){ cos 27T(hx + ky) + cos 27T(hy - kx) }. (I) 
H 

The effective atomic number, A, and the radial falloff factor, B, were found by first 
assuming values of l·O and O·O; and then making a Wilson-type plot of 

In{ <Jtl.FJ)/(Jf HJ)} versus S. 

The use of S rather than S2 implies that the density profile in real space is broader 
and flatter than a Gaussian profile. This is reasonable at 4 A in view of the compound 
nature of the heavy group, and was found to give a better straight line than a plot 
against S 2 • Initial unrefined heavy-atom parameters are given in Table 2(a). The mean 
discrepancies between observed .tJF and calculated structure factors, 

(€) = <Jlb.FJ - Jfoll> 

were plotted against S = 2 sin 0 as a measure of isomorphism and the goodness of 
fit of the heavy-atom models. The curve for Hg fell almost exactly atop the experi
mental error curve, Fig. 3(e), and that for PtCI1

2 - was about twice the height of the 
error curve, indicating that the single-site model fits Hg better than Pt. Attempts 
to find the chloride atoms in two or three dimensions at 4 A have been inconclusive, 
but more exact models of the heavy-atom groups will clearly be necessary at higher 
resolution. 

A set of protein signs was obtained separately from each derivative, first by 
inspection and then using the centroid phase method (Blow & Crick, 1959 ; Dickerson, 
Kendrew & Strandberg, 196lb). Each set of signs was then used with values of .tJF 
from the other derivative to calculate a heavy-atom .tJF difference Fourier map. Such 
a cross-sign difference map provides a stringent derivative check which a map using 
signs influenced by the derivative in question cannot do (Dickerson et al., 1067a). 
Figure 3(a) to (c) shows the platinum map with mercury signs, the mercury map with 
platinum signs, and the double derivative map with the best refined set of signs 

- ----------·------ - -
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2525 

(bl 

(c) 

FIG. 2. hkO (LIF) 2 difference Patterson projections for heavy-atom derivatives at 4 A resolution. 

All m aps are to the same arbitrary scale. Contour intervals are marked in the lower right 
corner and the height of the origin peak is given at the upper left. The zero contour is dashed. 1 
Co-ordinates u (horizontal) and v (vertical) run from 0 tot, with the origin in the upper left corner. 

(a) PtCl,2 - at 30 weeks; (b) mersalyl at 14 weeks; (o) double derivative, Pt and Hg, at 7 weeks. 
Single and double Patterson peaks expected from the sites of Table 2(a) are shown by single 

and double X's. Pt-Hg cross.vectors ·fu Fig. l(c) are marked by double crosses. 

· 1 
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Fra. 3. Cross-difference Fom•ier maps using .dF values from one derivative and protein signs 
from a different derivative, as a check on derivative validity. 

All three maps are on the same arbitrary scale, with contour interval at the lower right and 
height of the principal peak or peaks at the lower left. Zero contours are dashed, negative contours 
omitted. Co-ordinates x (horizontal) and 11 (vertical) run from 0 to t. with the origin in the upper 
left corner . The maps are not weighted with figures of merit. 

(a) Pt .dF's and Hg protein signs, showing the true Pt site. The true (X}, questionable (+ l and 
false (t.) secondary sites are marked. (b) Hg .dF's and Pt protein signs, showing the true Hg site. 
(c) Double derivative .::!F's and four-data protein signs, showing the Pt site ( + l and the much 
weaker Hg site. 
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TABLE 2 

x y A B J({Kraut) E1t 

(a) Initial heavy-atom parameters from difference Patterson maps and Wilson plots 

PtGw 0·216 O·l!l6 7·00 l·GG O·Ul 6·40 
Pt30w 0·220 0· 200 8· rn 2·42 1·12 4·UO 
Hglw 0·012 0·402 5·00 2-riO 1·00 3·28 
Hgl4w 0·020 0·400 5·80 2·80 1·04 3·21 
Double-Pt 0·220 0·200 7·40 2·83 (1·00) 5·55 
Double -Hg 0·020 0·400 3·22 2·83 (1-00) 5·55 

(b} Final heavy-atom parameters from refinement run 837 
Pt6w lo 0·219 0·199 6·51 1·66 0·94 4·58 

no 0·271 0·204 2·79 1·66 0·94 
Pt30w l o 0 ·218 0·200 7·99 2·42 l· ll 4·15 

uo 0·268 0·204 3·50 2-42 1·11 
· Hglw 0·020 0·399 4·04 2·50 1·02 3·42 

H gl4w 0·021 0·400 5·33 2·80 1·06 3·03 
Double: 

Pt 10 0·216 0·196 6·49 2·83 1·05 5·06 
Pt n o 0·269 0·205 3·95 2·83 1·05 
Hg 0·015 0·398 2·39 2·83 1·05 

t Root-mean-square error estimates taken from preliminary structure factor calculations. 

obtained from the simultaneous use of Pt6w, Pt30w, Hglw and Hgl4w (called the 
"four-data" set) . The appearance of such cross-sign maps is poorer than that of 
self-sign maps, but the latter are useless for verification purposes. 

(b) Improvement of sign analysis with multiple derivatives 

In principle, in a centric projection only one derivative is needed. As several 
· derivatives are added together, however, the sign analysis will improve markedly 

because of the averaging down of the effect of data errors and. errors in interpreting 
the individual derivatives. In order to see the significance of this co-operative improve
ment, signs were first determined individually using the centroid phase program 
and then with increasingly larger combinations of Pt6w, Pt30w, Hgl w, Hgl4w and 
the double derivative. The effect upon mean figure of merit is shown in Fig. 4t, and 
upon Kraut R factor in Fig. 5. 

The two platinum derivatives are seen to be comparable, and the two mercury 
derivatives are themselves comparable and somewhat better than the platinum. 
This is so in spite of the greater intrinsic contribution of Pt, and reflects both the 

'f The m ean figure of merit is a treacherous measure of derivative quality because of its strong 
dependence upon tho choice of tho root-mean-square error, E 1, for each d orivativo. An under
estimation of the E/s loads to a spuriously high value of <m). The question of weights, E/s o.nd 
refinement criteria is considered in Dickerson, W e inzierl & Palmer (1967b). A r easonable choice 
of E 1 for each derivative, j, in a cycle of phase refinement is: 

E12 
= < £i2(cf>n))11 

where £1(c/>8 ) is the lack of closure error for that d orivo.toive at the centroid phase angle from the 
previous phase cycle, and the average is taken over all rofloctions. If the E/s aro adjusted in this 
manner, then the mean figures of merit are at least on t.ho same relo.tive scale and are compar
able with one another. All figures of merit quoted in this paper are after such a1i adjustment of 
E/s. 
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No refinement----... 
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Fm. 4. Mean figures of merit for centroid phase (sign) analyses of the l!lO reflections at 4 A. 
Individual derivatives and various combinations are shown, without and with phase refinement. 

"4-Data" means Pt6w, Pt30w, Hglw and Hgl4w; "5-Data." means these plus the double deriva
tive. 
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Fm. 5. Kraut RK factors for intlividuo.l derivatives. 

Run 82 is with Pt alone, 84 is the so.me run after five refinement cycles. Run 811 is with Pt6w 
and Pt30w, 8 13 is with Pt30w and Hgl4w, and 812 is with Pt6w, Pt30w o.nd Hglw, o.ll unrefined. 
814 is the four-do.to. set before refinement and 815 is the so.me sot after ten refinement cycles. 
831 is the unrefined five-data set and 832 is tho same sot after five cycles. 833 is the result of five 
cycles of refinement in the presence of the true secondo.ry Pt site and 834 is the same but with the 
false secondo.ry site instead. 835 is a. continuation of the true site 833 refinement for five more 
cycles and 836 is a similar continuation of 833 but with the true secondary site now replaced with 
the questiono.ble one (see text and Fig. 3(a.) ). 
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better quality of the Hg data and the closer isomorphism of the Hg derivative. The 
double derivative is the poorest of all. The derivative which is known to be incorrect 
(Pd) and an entirely erroneous derivative (Err) obtained by coupling the Pd data 
with a single site selected at random (Dickerson et al., 1967a), both give mean figures 
of merit significantly worse than even the worst valid derivative. 

In general, the addition of another version of the same derivative raises the mean 
figure of merit by 2·5 to 3·0 percentage points (which merely reflects a reinforcement 
of the initial derivative, whether right or wrong), the addition of the double derivative 
to an analysis already containing both sites (which in a sense is much the same thing) 
raises it by 2%, and the addition of a new derivative at a different site raises (m) 
by 6·5 to 9·5 percentage points. 

(c) Secondary sites and refinement 

Refinement of heavy-atom parameters x, y, A, B, and the derivative datn, scale 
factors, I{, was carried out using a method of minimization of tho weighted sum of 
lack of closure errors which was first used for myoglobin (Dickerson et al., 1!)6la,b), 
and which has since been used successfully with chymotrypsinogeh (Kmut et al., 1962), 
hemoglobin (Muirhead, personal communication) and carboxypeptidase (Lipscomb 
et al., 1966). Details of the method and program are to be found in tho paper by 
Dickerson et al. (1967b). Each cycle of operation involves a centroid phase analysis 
followed by one cycle of full-matrix least squares refinement of the heavy-atom 
parameters holding phases fixed at their just-determined values. Centroid or "best" 
phases and not the most probable phases arc used. The program, written for the 
general three-dimensional case, treats centric reflections in the same way as acentric 
ones, a simpler although less elegant method than the use of a tanh formula (Blow & 
Crick, 1959). The net result in a centric zone is to produce the same signs but a 
systematically lower figure of merit, a relatively unimportant effect in the long run. 

Ten cycles of refinement of the four-data set took the mean figure of merit from 
0·52 to 0·58 and five cycles took the five-data set (with tho double derivative added) 
from 0·54 to 0·59, both from the initial parameters of Table 2(a). Refinement was 
virtually at an end at the end of each run. It was not possible to refine the radial 
falloff constant, B, at such a low resolution, as A and B interacted too strongly and 
blew up together. If B was held fixed at its best Wilson-plot value, then A refined ! . 
normally. 

All of the Pt maps, no matter with what sign set, showed a characteristic elongation 
of the Pt peak to the right as in Fig. 3(a). In some but not all maps, there was a minor 
peak at + in Fig. 5(a), and this was called the "questionable" secondary site. 
Finally, a completely false secondary site was chosen at I::!.. in Fig. 3(a). A comparison 
was then made of the relative effects of true, questionable and false secondary sites 
on two refinement criteria, mean figure of merit and Kraut R factor (Kraut et al., 
1962): 

(2) 

Here Eh1cz is the lack of closure error of the phase triangle of the derivative in question, 
using the protein phase angle determined by all the derivatives together: 

(3) 

The results of these comparisons are shown in Fig. 4 for moan figure of merit and in 
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Fig. 5 for Kraut R factor. Particular attention should bo paid to the difference in 
behavior of <m> and RK upon the addition of the false sites. The mean figure of 
merit is improved slightly no matter whether the new site is good or bad, simply 
because there are more parameters to adjust and more degrees of freedom for refine
ment. RK, in contrast, differentiates clearly between true and false secondary sites. 
In Fig. 5, for example, run S34 is clearly worse than S32, whereas S33 is better; 
and again, S36 is clearly inferior to both S33 and S35. 

Final heavy-atom parameters, from run S37, are given in Table 2(b). Refinement 
by this time had come to a .complete halt. 

TABLE 3 

Kraut RK factors for derivatives 

Pt6w Pt30w Hglw Hgl4w Double 

Initial unrefined 
Table 2(a ) values, 
individual phase 15·8% 17·0 10·9 10·6 17·0 
determinations 

Final 5-data 
refined Table 2(b) 12·6% 13·2 11'1 10·7 13·8 
values 

(d) The hkO Fourier projection 

The hkO Fourier projection resulting from refinement run S37 is shown in Fig. 6. 
The map is weighted with :figures of merit, but the unit-weight map is almost identical 
except for a scale change. One molecule in projection appears as a ring of high density 
around a negative region, approximately centered on the map as shown, and with 
a less deep negative region around it. The 4-fold screw axis projected at (x, y) = (!, !) 
appears quite negative, while the region around (0, 0) for some distance is relatively 
fiat and featureless. The Pt site appears at the upper edge of the molecule, while the 
Hg site appears to the left in what would be a region of overlap of the two molecules 
related across the screw dyad at (0, t). 

In fl5 % saturated ammonium sulfate, the electron density of the medium, 0·407 e/A 3 , 

is almost exactly equal to the mean electron density to be expected through the 
protein molecule, judging from the myoglo bin and hemoglobin results (Cullis, Muirhead, 
Perutz & Rossmann, 1962). If the (000) term is omitted from the Fourier synthesis, 
then this average density will be at the zero contour level. Regions of loose van der 
Waals packing of side chains will show up in three dimensions as negative regions, 
perhaps approaching the figure of crystalline benzene of 0·29 e/A3 • Regions of tight 
covalently bound polypeptide framework will appear positive at 4 A, perhaps up to 
the upper limit observed for a-helix in 5·5 A hemoglobin of 0·9 e/A3 • 

A model structure for the cytochrome o molecule can be developed which explains 
. I 
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Frn. 6. The hkO projection at 4 A resolution of horse heart ferricytochrome c, using signs from 
the best refined parameters of Table 2(b) . 

The map is weighted with figures of merit. Axis conventions are as in Fig. 3. The contours are 
at intervals of 300 on the scale of Fig. 3, with the zero contour (dashed) marking the average 
projected electron density throughout the cell. Positive contours are solid and negative contours 
are dotted. @ marks the Pt site and © the Hg site. 

the gross features of Fig. 6 well. In this model, the center of the molecule consists of 
loosely packed hydrophobic side chains, of negative map density. Around this is a 
framework of some type, composed of covalently bonded polypeptide chain and 
forming a shell of positive map density. On the outside of this shell is another negative 
layer of loosely packed side chain, and surrounding the entire molecule is the salt 
medium, of average electron density and therefore at or near the zero contour. 

The postulated negative center and positive shell show up well in projection in 
Fig. 6. The very negative regions between two 'molecules related by the 4-fold 
screw axis arise from projection d.own through the external side-chain regions of both 
molecules, and the negative region around the screw dyad arises in a similar way. 
The featureless region around the origin is a projection through salt medium alone, 
and the negative region at (l, 1) indicates an overlap in projection of side chains of 
the molecules related by the screw tetrad. Additional support for this model is 
provided by a study of the effect of salt medium density on the diffraction pattern. 

( e) Salt effect study 

Upon examining the diffraction patterns of crystals in 95% saturated ammonium 
sulfate, 4·3 M and 5·0 M-mixed phosphate buffer, it was found that the innermost 
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intensities out to about the fourth order were altered, but that beyond this region 
the intensity changes were within the oxpcrimcnto.l uncertainties. This is to be 
expected if the molecular structure and orientation aro unchanged and if the only 
difference is in the scattering density of the medium hctween molecules. The only 
reflections affected are then those low-order terms needed to outline the molecules. 
This fact was used to prepare a salt difference Fourier map, using aK co<·fficicnts the 
quantities: {F4 •3p - F As), where the two structure factors arc thoi;c of the parent 
cytochrome in 4·3 M-phosphate and in ammonium sulfate, with their correct sign in 
each medium. 

The signs in 4·3 M-phosphate were found from plots of F versus electron density of 
the medium. The structure factor itself must be a linear function of the mean electron 
density of the crystallizing medium. For if the cell volume is divided into two regions, 
molecule and surroundings, then the total scattering factor is the sum of the trans
form of the molecular density integrated over the molecular volume and the transform 
of the density of the uniform surrounding medium integrated over the non-molecule 
volume: · 

f f P(r) exp 27T i S · r dr + Psalt (4) 
moleo. medium 

If the constant salt density is removed from the second integral as in equation (4) 

AS 4·3 5·0 
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-40 e/A3-.... 

0-40 0-42 0-44 0'46 
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FIG. 7. Salt effect plots of FP (loft) or jFpj (right) versus electron density of crystallizing medium. 

Point AS marks the density of 95% saturated ammonium sulfate (0·407 e/A3 ), 4·3 ma.rks 
4·3 :r.r-phosphato buffer (0·45 e/A3 ) and 5·0 marks 5·0 M-phospha.te buffer (0·468 e/A3 ). Numbers 
beside ea.ch curve a.re the (Mel) indices of the reflection. 
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then the two integrals become independent of salt demiity and may be treated as 
constants A and B, leading to an expression linear in salt density: 

F(s) = A + Bpsalt· (5) 

Plots of IF Pl against salt density in Fig. 7 bear this out, and show that tho change in 
amplitude with salt density becomes negligible around the third or fourth order 
from the origin. The innermost reflections aro very weak in ammonium sulfate, as 
the contrast between molecule and medium is small . In phosphate buffer, tho mole
cules appear in negative contrast in their very dense environment, and tho inner 
reflections are needed to outline the molecule. The plots of JF Pl against salt density 
for 100 and 110 are not linear, but become more nearly so if it is assumed that the 
signs of the reflections change in going from ammonium sulfate to phosphate. These 
two are the only such "cross-over" reflections found. 

An independent hkO sign analysis has been carried out in 4·3 M-phosphate buffer 
as a check, using the Pt and Hg derivatives, prepared at 2 : 1and10: 1 cytochrome 
to metal ratios, respectively (Eisenberg & Bordner, personal communication). The 
structure ·factor data for derivatives are given in Table 1. The · difference Patterson 
maps were essentially identical to Fig. 2(a) and (b) . The only difference in behavior 

FIG. 8. Salt difference Fourier map, using as coefficients the difforences botwoen the structure 
factors of native cytochrome in 4·3 M-phosphate o.nd in ammonium sulfate, each with its own 
proper sign. 

Positive regions (solid contours) are regions of more than average accessibility to crystallizing 
medium in projection, and negative regions (dotted) are the least accessible to ea.It solution and 
hence are occupied by the molecule. Se.me axis conventions as Fig. 5. 
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appears to have been a 50% greater binding of Hg in phosphate over that reported 
for sulfate in Table 2. The only significant difference in signs determined in the two 
media was the reversal of the signs of the 100 and 110 reflections, in agreement with 
the extrapolations of Fig. 7. · 

If proper account is taken of the cross-over terms, then the salt difference map of 
Fig. 8 is obtained. This map agrees quite well with the model of the molecule as a 
rough sphere of diameter around 30 A centered as originally suggested by Fig. 6. At 
the center of the molecule, indicated by + in Fig. 8, the salt-inaccessible region is. 
thicker in projection than at any other place in any one molecule, and the map is most 
negative. As the edge of the molecule is approached going towards the origin, the ' 
thickness of molecule becomes less and the thickness of salt-accessible region increases. 
Finally, the region around the origin which is completely accessible to salt along the 
entire projected length of the z-axis is flat and positive. The regions where two 
molecules overlap in projection, around the dyad axis and between two molecules 
related by the screw tetrad, are forbidden to salt for a considerable length along the 
z-axis and therefore are particularly negative. 

4. Interpretation of Results 
Two lines of evidence, the Fourier map and the salt difference map, have suggested 

the same molecular location and diameter. Two further arguments reinforce this: 
molecular volume and the necessity for packing integrity of the crystal. The unit 

Fra. 9. Fourier projection of Fig. 6. with a. sphore pa.eking diagram superimposed, and a. 
31 A diameter circle drawn a.bout the center which is required for spheres of such die.motor to be 
in touching contact a.bout both the 4-fold and 2-fold screw axes. 
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cell in ammonium sulfate is known to be only 45% protein by weight, and in view of ? 

the similarity of mean density of protein and medium, it can be considered to be 
45% protein by volume as well. If 45% of the measured cell volume is divided among 
four equal spheres, then each sphere must have a diameter of 31 ·2 A. Moreover, if these 
spheres are to touch one another about both the screw dyad and the 4-fold screw 
tetrad, as they must to prevent collapse of the crystal, then the center of the molecule 
is dictated by its diameter. In Fig. 9 a sphere packing curve is superimposed on the 
Fourier projection. The number by each x indicates the diameter of sphere required 
for stable touching spheres centered at the X and at symmetry-related points in 
the cell. Again, it is the 31 A sphere which best fits the region of one molecule, as 
originally chosen from Fig. 6. The region of overlap in projection of molecules related 
by the screw tetrad is negative, as a projection through a great thickness of external 
side chain should be. The boundaries of the molecule where overlap with neighbors does 
not occur are less negative. There is a "bite" out of the lower left corner of the central 
molecule which follows quite well the region of overlap with this molecule by the 
negative-density side-chains from the next molecule up the screw dyad. The un
usually low density at (t, t) is the sole feature not explained by this model, and must 
represent the occupation of this t etrad axis region in three dimensions by side chains 
and a departure from the simple sphere model. 

A sphere packing model based on the arguments of the preceding sections is shown 
in Plate III (a ) and (b). The molecules are seen to touch at only four points, fore and 
aft around the screw tetrad and above and below along the screw dyad. There is 
considerable open space between molecules, which agrees with the observed mechani
cal and thermal instability of the crystals. Any compressive forces on the crystal are 
translated into shear forces across intermolecular contacts, and there is little mech
anical resistance to deformation. 

On the basis of the occurrence in most known crystal forms of cytochrome c of 
4-fold or pseudo 4-fold X-ray pattern symmetry in a plane normal to a 35 to 
45 A crystal axis, Blow, Bodo, Rossman & Taylor (1964) proposed a common 
packing principle for cytochrome c crystal forms. The molecules are first assumed to 
form into screw tetrads, with a repeat of 35 to 45 A, and these tetrad groups then 
are assumed to pack in various ways into the respective cells, which may or may 
not make full use of the 41 symmetry of the subunits. Thfs idea was shown to be 
consistent with several new space groups from various species (Dickerson et al., in 
Margoliash & Schejter, 1966). It now appears that such tight screw tetrad units do 
exist in this structure, centered at (t, !), and may well exist in other crystal forms also. 

Plate III (b) shows why the 240 reflection is so much more intense than any other 
hkO reflection (Plate II( a) and Table 1). The molecules lie on the 120 planes of the 
crystal, yet the 120 reflection is virtually absent in ammonium sulfate. This is so 
because the molecules are not hard, filled spheres, but instead are hollow (in the sense 
of having centers of less than average density) . There are two maxima instead of one 
when a molecule is traversed, as Fig. 9 shows, and the seeoµd-order 120 reflection, or 
the 240 reflection, is particularly prominent. Had the molecules not been hollow, the 
120 reflection would have been stronger than the 240. 

5. Conclusions 
The conclusion from this work is that the cytochrome c molecule is roughly spherical 

in shape and approximately 31 A in diameter. The center of the molecule is occupied 

I 
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by loosely packed hydrophobic side chains. Surrounding this is a more dense frame
work of polypeptide chain, and outside this again is a less dense packing of hydro
philic side chains. So far, the cytochrome c molecule looks like a good example of the 
often-discussed "hydrophobic drop" structure. The packing is sensible and in agree
ment with tho physical properties of the crystals. Confirmation of this model will 
have to wait upon tho three-dimensional analysis now in progress. 

'Ne thank Drs David Eisenberg and Jon Bordner for permiso;ion to quote thoir unpub
lished results in phosphate buffer. Our work wa.<1 supported by United States PuLlic Health 
Service research grant GM-12121, the help of which is gratefully acknowledged. One of 
us (J. W.) is also the holder of a National Institute of Health Predoctoral Traineeship 
(GM-1262). This work is contribution no. 3519 of the Gates and Crellin Laboratories of 
the California Institute of Technology. 

REFERENCES 

Ando, K., Matsubara, H. & Okunuki, K. (1965) . Proc. Japan. Acad. 41, 79. 
Ando, IC, Matsubara, II. & Okunuki, K. (1966a). Biochim. biophys. Acta, 118, 240. 
Ando, K., Matsubara, H. & Okunuki, K. (1966/J). Biochim. biophys. Acta, 118, 256. 
Blow, D. M., Bodo, G ., Rossmann, M. G. & Taylor, C. P. S. (1964). J. Mal. Biol. 8, 606. 
Blow, D. M. & Crick, F. H . C. (1959). Acta Cryst . 12, 794. 
Cullis, A. F., Muirhead, H., Perutz, M. F., Rossmann, M. G. & North, A. C. T. (1962). 

Proc. Roy. Soc. A, 265, 161. 
Dickerson, R. E., Kendrew, J.C. & Strandberg, B. E. (196la). In Computing Metlwds and 

the Phase Problem in X-ray Crystal Analysis, ed. by R . Pepinsky, & J. M. Robertson, 
p. 248. London: P ergamon Press. 

Dickerson, R. E ., Kendrew, J. C. & Strandberg, B. E. (196lb). Acta Cryst. 14, 1188. 
Dickerson , R. E., Kopka, M. L., Varnum, J. C. & Weinzierl, J. E . (1967a). Acta Cryst. 

in the press. 
Dickerson, R. E., Weinzierl, J. E. & Palmer, R. A. (1967b). Acta Cryst. in the press. 
Kraut, J., Sieker, L. C., High, D. F. & Freer, S. T. (1962). Proc . . Nat. Acad. Sci., Wash. 

, i 48, 141.7. 
Lipscomb, W. N., Coppola, J.C., Hartsuck, J. A., Ludwig, M. L., Muirhead, II., Searl, J. 

& Steitz, T. A. (1966) . J. Mol Biol. 19, 423. 
Margoliash, E. & Schejter, A. (1966). Advanc. Protein Chem. 21, 114. 
Margoliash, E. & Walasek, 0. F. (1967). In Methods in Enzymology, ed. by S. P. Colowick 

& N. 0. Kaplan, vol. 10. New York: Academic Press. 
Sigler, P. B. & Blow, D. M. (1965) . J. Mol. Biol. 14, 640 

-·--···-- - - --·---·-- ........ - ........................... ---·-··-" · ------------- --- ...... ~ .... .. .... - .. ......... ........ _. _ _ ___ ___ J 



-190-



-191-

... , " •'I 1\1•'1 P1,h \I I '" \tl .. l l ll 

' , " ) .... . 1 ' I ,l \UI• .::,, l 'I' .... , ~ .:01:. \\M17 

!.J ., f ' I 

l.ot·ation of tlw Ht•nw . 111 Horse 
\.-Ha, l)iffraclion* 

Hcm·t Ferricytochromc c by 

(llPcl•ived for pi1hlitf1tinn, .\pril 3, 1!)(17) 

1: 1«11 .\1 11 1 !-: . l lH ' KEH,-os , :'llAHY I.. l~oPK .\ •• Ju :-; \Vt:1sz1F:tu.,t .JOAS V .\HX UM. ll .\\· tn 1-; 1,- 1:x BF:t((; , AXt> 
F . . \l., 1n; n1.1.\ :-:. 11 

i: ,.,,111 l/11 (;11/<'s 1111tl C l'1·/lh1 T,11/wrn lur ic.,, ('11/1f11r11i11 l1t8li/11/i: of T cd111.olU1J!/, /'a.•wlnio, <'altfomia [) //IJ.'J, n.nd 
th , l!"i w r/ 111111 1 4 .ll ulr rn/11,. 1/111/ouy, Auuoll Lal1omtoric.•, N11rt/i Cliim11o, Jl/i11ui.~ UUOU.I · 

SUMMARY 

A low resolution ( 4 A) electron density map of horse heart 
cyt ochrome c crystals has been obtained by x-ray diffraction 
methods . The molecule is a prolate spheroid, approximately 
25 :"-. 25 X 37 A. It has a cleft or crevice along one side 
into which the heme is inserted, normal to the surface, with 
only one of the edges of the porphyrin ring exposed to solvent. 
The ligands occupying coordination positions 5 and 6 of the 
heme iron extend Gut from either side of the cleft. The 
thioether links binding the vinyl side chains of the heme to 
cysteinyl residues in positions 14 and 17 of the amino acid 
sequence are visible. One of the iron ligands can be identi
fied from its shape and location as the imidazole side chain 
of the histidyl residue in position 18. The other is not an 
imidazole side chain and is probably located in the carboxyl· 
terminal half of the amino acid sequence. There is little or 
no n -helix present, the body of the molecule being an ex
tended chain shell around a core of packed hydrophobic 
side chains. 

_\ 1·011:-iderahle amou11 t of k11owl<·1lgc is HYai lahle with regard 
to tlit• :.mino :1eid St_·qu<'IH.'f'~, the ad ivit.y, thu physicot'hcmil'al 
l_whaYior. !ttul 1ht\ irnmHnrn·hcmieal properties of cytodnon1cs c 
from n111n<·ro11s ~ J X"C' i es (H--<.- Hf' fc rc rn·e I) . An x-ray difTnu;tion 
~111:dy:"i:" of hor:-:<· heart ferrieytodirorne t: is in prog~!!'!."', uncl the 
pn •.-.(·nt 1·om11n111i <'!l tion df·~ c·rilws the position und t•nvironmcnt 
uf tlw h<'111t• g ro11p in thr mnJt\,•111t• ns they hn\·t· ht't'll t"f.! \"t•ak'<I hy 
th r <'a rl y :-. lage . ..., of tlw analy~i.-;. 

I lor:-e hP!l.rt t·ylod1rona\ r, prcpurPd hy un aluminmu :-;ulfatc 
Px t rnl"I iun 1irrn·t•d11re (2), was c·ry:->tallizcd in the fc•rric fonn in 
11c,1 r >- al.ura1c·d (:->ll,LSO, •·ontainini: 0.5 l<J 1.0" l'\u('l. Tw<J 
hC: l\·y nt1m1 i;...onwrphous d~rivatin•:-; w<'rc prepan-cl hy dif
f 11, i11~ 1.: , P1Cl , and mer>'tLlyl (HO- Hg- C:ll,-C'II(O\H,)
C ll _ :\ll- C'0 - (o-C611 ,) - 0 - ( 'Jl,\00Na) into pn-grown 
,..·ys iuls >- USJ•' nded in motlwr liquor 1•l pH 5.5 In 6.5. Bot.h of 
1lw:--c· c·t1mpounds hind to •·.rtochromc c molc•·ul•"' at a ~ingh• fliite 
eac.:h , :1nd Uw double dc ri,·ativ1•, containiup; hoth platinu111 and 

11 u·n·un·
1 

l l!J:-; a lso hc..-..·n obtuint'il. The <h•rint.tiveM havt- heen 
i ·hnnu · ;1 •riz~d , the heavy atom:-< lorntc-.1, nnd a 1'1t.ntt'tun~ aria)yf'is 
in lWO ·dirnen~ional projcdiou at a ft\~Jlution or 4 A nuiiM out 
(:J) . 

l>ifTrndion <lala for crys!Hh< of tht~ part•nt protein and of tl1e 

• C o11 t rihution ~i.5 10 fn>rn the Gute8 1oad CreUin Laboratoriee of 
C l 1e 1 n i ~try . Supported hy Puhlio llcnlth 8ervi1-e Heteearch Grant GAi 
12 121 from t he i': :Hion:al lus titute of Oeuen1I ~ledieal Acienem. 

t l! ccipien f.. of u !"\a tion:tl Iu~tit.ut f'l't of llc1Jt h p~octoral traineeehip. 

pl11ti11111n 1uul 1m·rt·ury derintti\'es Im\' · lw~·n c·nll"d"d in thrw· 
diml'n~io1" at 4 .\ · resolution ( l4i5 rcflt' <" limr; per dPrinlliH) . a 
multiple i;;omorphous pha..e a1mly:<is h:l5 111.'Cn •·:m ·il'd ;111t, :111d 
1•let' lron <lm1sity mllJl.'I hum l.>l'<'n euh·ulnt<'<I lor 48 "'-'•·iions 
through the mole<·ule, 0.86 A upart. Tl"' ratio of th<' mc!lll 
chru1gc in F produ11't.I hy the heu\'y atom to thl' "'""" F it-.,lf in 
the 1't'11tn1"ymmetrk'RI hkO zone is 0.2'J2 for platinum and 
0 .14f> for mercury. The <'Om,,.pnnding n1lues owr-a ll n'fll'<'lions 
arc 0.20t anti 0.114, n -specth·ely. The mean figure of merit 
with two derivath·es is 0.46, ruul the Kraut R farto"' (4) un~ 
7.8•;;; for plat.inum and 6.1 % for mercury. Judging from the 
two-dimrn<ional analy•is (Fig. 6 of R1•fcreru·c :I), tlw low figure 
of m1!rit at this 1•iint is to be attributed to the u;c of the han! 
minimum of data nc11.,..'!llry for phase detenninution. Howc\'cr, 
even ut this stage, the indh·idual mole1·ules of the protrin cun 
Ix; readily delin1ml<.'<.! an<l the heme group and ii>• en\'irtmtnl'nt 
nre r lcurly \'i• iblc. 

The crystalii are tetragonal, space group 1'4., with l molecule 
of molecular weight 12,400 1x" a•ymmetricul unit (4). Ct•ll 
dimcn•ions are: a - b = 58.45 .\, c (the 4-fold :txis) - 42.35 A. 
Only 45% of the crystal by rnlume i~ protein, the n.-st J,..ing 
liquid of 1·ry•!Hllization (5). The molL'<·ules p111•k in a \·ery opl'n 
manm>r; th1•y are µ;roup<-'<I most tighly around a 4-fol<l :<crew axis 
lo1.11W at (j, I, z), th1,-;.e s«n·w as-embli"" then being packi.I so 
as to touch acf()!;!! 2-folrl serew axes at (l, 0, z) and (0, I, z). 
There are relatively open 1·hannds through the rrystal along 
(0, 0, z) . Each molecule tuu1•h1-s neighbors at only four pointi<, 
fore anti aft along the 4-fold !<Crew axes, and 11hO\'C and lx•low 
along the 2-folt.l screw axl'!l (:3) . 

Without. taking into a1•cou11t rxt1•rior si1le c·haini<, the mok-.,uk• 
ii< a prolate •phrroid of climen•ion• roughly 25 X 2.5 X :r. A. 
The m1.11n 1•let·tron dewity throughout the l'lllire moil'<-ule ia! 
almo..t exactly rqual to the t•k'<0tro11 density of the <'l')·•tallia
ing mrdium, I.'<> that regiom of more ""-ly parketl \'&n der 
Wa.all<' interacting •ide c·hains appear neitati\'e on the l'k-ctron 
dew<ity map. :\lore cleruoe regiullll .,..ith a high pro1x1rtion of 
ro,•alt'nt bondto appear po!'itin at thU. n...,Jutiun. A imot<>tUaJ>h 
from the 8ide with the hPme cl't'\'iee of a modt'l built from mn
touno at an Plectron demity that would mark out the ro.-ak-ntly 
bonded atnacturell is gi\'en in 1'ig. 1. 1''ig. :J i.• a l<imilar photo
ivaJ>h llhowing the metal-binding sit.ft! and an apparent "!181'11<lo
ehannel" from the suriate to the lmne. 

The center of the molerule U. 8trongly Dt"Pth·f', indi<'atin~ 
mORt Jll'Obably a rrgion of Jlllt'ked hydrophobir flidr 1·hains. 
Around this OOft' iii a deruii!, strurtwed layer or llhell, made up of 
extrnded polypeptide cliain winding around to form an aimollt 
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:;01G X -Ray Di.1Jrartio11 Study of Frrrirytorhmmc c 

Fie . 1. . \ rnodel nt 4 A refiOJution of the molecule of honte hen rt fcrri · 
t·~· toehrome t' s.ho";ng the region& of the covflleutly bonded 11keloton of 
l hc rnoleculc. The heme c revice is vit1ible u I\ vertical cleft in the rt'"'" 
of th i!'< "·icw, with the heme group painted a dilrker rotor :md ~n e1:1~ 
ou. Lrttcrs ore e xpluincd in the text . 

>'<'nmlc; , wa ll with three exceptionH, the heme rrevit~· and two 
a pparent channel5 to the interior. Around this H}lt'll lieR a mort' 
neµ;ati\·c region, not as negative as the innennORt l'Ore and l'rob
a bly made up of hydrophilic Fide rhains extending into the .alt 
rc~ion . The salt medium around and bet.wren molecule~ i8 flat 
<1nd de,·oicl of features. In comparison with lwmop;lobin , myo
i; lobin , ly,;ozyme, and ribonuclease, cytochrome c is the smallt'St 
protein y1•t studied by x-ray diffraction and is the be• t example 
of tlw flcn propo.<cd "hydrophobic rlrop" morlel. PcrhaJ"' iti' 
!-' im plil' ily is imposed upon the molecule by it!'i Kize. 

Tho rn a rc three features in the surface. The fir!!t iH a <"rcvi<-c 
(C.-8) along the long axis of the molecule, ahout 21 A lonii:, into 
whieli tho hPme group is fitted (Fig. I) . The home is purall<'I to 
the t rcvi ec Hnrl IX'q x•ndi t ular to the surfa1-c of the molc"(·ul1., 
with only one of its edges exposed to the 111.-dium, in p;1•111•ral 
"!~Tt."t·m rn t with rc .. r ni solvent JK' rlurbation studies of Htt·llwngt•n 
(!l) . The normnl to the heme plane makt•s nn angle of i0° with 
t he z axi,;, in <•xct•llcnt. ngr<'mH'nt wi th thr polarized ab,,orplion 
s1icl"l rum rc:;u lts of 72 ± 3° of Eaton and ll ochstra"-"<'r (10) nnd 
uf G.i i 0° of Knhat (I L) . The 1xirphyrin ring cxtl'nrls into the 
inl<·rinr of the molcc·ule, whi .. h 'en·l's " " a hydruphobi!" pock1• t 
fo r the hr111e. 

Thr fift h and sixth c·oordina tion ligands of the iron (// fllld .I/ , 
Fig. I) 1'xte11d from either side of the t" rcviL-c , and the t iiiu<' thn 
bond" to <-ystf' inyl rc~iduc~ 14 and 17 of the nmino add st'qlu•rn·t• 
Ill"' ,.i, iblc nt•:i.r the top of the t"rcdt•c (S and S, :Fig. I ). Tlit• 
hem•• prnpir111 ic add side ..trnin,; (P unrl P , Fig. I) do n(1t poi nt 
u11 t in to ll l<' solwnt, as tliry do for myoglohin ruul lll'moiclobin 
:rnd as hus Rom<:timcs lx.'t'n sugg(.'Sled for t yt0<·h rome c (9). fn -

skiul, thl'y 1• •int dow11 Iowan I 0 11 (" >idf' of tlw l"'"k«t, ' '"" 11'"" "' 

the- :-urfa<"t.' than tlu• otlwr1 pt· rl 1:tp;., :i -. ... 1wiat« ·il \\ itli f111t' t1r 11H 1h· 

bu:- i«· ... iclt• dmiu:-;. \\ ilhin thC' prn.:kP1. Thn•c• M>1·1i, 1tt- th1om.:;li tl u· 
l'lt•t ·trou <lt· 11 ~ity <>f tlw hl11Ht' i11 3 dirt>t· ti 11 11 par:.tl lPl t•1 tht· : a\i 

111,. >IHJ\\n Hai•·ri1111 •1.-Pd in Fiµ, . 2. 1. T h" 11·l:itio11 -hi1' or th1• 
pro,,t lll'tir 1tro11p lo th <' molPc-11lar .-nrf:11 ·1· i' .-lw" n iu F i:!. '211 . 

,Jud!'ing from ih fl a tt t'netl di •I' .-hapc \\hl'll ,.i(•\\l'd d OJ\1 11 th•: 
a ~dl-1 , it .. ovul (!J, :) t·ro:-' :-<'dion and ih 1iro , imi t~· to ''>"·1'·i 11 r l 
n •;.;id11t':"I 14 and 17, tht..l li t•mt· iron li1'!:and 11wrkP'1 fl in F i:.r. 1 j .. 

th1• imiduzol<' "id1· d1uin r, f hi . .-l idyl n>.-id111· I'> ( 12) . On th1• for 
>id~ of till' lwnw , un 1·xte111b l poi)'1x·pt id1• l'huin ruu>- 1•a1:tllt'l to 
tilt' Ionµ: :axis of tlw mo}p(•uk autl ht•a r~ til t• :-. ix1h ir<m li!!:md ( .\/ , 
Fil(. I). Thi' ,,Jrnp1• of thi ,; liµ,and indil'atl"• it i.- :llm••· l 1"(·rt:1 i11 ly 
not a hi,;ti1l\"I imi1luzol< ', or n tyro>yl or try )lt uphyl .- itlr- ..t rn in . 
:\lo11~n«·1-, it i>< not JlO'.- ihk· fo r the 1w1ly1x'ptidl' d1ain , :1.- it 1-:111 
Ix• lollmn~ l on lh1• eledron tl 1• 11 , ity mnp-: , to 1·xtf'nrl irw n 11 11e 
!!'itlt\ of the ht•nw to tl :c otl H' r in a di:-: ta111 ·t· :-- !iorl 1'1l 0 ll~h for tliC' 
!!iixth ligtmd to Ul'i:o'(• from }ij .; fidyl n•:-id11r., ill po~ i tioll :2fi 01' a:i, 
tlw onh· othl'r "'"h r<',id11<'' in the pr1Jl<·in (12). Edd""'"' tl1:1 t 
oulv 1 -hi, tid\"I 11•,i1lm• is 1·on t"(' rll l'd "ith la·mo«hrumr fo n n:i.
tio~ in c:ytm·iiromc " hns t m11c from primary :--trudurc :-tutlics 
(13, 1-1) . .\ tPnt !1tin• littinl( of the amino :11·id .-1·qu«n<"c of 
hm:-c ll<'nrt rytoehromt' ,. (!'.!) to tlw l'ie..tron tltn, ity ('<Jlltour.-. 
although nr<""""ril)· of rlo11bt f11l rnlid ity a < the pn'.-1" 111 ,,..0Juti11n , 
ne\·l'rtla'I••"' indit"at•"' that the >ixth iron li!'anrl n11 1•t proh:ihl)· 
ari>«.,. fnlln tht• rarhoxyl-tl' rminnl half of the l ~'l)· p«ptidr rh~ i n 
mul 1'0uld n•tulily St"<'ommo< latc t ill· nwthinn)·l 11•.-id11r in po;itiun 
80, n:< i1ulir akt.l by >'<'\"(•rnl line, of indin•«l 1•vidt·rn·c ( I i;--21 ) . 
The >'Bm<' tt-uwtirn '""i1,'11mrn t of th1• 1 ~1 lypept id<• .. h:1i 11 to lh<' 
n1odcl is in remarkably W>OCl uµ;n.'t•mf•ut "i th a lar:,.!:t' 11umbt•r of 
other !'truc·tural im11li (·ation~ of amino :u: itl ~C'qm• 11 i·c , CYoluti<m 
ttry, l"llS~,nir , phy:--icodil'mi rul, trnd imnnmol()g; i c~t l data for 
.. ytoi·hrome r . 

The other fc11turt•• of the ~ 11rfa1·P of tho ntoleoule ore two 
" 1~udo~chunnclR" to the i11h1rior. Tlw:-:e ~pru·t•s :\re not C'm pty 
rhannds in thl' tnw scnsc, and nrc not ac1•c.-:" ihle to the :-:olH·nt. 
Th<'>'C rt•µ;ion' have n 111•gutin• ma p 1Jcn,it)· <llld ar!' th<' rl'forc 

Fw . :? . . t, four l'l llrC'e~.oi w• (11, .:) :-et· I ion~ th rou i.:h Lh1• he111t• ~1 nup. wi t h 
z , ·ertic-:11 aud r at t :~. I:!, 11 a nd 1 0 ' ·1 ~ of ;t N•ll 1 ·d~1" . 'l'hf' 1•l : uu.~ or thf' 
heme Krnup t ih .i; haL·k to the 1111rkr 11 .ft . N ·1· t io11 ... t :i :tnd I:! 1·n11 t ain t·he 
pn)pionic :will ,.jtl(' J(rnup,.i 11 1 t ht.• / llJ//Mtl, :11 1t.I --t.'1'1 iou 10 .. i.u" .. d1(• t :1keofl 
din't·tion.-.. of the t" o t hio••t hf'r l ink"'" to the pol.' J't'plidt• 1·h:1111 . II. ti :.um 
llllU")' O( ~·tioU !'i 10 tJimuJ( h t:l, w ith :111 i1lt•:1ii1l'll IWt1 1f' .. &..l'lt-hU\ l"llJ K'r 
i mJ>f;:.ft(I nl the- JUUnc ~·: l h • . Thr n~b1i1u1 ... hi1 ' 01( tl1c• ) 11~ 111t' tu the pol) 
Jlf"ptitlc 1·hai11 , to tl1r ho tl o tn of i1 ~ ('t"(' \ ic..:• and to the .. urf;wt• oi 
the mo le<·ulf': il'i 1th ~)w11 . 
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I »•II<' 0f .J un c '.?.i, I !l(i'i Dic/;erson ct al. :\017 

F ir;. :i . A Yiew fro m thf' ri~ht s ide of lhe 111oh•1·ular 111odcl of i :ij:{. l 
!"ho wiuv; the h<'avy rn et: d -hi11di11~ l'<i l cs and the "p~udo-ch:m m•I " to the 
IXJ.c k o f the heme. The nu.~rC' u r.\' ioo itc jg marked hy the 1o1phcrc at Lo/tom 
center , and tlw nlat in urn i- itc hy the o ne at the "JJJ>fr riuhl. :'\ote the 
run11i11~ lengths o f den!'it.''. be lieved to he cxtc.nd(,"<I po lypeptide ch:dn. 
whi1·h 111:tkc u p t.hc mol..,·ul:tr !.u rfarc, t he node_~ of i11t en;cc.: tio11 where the 
tnu·in.'( of o ne cont inuou." 1·h:1 i11 hC4'0ll\Cl'l impol'-f! iblc, a nd the frequ ent. 
co111plcment:lrit.'' o f ;u.lj :Lt'Clll 1·h:1 i11 sh :.11 H!s. lf !>- idH ~roups were :lddt."<1 
around these !(kclcla l p:1thw:1y~, the 111olccular 1m rfat·e would ishow few 
j.!;aps. 

rPgiOIL"' wlwrc loo~ly packed f' ide d1nins in the inkrior m L'C t 
r-:. imila r s ide c:h ujn~· on thr f'xtrrio r, without encountering the 
<'O\·al<•ntly hondcd shC'll of t he moll'f'Ulr. One :-ouch rluurne1 ex
tends 'trai~h t down from the top of the m odel parnllel t-0 the: 
nx i ~, aud the other rxtN1ds inward from one ~ide to the su rface 
of the 11r•mc whit·h bPurs tlw imidazol<' li )!;and , as ~hown iu l''ig. 3 . 

Th .; aC"tuul length of the 104 -11'oi<luc polypcpt.i<ie chain (104 X 
3.5 A) is yc• ry near to the f"otal run11i ng eha in length oh~rn•cl in 
the m<x lcl. Where two >eitnwnts of the ..Jrnin c-omc clo'"l to
gl't hC'r, a node is ~cr 11 at the 111·e;o;Pnt 1-csolu tio11. Tho prct i~ 

drnin path:-; iu :rnd out of :-o uch a node c·:mnot hr dclt•rmincd, 
mflkinµ: hi,l!;h ly tent a ti ve nn .r fittiu~ of the Hmi110 ndd !"Cq11enec 
to the model. lfowcw rr, n. C'Ortsidc>mblc <·omplt>nw ntnrit y l)('
twff'll 11 r i ghborin~ <"hnins <·:rn n .. ~1dily bP drfPc·trd, and if thl' 
chnins wt.•re irn:igitwd to be t.·ove rr d wilh a. layer of f' i<lc groups, n 
s moot h ~md \·irtua lly ~aml<·:-:;~ wall would re:-;ul t. Th('rc i~ litUP 
o r 110 a -li f' li x in flu; molccul('. O nly 0 11c location , on the s ide ol' 
thl' lwnw l;carinJ!: the iron li~!UHI wh ieh i:-< not n11 iinicJnzolc 
gr<Jup, l·ou ld c·o11l nin I to 1 l h1n1~ of a -helix. R c1"t•11tly prv
po . ..;(·d nH1ik· I.:.; of ~·ytothromc <· lx 1:--rd upon the MS!'iUtn pt·iou of tL 
<'ntl~idera l 1k• a -lw lix <'0 11 tt· 11 t (12) arc tlwn·fon• in<'or1't•t:t. It i ~ 

l'lenr thaL the µ;f' 11Pral a:-:pel'l ..; of the krt iary ~tru~·tuw of fyto
<._•hrornP r urr quilt~ differen t from tho~ of tlw uth~r lif'nw pmtc·iu .. 
for \\ hi l'h ~1eh i11fonna tion iR aYniluhlc, myo).!;lohin ancl hC'1110-
g; lohin. 

Th .. ubsolutc buu le<h1f',. o f thf' m ulccul" has no t yet 1.-m 
dt'f C' rminrd, :md it is JXJ!'ls ihlu that Fig:s. 1 Had :J ma)· n"p1't·~·nt 
tlic mirror imnµ;<• of the true :-; truC't11rP. Tlw Jl"-':-<' ll t m:Lp r<'p
N':-:e11 b n. prdimirwry ealn1laliu11 ha.~cl on tlw minirnmn amoun t. 
o f data ll<'<'d<-<l for " multiple i-"•morphnu8 rcplRc<:ment pha_--0 
a u::dy:-<i :i. .A~ mon· dcriYutin•s \\ (•n1 added and the ('rror leYt'i 
i ~ lowPrt•d, \\C would expt•l·t the n1ap to be improYed hu t 11 ot.. 
fund:mwnt!.llly ult«red. Wlll'n the third a nd po,•ibly fourth 
dcrin1ti\·(•' hun l)('('n added, the nnaly,i> will be rcportrd in 
clct:i il. 

. lckncw/cdgmc11ls-'Jlw author> an• indebted to H. T.. Gardi,ky 
nrul H. .I. Stur>huk fo r their cxc .. llcn l help in the p1'·1mmti01, of 
hor:-:c hP!lrt eytodiromc c aud thC" ~:u-ch for i :;omorphou~ dcrh·a
tin•:-;, t~ ncl lo Robc1ta Prati and I~nthryn Chri:o"tian~~n for their 
Yal1mhlt· hrJ1, in <'oll('cting a nd pr.-oct·~:-:ing: photoµ:m pl1ir da tn . 
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INTRODUCTION 

Just eighty years · ag?, C. A. MacMunn published a paper (1) on the 

isolation and extraction from pigeon breast muscle of two new cell pigments, 

"histohaematin" and "myohaematin", whose :reduced spectra he had .observed 

in 1884. The disastrous dispute with Hoppe-Seyler in 1890 (2) halted work 

on these pigments until David Keilin began again in 1925 and coined the name 

"cytochrome"~ The identification, separation and gradual purification of 

cytochrome .s:_ continued in the .1930's and 40's, by Theo:rell and Akeson (3), 

Keilin a.~d Hartree (4) and others. But it was not until 1955 that Bodo (5) 

finally obtained a c:rys'!:alline p:repa:ratio·n, from king penguin muscle. It took 

seventy years, then, for cytochrome .s:_ t~ progress from spectral curiosity, 

to crude exti·act, to p1.:re protein and finally to cryf;talline protein, and to 

reach the point where people such as I would dare study it. 

But c:rysta.llinity alone is not enough. The average protein crystallo-

graphe:r is no biochemist. For him, the protein must be not only crystalline, 

but easily and macroscopically c:rystallizable. The silken sheen which sig r1als 

' 
crystallinity to the enzymologist will drive the crystallographer to distraction. , 

The difficulty of obtaining crystals of a size and quality suitable for x-ray · 

work was a large factor in the abandonment of the first two attempts, hy BCJdo 
. . I 

(6) and by Blow, Bodo, Rossmann and Taylor (7), to carry out a crystal stl'uc-

ture analysis. 

Older extraction methods had used conditions t9o drastic £or the pro

tein: tricho:roacetic (4), acetic (8) o:r sulfuric acid (9), or organic solvents 
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(l 0). These methods were shown to partially deamidate the protein and to 

introduce other artifactual species which interfered with crystallization (11) • 

. The development of the genqer aluminum sulfate extraction method by 

Margoliash and Wa.lasek (12.) led to a preparation of a purity which made the 

present x-ray structure analysis possible: 

Structure Analysis Summary 

The purified horse heart preparation was crystallized from 90-95% 

saturated ammonium sulfate solution, 0. 5-1. 0 Min NaCl. The molecules 

were found to crystallize in the tetragonal space group P4i, a considerably.· 

simpler packing mode than that found previously for native cytochrome~ 

(6, 7). In the crystal, the molecules pack around the screw axis in a spiral 

. with a repeat every fourth molecule, 42.. 34 A farther up the axis (Figure ·1). i 

T~e-sc-rew axis units are packed in parallel with 11threads 11 and 11 grooves 11 

meshing,' 58. 45 A apart. · Only 45% of the crystai by weight is protein; the re-

mainder is intermolecular liquid of crystallization. 

A screening program of a fairly conventional kind was set up in an effort. 

to find heavy atom derivatives suitable for x-ray analysis. The derivative 

search, data collection and subsequent structure analysis have been the subject 
) 

of two recent papers (13, 14), and will only be summarized here. Two suitable. 

heavy atom derivatives were found by diffusion trials, PtC~ = (Pt) and mersalyl . 

(Hg). Each of these was found to bind to the protein at a different single site 

without otherwise altering the folding of the protein or its manner of packing 

into the crystal to a detectable extent. Systematic attempts. have been made to 
.. 
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i n corporate heavy-atom,...labeled carb.oxymethyla-C~on reagents into the protein 

a ·.: His33 or Met65 after the work of Okunuki et al. (see 13), .but these have not 

yet been successful. The characterization and refinement of the heavy atom 

parameters and the subsequent phase analysis took place in a straightforward 

manner. 

An electron density map has now been calculated at a resolution of 4 A, 

using data from the native protein ·and from the Pt and the Hg derivatives. 

This is the theoretical minimum needed to solve the structure, and a third de

rivative, with the simultaneous presence of Pt and Hg on the same protein 

molecules, is now being added to the analysis to decrease the effect of erro~s. 

Data collection for the high resolution (2 A) structure analysis will begin in 

October 1967, using these three derivatives and any more that the screening 

. program or the carboxymethylation experiments produce. The yield of bio

chemically interesting information from the present two-derivative 4 A map 

has been unexpectedly high, however, and it is this map which I should like to 

present in this Symposium. · .· ... .. 

. . . . ~ ·. : . 

·' 

I . 

· . .. 
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Overall Structure 

The end product of the analysis is an electron density map, with 

density calculated in sections through the cell. These sections can be con-

toured, plotted on plexiglass sheets and 'stacked with the proper spacing to 

build up a three-dimensional map of the crystal. The problem remaining · 

then is the one of most interest to the biochemist--that of interpreting the 

map, and of making meaningful chemical sense out of electron density. 
;;/ 

7 

With the very open crystal structure observed·, individual molecules 

are easily separable, and in this respect cytochrome.sis unusual among 

proteins. The molecules are prolate spheroids, ca. 25 X 25 X 37 A, or 

slightly larger if exterior side groups are allowed for. Figure 1 shows a. 

packing model of the crystal based on the electron density map, in which the 

molecules are represented as 3.1 A diameter spheres. 

The zero contour level on the map is the average electron density 

throughout the cell, which is almost exactly the density of tl~e crystallizing 

medium between molecules. Tightly structured regions containing a high 

proportion of covalent bonds will appear positive on the map, and loosely 

packed regions with a preponderance of van der Waals contacts will appear 

negative. In predicting the effect of cutting off the resolution at 4 A, it is 

helpful to imagine a cube, 4 A on a side, being moved slowly through the true 

structure. At each instant, if the total density within the cube is averaged, 

and this average value is recorded at the center of the cube, the result will 

be .very much like the detail seen in a 4 A map. 



-201-

. s 

· How much of what is seen is to be trusted? How much allowance 

must be made for errors in the map? ~ertainly a map such as this one cal-

culated with the bare minimum of derivatives needed, must be examined 

with caution. If either the Pt or Hg contribution to a given reflection is in 

error, then that reflection contributes only noise to the analysis. If for each 

derivative there is a 10% chance of error, then the phase analysis will be 

wrong for around 20% of the reflections. Fortunately, such phase errors 

usually lead to incoherent noise rather than cooperating to produce false de-
t.1 

tail. The map is degraded in quality but not systema~ically falsified. If now 

a third derivative is added, then two derivatives mui::;t be wrong at once for 

the reflection to be in error. This one new derivative reduces the number of 

wrong reflections to a few percent and produces a major improvement in map 

quality • 

. How much can be expected of this present map in its two-deriyative 

stage? Many iow resolution maps--lysozyme, ribonuclease, chymotrypsin--

have not been interpretable in chemical terms until after the . higher resolu-

tion stage. Myoglobin was an exception, because of the fact tha.t it had two 

distinct substructures' the heme and the ct-helix, easily recognizable even 

in the 6 A map. Cytochrome~ also has such a structure, its heme group, 

and a stringent test of.the . map is the detail .with which it portrays the heme. 

The heme in :::ytochrome ~is a characteristically asymmetric object 

(F~gure 2), a flattened disk roughly 10 A across • . Its two propionic acid 

groups e::x;tend down in parallel, but its two thioether links to the polype ptid\:: 

_are oriented differently: one up, the other out to the side •. The fifth and 

sixth iron coordination positions are both occupied by ligands attached to the 
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polypeptide chain, one of them adjacent to one of the thioethe:r links. 

An object of just this description is visible in the map, seen in its 

surroundings in Figure 3 and in closeup in Figure 4. It is a flat, irregular 

disk of the correct size, whose center is th~ most dense part of the map. A 

convoluted chain e::i..-tends across the near side in Figure 3, and two extensions 

from it attach to the dis.k in the proper orientation. Immediately below the 

right connection, the chain bends back and extends another branch to the dense 

center of the disk. This disk obviously is the hem:e, with its Cys 14, Cys 17 

ar.d His 18 connections as marked in Figure 4 and s .. chematized in Figure 2.. 

. . \ 
The two propionic acid groups extend down where expected. On the far side 

of the heme, a curved stretch of chain sweeps by and extends a sixth ligand 

to it (Figures 4, 5). A final piece of evidence for identification of the heme 

comes from the orientation of the heme plane. The heme is not parallel to 

the--sections shown; in Figure 4 the upper left corner is closer than the lower 

right. Both Eaton and Hochstrasser (15) and Kabat (16) have independently 

measured the angle between the heme normal and the z ·axis of the crystal 

(vertical in Figures 3.,..5), and have found values of 7Z :!: 3° and ~5-70° , .-re

spectively. The angle as measured from the map is within two or three de-

grees of 70°. 

In summary, in this test of the map, we can see an object the size of 

the heme as a flat disk, with side groups as small as -CHzCHzCOOH visible 

as -projections. An extended polypeptide chain appears as .a continuous rope 

of density. It is probable that in the rest of the_ map we should see the most 

bulky of the side chains, such as Phe, Tyr or Trp, but not ·differentiate be-

tween them. Charged side groups extending out from the surface of the 

molecule should be visible, especially if they are associated with bound ions 

from the _ solvent. The polypeP,tide chain sh~mld becoi:-ie p~rticularly confusing 

.. ; 
! 



-203-

10 

at points of close approach with another chain, whether via glycines or at 

bridges of any kind such as hydrogen bonds involving Thr or Ser or inter-chain · . 

salt links. We .should see the total polypeptide chain, but should not expect 

to follow it with assurance. If there is. a-helix present, it should be clearly 

visible as helix with the proper parameters. What do we actually see in the 

map? 

The center of the spheroidal molecule is strongly ·negative, indicating 

most probably, a region of packed hydrophobic side. chains. Around this core is 

a dense, structured shell, made up of ropes of density winding around to for:..n 

an almost seamless wall with three exceptions, the heme crevice and two 

apparent channels to the interior. Around this shell lies a more negative re

gion, not as negative as the innermost core and probably representing the 

loose association of hydrophilic side chains extending into the crystallizing 

me.9.ium. The many promontories extending into this region from the_ dense 

shell could be the skeleta of these side chains or, in some cases, bound 

counter ions. The salt medium around and between molecules is flat and 

relatively devoid of features. The total running length 'of ropes ,of density is 

close to the 104 X 3. SA expected for polypeptide chain, reinforcing the iln

pression th,at what is observed is fully extended chain. 

Figure 6 shows a solid model built from the high-density portions of 

the electron density map, and hence portraying the covalently bonded i'rartw

work of the molecule. The most prominent surface feature is a deep crevice 

e::..."tending into the interior, with the heme fitted into it and connected by a 

ligand from each wall of the crevice. The crevice with the heme removed i s 

shown in Figure 7. Analogous to the promontories extending out from the 
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surface of the molecule, there are seen to be others extending in from the 

' inner surface of the shell towards the heme. Some of these are almost 

surely Phe, Tyr or Trp side groups. 

The heme sits in this crevice with only .one edge, that on the right in 

Figure 2, exposed to the solvent, in excellent agreement with the predictions 

of Stellwagen (17) from solvent perturbation experiments. The more exposed 

of the propionic groups appears to make a tenuous connection to some group 

on the bottom' bf the crevice. Pointing directly towards the buried propionic 

group from the back of the crevice is a bulky group (visible at the extreme 

right at T in Figure 5) which may he a hydrogen bonded Tyr. 

The view of the molecule from the· left, Figure 8, shows the heme 

peptide and one of the · two 11 channels 11 to the center of the molecule. These 

are not true channels in the sense of being open to solvent; rather, they are 

deeply negative regions like the core, which interrupt the covalent shell. 

The most likely explanation is that they are regions of loosely packed side 

chain, perhaps hydrophobic as is the core • . They may repr~sent two hydro

phobic patches on the otherwise hydrophilic surface of the molecule, and ·as 

such, may be involved in interaction with. cytochrome oxidase, the cytochrome 

b/c1 complex, or the mitochondrial membrane. The second such channel ex-

tends straight up and out the top of the molecule in Figures 7 and 8, · and can 

be seen in Figure 14. The bottom of the molecule is closed off. 

A back view of the molecule, showing the heavy atom sites, appears 

in Figure 9. Both Pt and Hg occupy single sites, and these sites are about 

as far removed fr.om one another on the molecule as they could be, an ideal 
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situation for phase analysis. Chains often tend to double back on themselves 

'or to run in parallel with nearby chains for short stretches, with comple

mentary bends. This behavior is also found in lysozyme, chymotrypsin and 

ribonuclease (18, 19. 20) and has been shown in high resolution maps of these 

proteins to indicate cross-linking via hydrogen bonds in a manner analogous 

to that in the 13-sheet structures of j3-keratin and silks. In contrast, there 

is no region of the cytochrome _s molecule which gives any clear indication 

of et-helix. Myoglobin and hemoglobin n-1ay turn out in retrospect to have b 1~en 

"·' 
quite atypical proteins. 

The Structure of the Heme Peptide, Lys 13-Thr 19 

The one portion of the polypeptide chain which can be identified with 

assurance is the run: Lysl3-Cysl4-Alal5-G1Nl6-Cysl7-Hisl8-Thrl9, 

atta_ch~d to the heme at three points.·· The electron density map Qf .this region 

appears in Figure 10, the solid model in the same view in Figure 11, and in 

Figures 12 a.nd 13, two views of a , Pauling-Corey-Koltun space-filling model 

of the proposed c.hain ,folding • . As seen in Figure 10, the ch'ain ~nters from 

' 
the top left, extends a promontory which makes contact with another chain 

across the top of the crevice, joiris the heme at its upper left, bends right, 

then left with a very bulky region, right again in a connection to the heme at 

its top right corner, then left to connect with the heme at its .center. From 

there it comes up toward the viewer, and forks down to the right and left 

as ·shown in Figure 3. · The identification of these features with the known 

seq·..ience is almost unavoidable, especially 'since the space-filling model can 

be oriented so as to reprc)duce the observed structure almost exactly. 
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The absolute configuration of the molecule is not yet known, and it is 

possible that every illustration in this paper should be reversed. The heme 

peptide was built with PCK models using both D- and L-amino acids, in the 

hope that the impossibility of one configuration or the other would provide a 

clue as to the absolute configuration. This did not materialize; the models 

are sufficiently unconstrained that a- plausible matching of map density could 

be achieved with either form. A slight preference for the results of the 

D-arrrino acid trials led to the construction of all PCK models shown in this 

paper from D-amino acids and the marginal expectation that the high resolu-

tion work will shown the molecule in need of inversion. This inversion was 

made in the abstract of this Symposium paper and in the J. Biol. Chem. 

paper (14}, but the present convention will be maintained until the high reso-

lution analysis settles the question. 

· If this interpretation of the heme peptide is correct, then ,Lysl3 plays 

a critical role in holding the molecule together. As Figure 14 shows, the 

bridge across the top of the crevice is quite tenuous. ~tis .easy to imagine 

that, in the absence of a group similar to Lys 13, the two haive s, of the mole

cule coulp fall open and the heme be exposed. Interestingly enough, locus 

13 is ev~lutionarily ve.ry conservative. As Table I shows, this site is Lys 

in every vertebrate species studied, and .is ,Arg in most invertebrates and 

rrricroorganisms. Pseud6monas has Gly at this p9int. but has a Lys immedi-

ately pi:_eceding it. 

Alal4 appears to be exposed to the solvent, and alanine is one of the 

few hydrocarbon side groups which in othei" proteins has been found on the 

I 

I 
• I 

. ! 
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outside of the molecule .to an appreciable extent (19, 2.1). In other verte::brates, 

i t can be replaced by Ser, of similar bulk and even more compatible with a 

polar environment • . Both yeast isomers have Glu at this point, acceptable in · 

a polar medium • . 

G1Nl6 plays an enigmatic role. It extends to the left in Figures 10 

and 11, and possibly forms a hydrogen bond with the main chain just before 

Lys 13. It is. conserved in all vertebrates, but is replaced by Glu in Neuro-

. spora and Candida, and Leu in yeast Iso-1. In the vertebrates, it is tempting 

to think that its function is to double the chain back .on itself and to give struc-

ture to that part of the chain to whi¢h the heme must attach. 

Cysl4, Cysl7 and Hisl8 are absolutely conserved, and their function 

is apparent. The fork visible in the map at Thr 19 may be vital to the subs e -

quent folding of the molecule. Threonine is present in all species studied 

except Neurospora, which has Gly. But even Neurospora has a potential 

chain-forking residue at the next position, Glu2.0,· and this c'ould represent a · 

minor local alteration in configuration. 

Possible Interpretations of Other Parts of the Molecule, and a Mechanism 

for Chain Folding at the Ribosome 

The discussion to this point has been. reasonably conservative, and 

the conclusions have a high probability of cori·ectness. But one of the prime 
I 

·opportunities of a Symposium such as this is that . of presenting tentative con

clusions in the ho1Je of provoking a discussion. There are several other 

suggestive features of the structure as it now stands which I should lil<e to 

' i 
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present as a series of hypotheses. I shall try to make them plausible, and 

would be surprised if they were totally wrong, but cannot claim that they 

are on anything like. the firm ground of the previous sections. 

Hypothesis 1-A structure for the N-terminal end of the polypeptide chain, 

and a mechanism of folding of the molecule at the ribosome. 

15 

If Lysl3 is located correctly, then where is the section Glyl--GlNlZ? 

At Lys 13 the chain could go back over the top of the crevice in Figure 3, or 

to the left int_o. the region with the 11 Vall l 11 label. The tenuousness of the 

crevice-top connection and the solidity of the path to the left make the latter 

more likely. This path leads to a very tightly structured region, almost an 

entity to itself, visible at the upper left in Figures 3 and 8 and in closeup in 

Figure 15. Continuing around the left corner of Figure 15, there appears a 

loop in which the chain is doubled back upon itself and cross-connected 

(Figure 16). The lower leg of the loop returns to the side visible in Figui·e 

15 and either ends, or else joins an adjacent horseshoe bend ·o.f chain coming .. 
up from below in a T joint. It is more likely that this rathe.r tenuous join is 

only a close contact between chains, and that the chain in question does come 

to an end at the point marked 11 Ac 11 for 11 acylated end11 in Figure 15. 

The N-terminal dodecapeptide contains a characteristic pattern of 

charged groups, glycines and hydrophobic groups, completely invariant 

among all the vertebrates studied (Table I). Particularly noteworthy are the 

negative charges in one half, matched by positive charges in the other, with 

Gly6 in between. Several attempts were made to build this peptide from 

space-filling models, trying various bridging schemes and seeking to match 

the details of this region on the map. A very plausible model can be 
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pre :_:>ared., using th.e bridging scheme of Figure 17. In this model, the hairpin 

.bend in the chain is initiated by the interaction of the adjacent Glu4/Lys5 

charged side groups and facilitated by the presence of Gly6. It is then locked 

·into place by the interaction of the side chain of Asp2 with the other chain, 

either a salt link or a hydrogen bond. In some invertebrates, Asp2 is re-

placed by AsN or Ser, incapable of salt links but quite capable of forming 

hydrogen bonds. This may indicate that in vertebrates the principal if not the 

only factor in bridging is the formation of a hydrogen bond. The backbone of 

the polypeptic!'e chain is not forced into an unusual or strained configuration, 

and in many regions resembles a fully-extended, alternating side group chain. 

If this cross-linked hairpin is then given a right-angle bend at Lys7 •• 

Asp2 to agree with the electron density map, the two remaining Lys side 

chains can extend out into the solvent, the side chains of Val3, Ilu9, Phe 10, 

and the hydrocarbon part .of the Lys5 side chain all pack into the inside of the 

fold, and Valll is brought near the acylated N-terminus of the chain, next to 

the back-of-the-heme channel visible in Figure 8 • 

. This interpretation of the map is marked by labels .in Figure 18, in ; 1. 
. . 

., 

view identical to that of the wooden model in Figure 15. Figure 19 shows a. · i 

similar view of a PCK model of this folding scheme. The initial loop in the 

chain, cross-linked by Asp2, is shown as a PCK model in Figure 20 in the 

same orientation as the wooden model in Figure 16 . . Note in Figure 16 the 

two projections to the top right, suggestive of Lys side ch'.'1-ins, and. the two 

close approaches of neighboring chains at glycines: the horseshoe bend coming 

up from the bottom and approaching Glyl, and the close contact near Gly6. 
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:tigure 21 shows the Glu4/Lys5 side chain interaction as seen from within 

the molecule in a direction opposite to that of Figure .18, and Figure 22 shows 

a PCK model of the same region. Note the cluster~ng of non-polar groups on 

the inner (left) surface. 

The entire N-terminal dodecapeptide as constructed forms a relatively 

rigid structure, .bent like a cupped hand with the palm lined with hydrophobic 

side chains. With the evidence of Margoliash (22) that the heme is attached 

to the polypeptide chain as the chain comes off the . ribosome rather than to a. 

complete, folded protocytochrome, a self-consistent· picture appears as to 

how the molecule migh.t fold upon s.ynthesis: 

1) As the first dozen residues are synthesized at the ribosome, the 

Glu4/Lys5 side chain inte.raction bends the chain back upon itself to form a 

loop, aided by Gly6 and locked into place by Asp2. This loop is cupped and 
. .. .. . . 
. its·-stability strengthened by the hydrophobic interactions of Val3, Ilu9, and 

PhelO at one place, and by the interaction ofValll and the acylated 

N-terminus. A charged, unacylated N-terminus here is structurally unac-

. ceptable. (There is an interesting evolutionary sidelight. here. •The ip.verte.

brates, which have· four to nine additional residues on the N-terminal end, 

tend to have a charged group, Lys, in place of valine. ) 

2) · As residues Lys 13-Thrl 9 come off the ribosome, the doubling 

back of the chain at GL.'J'l6 brings the chain into roughly the proper shape for 

interacting with the heme. It is possible that the hydrophobic "region of the 

initial dodecapeptide interacts with the attaching .enzyme or 'helps to hold the 

heme during attachment. 

3) After the attachment of the heme, the heme al1-d its peptide itself 

form a nucleus for the subsequent folding of the molecule • . As a hydrophobic 

• ! 
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:::egion of the molecule comes off the ribosome, it tends to fold around the 

heme, bringing the chain back and maintaining a compact molecule. It is 

this tendency of the non-polar regions to surround the heme which is respon

sible for the observed shell structure one chain layer thick, and the creation 

of the molecule in the shape of a hand folded about the heme. The necessity 

for hydrophobic interactions for the proper folding of the molecule gives rise 

to the evolutionary conservatism of the non-polar residues. 

4) At one point in the folding, a loop of chain comes close enough to 

the evolutionarily conserved Lysl3 (or Argl3 in invertebrates) to close off 

the top of the crevice and add to the stability of the molecule. 

This model may be wrong in many details. The essentials of the 

model: the doubling back of the N-terminal dodecapeptide as a nucleus for 

heme attachment and the use of the heme itself as a template for subsequent 

folding-of the molecule, seem plausible at least to the author, and may be 

correct in outline although false in the precise form presented here. 

Hypothesis 2.-':""The location on the map of Trp59-Tyr67, and the pos·sible 

identification of the sixth iron ligand. 

· Just below the back-of-the-heme channel in Figure 8 begins a long ' 

run of what appears to be a single extended 'polypeptide chain. It runs up 

near Glyl, back and down again, bends left in Figure 9, runs to the far corner 

of the molecule, doubles sharply back upon itself and rises up and over the 

shoulder of the molecule. Part of this chain is shown in more detail in 

Figure 2.3. The chain then continues up and over the 11 right side" of the 
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molecule (Figure 7) and down past the heme at the sixth ligand site. From 

th~re its path becomes uncertain. 

The shapes of several of the side groups along this chain are particu

larly interesting. Where the first loop bends left at the bottom in Figure 9, 

there appears a flat, bulky side group pointing in to the interior of the mole

cule and the heme (Pin Figure 2.3). It has the unsymmetrical shape of Trp, 

but might also be the Phe or Tyr. Immediately beyond it, a long promontory 

e:>..-tends from the polypeptide chain into the solv.ent (L in Figure 2.3). This is 

probably a charged side chain, and from its length i~ more likely Lys or Arg 

than Asp or Glu. ·The sharp doubling back (T in Figure 2.3) occurs at a point 

of close approach to another chain, one of the typical ambiguous nodes where 

the connections between incoming and outgoing chains is not sure. The choice 

indicated has been made on the basis of the total chain fitting scheme. 1£ this 

is a...point of cross-linking of two chains, then the evidence of lysozyme sug 

gests possibly S~r or Thr at this point (18). Beyond this node, at R in 

Figure 2.3, is another aromatic side chain pointing to the interior, and by 

shape more likely Phe or Tyr than Trp. 1:'fost significantly, it points dir ectly 

at the more buried of the two heme propionic acid groups (T in Figure 5). '(n 

ribonuclease (2.0), three tyrosines lie near the surface with· hydroxyl groups 

exposed. Three more wholly or partially buried ones, however, all have · 

their hydroxyl groups oriented in such a way as to . suggest hydrogen bondin g-

two to main chain carbonyls and one to the carboxyl of an Asp. Similar Tyr 

hydrogen bonding has . been observed in lysozyme and myoglobin as well~ It 

is possible that such a. "neutralization" of the polar group is necessary in 

order for a. Ty:r to exist in a strongly hydrophobic environment. From another 
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viewpoint, the provision of an aromatic group with some polar hydrogen 

bonding character may be th"'. method of accommodating a propionic acid side 

chain within a non-polar milieu. 

Is it possible to find a stretch of sequence with the following character-

istics: 

(TRP, Phe, Tyr); (LYS, ARG, Asp, Glu) • 

(TYR, Phe, Trp) ? 

. (Ser, Thr) • • • • 

(The choices within parentheses represent alternatives for a single residue .) 

The most promising fit is the sequence: -Thr58-T.rp59-Lys60-Glu61-Glu6 L! -

Thr63-Leu64-Met65-0lu66-Tyr67-Leu68-Glu69-. Ii this sequence is as s umed 

for the chain between P and R in Figure 23, then the shapes of all four lette red 

side groups are accounted for. This model brings four glutamic acids into a 

cluster at one locus on the surface of the molecule, which, if correct, may be 

functionally significant. It accounts for the extreme evolutionary conserva-

tism. of the Thr63--it is needed to hold the molecule together at its back 

corner. 3 It explains the accommodation of the heme propionic group in a non.:. 

polar environment, and accounts for one of the two buried tyrosines. And · 

most interesting of all, if the chain is continued up over the shoulder of the 

molecule as shown in Figure 23 and then down past .the heme (Figure .7), it 

' . 
arrives at the heme just in time to bring Met SO to the sixth ligand site. 

Hypothesis 3--The cytochrome oxidase binding site. 

· The model proposed in Hypothesis 2 brings Lys 7.2 and Lys 73 to the 

upper part of the right face of the molecule. Moreover, although the chain 
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path cannot "oe followed with assurance past residue 82. or so, the lysine 

ti·iplet Lys 86-88 must be somewhere nearby, perhaps .on the lower half of . 

this right face. Of these five cationic groups, all but Lys88 are evolutionarily 

invariant. It is proposed that it is this positively charged right face of the 

molecule which serves as the b1nding site for cytochrome oxid.ase. 

Cytochrome oxidase is an acidic protein, and is known to interact with 

cytochrome _sat least in part by electrostatic forces (11). Okunuki (23) has 

shown that the blocking of either Lys72 or Lys73 with a trinitrophenyl group 

inhibits the reaction of cytochrome c with its oxidase_; Margoliasl:i (11) has 
.. -

suggested that the evolutionarily constant segment Asn70-Met80 which bears 

these two lysines, may be constant just because it is necessary to form the 

oxidas e binding site. If the right side of the molecule is this binding site, 

tnen the heme in its cleft would be quite accessible for direct electron trans-

fer. __ T.he termini of the two pseudochannels on the surface of the molecule 

are about as far removed from this hypothetical binding site as they could be. 

If these are in fact hydrophobic 11 p.atches 11 on the surface, it is possible that 

they may be involved in binding in some manner to the mitochondrial cell 
. ' '· . 

wall in such a way as to present the binding site and the heme to the oxidase • . 

Hypothesis 4--A po!"sible conformational change upon reduction of the heme.· 

Several differences in physical and chemical properties have been 

found between oxidized and reduced cytochrome _s which suggest a somewhat 

tighter folding of ferrocytochrome. These are summarized in (11), and in-

elude diHerences in spreading behavior at air-water interfaces, greater 
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-.:hermal stability and resistance to proteolytic digestion in the reduced form, 

r.uclear n-1agnetic resonance and ·optical rotatory dispersion spectra. differ-

ences, and the diminished t':lndency of the ferrocytochrome heme to complex 

with other ligands. The behavior of reduced. cytochrome _son elution from 

cation-exchanger columns is compatible with the loss or burial of one posi-

tively charged group. 

The heme peptide, containing the His 18 ligand, is seen from the x-ray · 

work to be a tight, compact structure, with little possibility for mechanical 

variance. The sixth ligand, in contrast, is carried 'by a free-standing loop 

of chain which from Figure 7 does not appear to give any structural ·integrity 

to the right side of the cleft. 

One possible configuration change' upon reduction might be the folding 

inward of the heme and this flexible chain to :form a more compact object and 
-

to close off the opening of the crevice. This might even involve a breaking of 

the heme ligand to this · chain and a reforming of the sixth bond with another 

donor buried deeper inside the crevice. Such a localized conformation 

change could explain most of the changes mentioned above. It might bury 

Lys79, just above the ligand, and explain the cation-exchange column obser-

vations. It would certainly make the heme less accessible to foreign ligands. 

Ii the picture which has been drawn of the molecule as tenuously held together 

at the top· of the crevice and liable to unfolding is correct, then the closing in 

of _the crevice would make the molecule more stable to heat and probably to 

proteolytic digestion as well. And finally, it appears that the residue just 

above the sixth ligand residue, which has been proposed to be Lys79, makes 

a close contact with a neighboring molecule up the screw axis in the crystal. 
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Ii, in the reduced form, this charged group were removed from the exterior. 

and th.is presumed salt link were made impossible, it would then be reaso:n·

able that crystallization would become much more difficult, as has actually . 

been observed. 

Conclusions 

At present, some structural features are known with a fair degree of 

assurance from the two-derivative, 4 Am ap. These include the overall lay

out of the molecule, the geometry of the heme and ,it& peptide, and the nature· 

of the crevice. Other features are only hypothesized, however, and the two 

categories should not be confused. It is likely that we know something about 

the folding of the N-terminal end of the chain, and the chain-folding mechanism 

is at least plausible. The mapping of the chain across the back of the molecule, i 
, , I 

and_~h~ interpretation of the right side are about the best guesses which can be 

made on the basis of the present map and what is known about the chemical ! 
•! 

and physic.al properties of the protein. Whether all of these hypotheses are 

examples of the power of a 4 A map or illustrations of enthusias.tic s eli-

deception on the part of the observers will have to be decided at higher reso

lution. Although they look plausible and tie a considerable amount of chemi

cal information together, the safest judgment upon them at this point is: 11Se 
···, 

none vero, e bene trovato11 • 
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Summary 

The gross features of the structure of the molecule of horse heart 

ferricytochr·ome ..£• obtained from an electron density map at 4 A resolution 

using Pt and Hg derivatives, is illustrated with stereo photos of the plexi-

glass map and of plywood and PCK models. The interpretation of J. Biol. 

Chem., 242, 3015 (1967) is amplified as to the ·overall architecture of the ......,..._ 

molecule and the structure of the heme peptide. Four hypotheses are pre-

sented, based upon the present model and the available chemical and physical 

evidence, to be tested against the high resolution structure analysis and the 

subsequent analysis of ferrocytochrome> 

1) A structure for the N-terminal dodecapeptide, and a mechan1sm of 

folding of the molecule at the ribosome. 

2.) The location on the molecule of Trp59-Tyr67, and the possible 

idenfification of the sixth iron ligand. 

3) A possible cytochrome oxidase binding site. 

4) A possible conformational change upon reduction of the heme. · 
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Footnotes 

l Contribution No. 3524 from the Gates and Crellin Laboratories of 

Chemistry. Supported by United States Public Health Service Research Gi·a nt 

GM-12121 from the National Institutes of General Medical Sciences. One of 

the authors (J. W.) is also the holder of a National Institutes of Health pre<loc

toral traineeship. 

The photographs in this paper are stereo pairs I positioned for viewing 

either with the unaided eye or with a conventional binocular hand viewer such 

as the CF-8 Stereoscope obtainable from Abrams Instrument Corporation, 

Lansing, Michigan, U.S. A. · The following procedure will enable many people 

to see the photographs in depth without a viewer. 

a) Hold the page at arms 1 length. 

b) Look past the page; relax the eyes until~ images of ea.ch half of 

the stereo photo are seen. It is sometimes helpful to loo~·at a distant object 

over the edge of the page and then shift the page into view without readjusting 

the convergence of the · eyes. 

c) Adjust the degree of convergence of the eyes until the. center two of 

the four half-images coincide. This is the proper convergence for stereo 

vision. If the page was held initially at arms 1 length, the merged stereo image 

should be in focus. If your eyes and the stereo pair are not parallel, then 

registry of the two half'"'.'images is impossible. If registry is not initially achieve< 

rotate the page clockwise and counterclock-wise by a few degrees until the stereo 

image snaps into place. 

d) Bring the page towards your eyes slowly until the retention of near-
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object ·focussing and distant-object convergence becomes uncomfortable. With 

practice, the image can be held at normal reading distance~ 

The photographs were taken with a Steritar B attachment for the Zeis s 

Contaflex, which places the two stereo images on the two halves 0£ one 35mm 

frame 0£ the negative. The film used was Eastman Kodak Plus-X, speed 

ASA lZS. 

3 The entire sequence: Ala5l----.:....Ilu81 is aln:iost invariant throughout all 

the vertebrates, with the exception 0£ such non...:.radical substitutions as Ser 

for AsN54, Val or Ilu for Thr58, Gly generally for Lys60 0£ horse, ~nd Asp 

for Glu6Z. This is th~ conservatism which would b·e expected for a long chain 

which formed one of the principal structural entities 0£ the molecule • 

. ; 

' . 
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Figures 

Figure 1: Packing of id_ealized cytochrome~ molecules into the crystal. 

The fourfold screw axes described in the text come _up to the left out of the 

photograph. Note the large open channel down the center of the four-screw 

fragment of crystal shown here. 

Figure 2: The heme peptide, the arrangement of side groups on· the heme~ 

and the connections between heme and peptide as revealed by x-ray analysis. 

Figure 3: Sections through the three-dimensional electron density map 

at 4 A resolution, showing the 11 left11 side of the molecule, the heme within, 

and the pseudochannel down to it. The round paper labels identify postulated 

side chain regions, and the smaller dots, rough a-carbon positions. The . 1 

placing o! Lysl3-Thrl9 is reasonably correct; that of Glyl-G1Nl2. is hypo

thetical only. The direction of the chain fork at Thrl9 is unknown. Sections 

nearest the observer p.ave been removed. Contours are at intervals of fifty 

on an arbitrary scale, ·with the zero contour being the average density through..; , 

out the cell. Only positive contours are plotted on this map. 

Figure 4: The heme and its immediate 'environment. The Cys 14, Cys 17 

and His 18 ·connections are marked. Two_ propionic acid groups extend down. 

bel_ow the heme. The exterior of the molecule is to the right of the heme, 

and the center of the molecule is to its left. ·The density at the center of the 

heme iron is 480 on the arbitrary scale, while that along extended polypeptide 
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~ l-:.ains is usually 130-280. The most dense part 0£ the map other than the 

:: cmc center is the bottom 0£ the N-terminal loop (Figure 16), with.a maximum 

oi 353. 

-.::·' :..:,:"'1re 5: The right side 0£ the heme, · and in front, the extended chain 

which bears the sixth iron ligand and forms the right side of the heme crevice 

(also visible behind the heme in Figure 4). Several sections closest to the 

viewer have been removed. Note the possible interaction of the leftmost 

propionic acid group with something at the bottom of the crevice. 

Figure 6: A model of the molecule taken from the electron density map of 

fr.e previous Figures. The contour selected for display is halfway between the 

f irst and second contours of the plexiglass map. Note the heme in its crev:ice, 

the heme peptide forming the left side 0£ the crevice and the curved ext ended 

chain of Figure 5 on the right. X! marks a close contact with the next molecule 1 

up _the fourfold screw axis, and X marks the equivalent contact with the next 

molecule down the axis. ,g_ the sixth iron ligand is Met80 (for which the re i r> as 

yet no x-ray evidence one way or the other), then the close intermolecul~i· 

contact mar,ked by X 1 would involve a positive charge, Lys79. 

Figure 7: Model with the heme removed. S and S 1 mark the thioether 

links to Cysl7 and Cysl4, respectively, H marks HislS, and L marks the 

interaction of Lys 13 across the top of the crevice. Note the pronounced cavity 

within the molecule, and the several bulky groups which appear to extend in

ward from the cavity walls toward the heme. 
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Figure 8: The left side of the molecule, showing the heme peptide and the 

pseudochannel to the back of the heme. 

Figure 9: The back of the molecule, showing the Pt site (+), the mersalyl 

Hg site (0), the proposed N-terminal loop at. the upper right, and a long 

stretch tentatively believed to be a continuous polypeptide chain path (see 

Figure 2.3). 

Figure 10: The polypeptide chain on the His 18 side of the heme. Probable 

side group loci and possible main chain a-carbon sites are marked as in 

· Figure 3. Note the close approach of the next molecule· up the fourfold screw 

axis near another positively charged group, Lys 13, and Alal5 (X). 

Figure 11: Closeup of Figure 8, showing the heme peptide, the back-of-

the.:..neme channel and the chain fork at Thrl9 (T). Compare Figure 10. 

Figure 12.: PCK space-filling model of the heme group and its peptide 

Lys 13-Thrl9. Visible side groups are numbered as in Figure i. 

Figure 13: View of the heme and its peptide from the interior of the crevice~ 

Figure 14: View down on the top of the molecule from the right front. L 

marks the postulated Lys 13 bridge acro.ss the top o:f the crevice. The top 0£ 

the heme is visible at the bottom. Note a second pseudochannel down into the 

molecule from the top. The region at upper center, behind this channel, is 

postulated to be the N-te:rminal Glyl-G1Nl2. :region (see text). 



-223-

30 

:~ · ia;ure 15: The proposed N-terminal peptide, with side group loci numbered 

as in Figure 17. Same view 0£ the molcule as Figure· 8. 

Figure 16: The N-terminal loop with its bridge, seen from the back 0£ ·the 

molecule, as in Figure 9. 

Figure 17: The chain folding scheme which is proposed for Glyl-G1Nl2 to 

explain the observed electron density, and which is postulated as a nucleus for 

t h e folding 0£ the polypeptide chain around the heme as the molecule is formed. 

[ii}- represents a hydrop~obic side chain, and @- or .0-. a charged group. 

Figure 18: The N-terminal peptide region of the electron density map, with 

side chains marked as in Figure 3. Sections containing the heme, at the ex

treme rear, have been removed £or increased illumination. Compare Figure 3, ' 

in which the nearer sections have been removed instead. 

Figure 19: PCK model of the Glyl-Thrl9 peptide in the same orientation as 

Figures 15 and 18. 

F igure 20: PCK model of the N-terminal loop 0£ Figure 16. 

Figure 21: The postulated Glu4/Lys5 salt link seen from within the mole-

cul.e in a direction opposite to that of Figure 18. · 

.. ' 

Figure 22: PCK model of the salt link of Figure 21, represented for ea. i; e 

of construction as a hydrogen bond. 
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:.~igure 2.3: The lower right rear 0£ the molecule, showing a chain which 

-.c.-.. :::.y contain residues Trp59-Tyr67 (see text). 

. ~' 

·· ... , 

•. 
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Table I 
~ 

Cytochrome.£ Sequence Comparisons 

from the N-Terminal End Through the Heme Attachment 

Residue: -10 

Vertebrates 

Ma:r:.3 
.= . • 

Horse4 

Chicken5 

Pekin Duck 

Rattlesnake 

Ancestral (?) 

Invertebrates . .. 

S. Cynthia 

Yeast Iso-1 

Candida Krusei 

Wheat germ 

Pseudomonas 

-9 -8 -7 -6 -5 -4 

H2N-Gly 

H 2N-Gly 

·-3 
( . 

Val 

Phe 

H 2N- Thr Glu ·. Phe 

-2 

'Pre 

Ser 

Lys 

--------·-·-. -- -·- -~-
- - - ----- ---- --·····- - - -.. -

. Pro Phe Glu 

.A,c2
- Ala · Ser Phe . Ser Glu Ala Pro 

. .. 
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-1 l 3 4 5 6 . 7 8 10 

Ac - .Gly Asp Val Glu Lys Gly Lys Lys Ilu · Phe 

Ac - Gly Asp Val Glu Lys Gly Lys Lys Ilu l-'he 

Ac - Gly · · Asp Ilu Glu Lys Gly Lys Lys nu Phe 

Ac-. Gly Asp . Val Glu Lys Gly Lys Lyo Ilu Phe 

Ac- <;zly Asp . Val Glu Lys Gly Lys Lys Ilu Phe 

Ac- G!y Asp . Val Ala _Lys Gly Lys Lys Thr Phe 

._ .. 

Ac- Gly Asp Val Glu Lys · Gly Lys Lys Ifu Phe 

G .H .. 8 G 0 8 H H 

Ala Gly AsN Ala · Glu .AsN Gly Lys Lys .nu ·Phe I 

Ala Gly Asp Ser Lys Lys Gly Ala AsN . Leu Phe · 

Ala . Gly Ser Ala Lys · Lys . Gly Ala Thr Leu Phe 
-·- -· ·~-.......... .....; ........ -- ·-

··----- ·-- · - ·--- -- - ---- --- ··- -· . ... . . ---·- - - ----------- - -- --·· ·. 
GIN Gly Ser Ala Lys Lys Gly . ·Ala Thr Leu Phe . .. 

Pro Gly AsN Pro Asp Ala Gly Ala Lys Ilu Phe 

· H2N- Glu Asp Pro Glu Val Leu Phe l.ys 
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Val GlN Arg Cys Ala GlN Cys His Thr Val 

· Lys Thr Arg . Cys Ala Glu Cys His Gly Glu 

Lys Thr Arg Cys . Glu : Leu Cys His Thr - Val 
-···--- -, .. ··- ·---·--~ -- · -- -- ···- -- --- · - --~ -- --

- --- ·- ---- - - ·-~----···- - -;-- -

Lys Thr Arg Cys Ala · Glu · Cys His . · Thr Ilu 

Lys Thr . Lys Cys Ala GlN Cys His Thr ·Val 

AsN Lys Gly Cys Va.l Ala Cys His Ala. Ilu 
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• I::~C.icates free terminal amino group. 

2 Indicates acylated terminal amino: CH3-CO-NH-CHR1- •••• 

3 Includes man, rhesus monkey, chimpanzee. 

4 Includes horse, cow, pig, sbeep, dog, rabbit, kangaroo, snapping turtle. 

5 Includes chicken, turkey, king penguin, pigeon. 

Sequence information has been ta~en from the Atlas of Protein Sequence, 

1966 (R. V. Eck and M. 0. Dayhoii, eds.), with the addition of the following: 

1) Chimpanzee, pigeon ' : E. Margolia:-sh, private communication. 

2.) Wheat ge-rm:. E. Smith, private communication. · 

. ·: . 

: . 

• ' . . 

: .. ·. · 
·. ·· .. · ... ·., 

· ·', ·· 

. : ·. ,. 

·:.. , · ' 

·.• .. 
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Abstract 
~ 

The Karle-Hauptman tangent formula has been tested 

as a means of refining phases previously dete1·mined from 

single and multiple isomorphous replacement. A test of the 

tangent formula, using exact phases ·of a model protein as a 

starting point, showed that the formula reproduces phase ang~es 

in good agreement with the true phases, even at only 4 A 

resolution; When errors were introduced into the model phases, 

the tangent method refined back towards the true phases. This· 

procedure was used to refine the phases of cytochrome~ 

obtained from a double isomorphous analysis at 4 A resolution, 

and some improvement in the electron density at the heme group 

was apparent. 

· Trials with single isomorphous replace1nent phases for 

a hypothetical derivative of the model protein showed that the 

tangent form~la can be used to resolve the single-derivative 

ambigu~ty. Applying this method "to single-dedvative phases 

.· for cytochrome~· an electron density map wa~ obtained which 

appears to be only slightly inferior to the .two-d .erivative map. 

3 

I 
.I 

I .. 
' 
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Introduction 
~ 

The multiple isomorphous replacement (MIR) method of phase analysis, 

which made protein structure analysis possible, is still the standard method 

of finding protein phases. The trial and error method is manifestly impos-

sible with molecules of this complexity, and Fourier refinement methods are 

useful only in the later high resolution stages. Patterson methods have proven 

usef~i only for finding heavy atom positions. The heavy atoms which occur 

naturally or can be added to protein molecules are not sufficiently heavy ~o 
/ 

dominate phasing~ The anomalous scattering effect is smaller yet, and can 

be used only as an auxiliary to isomorphous replacement. The only significant 

variant to the MIR method has been the single isomorphous replacement (SIR) 

method with its inherent phase ambiguity broken by the use of anomalous 

- scattering data (Kartha, 1961; Blow and Rossmann, 1961). Kartha showed 

that the SIR method alone is similar to vector superposition using the heavy 

atom positions, and that if the heavy atom. constellation itself does not poss 1~ss 

a center of symmetry, then the SIR map is built up from a number of images 

of the protein moiec~le in prop~r register, plus .an equal numbe~ of imagos 

of the enantiomorph which add in a nonsystematic manner to give a high back-

ground noise level. Blow and Rossmann demonstrated that the map of hemo-

globin produced by SIR and anomalous scattering, although considerably 

degraded from the seven compound MIR map, was still correct in gross 

feat:ures. 

One class of phasing methods which has seen relatively little use with 

proteins is statistical phasing, of which the most powe:dul methods seem to 
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be those developed by Karle, Karle and Hauptm;:i.n: (Karle, 1964). In the 

two decades since these methods appeared, they have shown their worth 

with increasingly complex structures, first centro.symmetric and then non-

· centrosymmetric. But proteins have been relatively unexplored territory. 

C. L. Coulter ( 1965) has carr.ied out model compound experiments along lines 

similar to some of those in this paper, and D. C. Phillips has carried out 

some unpublished experiments with lysozyme. The feeling has been preva-

lent ·that Karle-Hauptman methods could not produce protein phases ab 

initio, · and that in any case they would not be applicable to data short of 

atomic resolution, or the vicinity of 2-1. 5 A. We have accepted the first 

restriction, but have found the second not to be true under proper conditions. 

We have attempted to use the Karle-Hauptman tangent formula 

(equation 4. 5 of Karle and Karle, 1966, hereafter referred to as K and K) in 

two ways, first as a means of refining phases produced by the MIR m~thod, 

and then as a means of choosing between the two possible solutions of the SIR 

method. In both cases, the procedure has first been checked on. a dummy 

pi·otein (11 modelglobin") having structure factoi·s and phases calculated from 
. . . . . . ' . 

the backbone chain of myoglobin out to and including (3-carbon atoms, and 

then applied to real data for horse head cytochi·ome _s. The data used 

extended out to 4 A and to 3.·7 A, respectively. 
\ 

Test of the tan ent formula with rnodcl . has es 

The principles of Karle-Hauptman. phase refinement are given in 

Karle (1964) and in K and K, and only those equations which wei·e of dii'ect 

. I 
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~se will be given here. The tangent formula is: 

tan ¢h ~ 

LIE k Eh-kl sin (¢k + ¢h-k) 
k . 

\IE E I cos (¢k +¢h-k) L -k-h-k 
k 

where hand k each represent Miller index triples. The E's in equation · - . . 

1 are normalized structure factoi· magnitudes as given by: 

2 

2 I Fhl 
I Eh I obs = 

l fj2 (h) e 

j 

6 

(1) 

(2) 

. IF h\is the observed structure factor magnitude of reflection h, fj is the ato1nic 

scattering factor for the /h atom in the unit cell and e is a number which 

& . Stmmehy 
corrects m.ainly forJ_space group eJvinctions. Equation 1 provides a way of 

finding a new, refined phase for each reflection in terms of the entire set of 

phases which were initially assurped on the right hand side of the equation. 

Before s~tting out to refine sets of approximate phase angles, the 

accu:racy of the tangent formula itself at low res elution was tested with the 

exact phases of modelglobin. Structure factors and phases for the 1239_ 

reflections within the 4 A limit were calculated using the polypeptide backbone 

atoms, (3-carbons .• iron and heme group of my~globin in its true unit cell. 

We are indepted to Dr. John C. Kendrew for the myoglobin coordinates. 
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These phases and n.ormalized structure factors will be designated by¢ b 
0 s 

and E b • 
-0 s 

The phase angles of the 410 reflections of modelglobin with E b -o s 

7 

greatei· than 1. 0 were calculated from equation 1, using ¢ b and E b 0£ 
. 0 s -o s 

all 1239 reflections on the right hand side. The results are shown in Fig. l. . 

The mean error in calculated phase angle is only about 6° for .the fifty re-

flections with largest Eobs' but the error in phase increases as E b de-
. -o s 

creases. The tangent formula begins to fail at .significantly higher E b 
-Q s 

values. i£ the data are cut off at 5 A. This suggests that resolution of the data 

is a problem, and that the tangent foi·mula will be more useful at 2 A ·or 

higher resolution. Even at low resolution, however, the tangent formula can 

be used to improve the phases of the strongest reflections; these are often 

pooi·ly determined by the MIR methodbecause the ratio 0£ I £HI to IF pl is 

small. At low. resolution, the Karle-Hauptman and isomorphous replacement 

methods are compleme ntary. 

Several functions were tried as possible indices of the correctness 0£ 

phases determined by the tangent formula, but none 0£ . these proved entii·ely 

s~tisfactory •. O~e ~~ch function, called the "unno'rmalized calculated E 11 , 

was defined by analogy with the tangent £prmufa: 

E .h I c = IL I Ek E h-k I exp (i {¢k + ¢h-k).} I 
k 

p 

(3) 

Th~se E c 1 s asym,totically approached constant values as the number of tern'ls 

in the tangent forinula increased (Fig. 2). For modelglobin, the mean value 

of E / E b for the 410 reflections with the largest E b was found to be -c -o s . . -o s 
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120, but values of this ratio for individual reflections ranged from 10 to 290. 

No correlation could be found between this ratio and the erroi· in· the cori·c:... 

spending phase from the tangent formula, except that when the ratio was less 

than 4 0, the phase angle was usually greatly in error. For this reason the 

Karle and Karle R index (equation 5. 2 of K and K) would not seem to be useful 

here as a criterion of phase quality at low resolution. 

The effect of the number of terms used in the tangent formula upon 

the ~alculated phase angle and E is shown in Fig. 2 for a centric and an .c . 

acentric reflection. The terms were added in order of decreasing Ek" These 

two reflections are substantially determined by the top 300 terms. In general, 

however, at least 700 terms were needed to calculate phases of reflections 

with E b values of 1. 0 or greater. -o s 

Another possible measure of phase correctness is based on the phase 

probability function defined by Karle and Karle (1966): 

(4) 

This expression gives the prol;>ability of correctness of a chosen phase angle 

¢h' ·as a function ·of the coefficie~t a and the distance of ¢h1 from the phase 

calculated from the tangent formula, ¢h· . The sharpness of the probability 

distribution increases as et rises. The coefficient et is proportional to the 

product of ob~ei·ved and calculated E -h values: 

(5) 
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:'Y"here the sigmas are defined in tei·ms of the atomic·numbers, Z., 
J. . 

as: 

(6) 

A plot of a against the error in determining a phase angle is shown 

in Fig. 3. Except for very large values of a, the correlation between a and 

the correctness of a phase is quite weak, and it thus appears that a is not 

much better than E cf E obs as a measure of phase quality. The variance of 

¢h' suggested as an index of phase correctness by Karle and Karle (1966), 

could be calculated easily from a and equation 3. 33 of Kand K, but b.ecause 

of the lack of correlation shown in Fig. 3, this was not done. 

In the refinements of cytochrome _s: described below, the appearance 

bf the heme group provided the best quality criterion. The progress of re-

fin_~m~nt was monitored by calculating a Foui·ieic: map .after every lOO _or so 

phases had been refined with the tangent formula. The refinement of model

globin was judged by comparing refined phases with exact phases. · 

Refinement with the tangent formula was always carried out in 

descending order of E obs values, and two 'modes of refinement were t ried . 

In "block cycling' ' , a specified number of . phases were recalculated, u s ing 

the starting phases on the i·ight hand side. All of these phases were then 

substituted together for the old ones before a second cycle was calculated. 

In 11 accelerated cycling'', a newly calculated phase was immediately sub-

stituted for its initial value, where it would then contribute to all reflections 

of lesser E value. 
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As a preliminary experiment in refinement, the fifty. acentric re

flections of largest E b values were subjected to repeated block and -o s 

10 

accelerated cycling, with the results shown in Fig. 4. The change in phase 

from one cycle to another is diminishing, and the phases are asymtotically 

approaching a set which is self-consistent but which differs from the correct 

set by about twelve degrees. It may be that this difference between self-

consistency and correctness is a consequence of the limited amount of data 

used, 'and that at high resolution this anomaly would not arise. 

Two trials were made in which random errors were introduced into 

the calculated phase set, and the tangent foi·mula was used to refine back 

again. In.the first trial, errors in acentric reflections ranged from 0° to 

90° with a mean of 32 °, and the signs . of two percent of the centr:l.c reflections 

were reversed. The distribution of errors introduced into the acentric re-

fle~tio_ns . is shown in Fig. 5. The refinement behavior of the 50 largest 

a centric reflections and then of the 14 7 largest a centric i·eflections when 

subjected to blcck and accelerated cycling is shown in Fig. 6. The mean phase , 

er.ror drops dramatically in the first cycle 01· two, levels off, ·and then begins 

to rise again with block cycling. Accelerated cycling reduces the mean error 

more rapidly, but also brings on the subsequent 11blowup11 of phase angles 

sooner. 

Similar behavior was found in a second set of trials, in which the 

phases of the most intense 100 reflections were put in error by an average of 

56° and .the other phases were left as in the · 32. 0 triaL Accelerated cycling of 

.the top 72 reflections reduced the mean error from 56° to 31°, then to 27. 9° 

and 28. 0° in two more cycles. With the greater initial error in phases, the 

onset of the drift toward the 'self-consistent set is delayed c .ompared to the 

previous run. 

" 
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· The origin of this phase blowup upon continued cycling is not known, 

One possible exp}anation might be the one alluded to earlier; with limited 

data the self-consistent set may differ fron< the correct one. The rise in 

phase error after several cycles may be a drive towards self-consistency. 

This trend may also be present at the beginning, but be masked by improve

ment in phase angles which were initially badly in e1·ror. Only higher reso-

lution data .will resolve these questions. 

The conclusion from these modelglobin trials is that refinement of 

MIR phases at low resolution should be carried out for two ~r three cycles 

for the strongest reflections and then halted before phase deterioration 

begins. If this is done, then a certain amount of phase improvement will 

result. 

Unlike many proteins, cytochrome £has a prosthetic group, the 

heme, which is readily recognizable even at 4 A resolution. The appearance 

of the heme group was used as. a .criterion of improvement during t_ange~t 

formula refinement. 

Two cytochrome derivatives wei·e available, Pt and Hg, each with a 

different single binding site to the protein molecule. Pt was well-substituted, 

· with a mean change in structure factor by the heavy atom of 29_%·.in the centric 
. . . . 

hkO zone of space group P4 1 • Hg was weaker, with a mean change of only 15%. 

Further details about data, derivatives and MIR phase analysis will be found 

in Dickerson, Kopka, Borders .. Varnum, Weinzierl and Margoliash (1967) and 

Dickerson, Kopka, Weinzierl, Eisenberg and Margoliash (1967). 

Preparation of normalized structure factors, E b , . presented a 
-o s 

problem at low resolution. With the peaks in the F curve at about 10 A and 
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5 A, Wilson plot scaling was impossible. Instead, a temperature facto.r of 

exp (-0. 475Si) was assumed to be present by analogy with Kendrew 1 s findings 

for myoglobin, and was removed by multiplying the data by exp (0. 47 552). 

(S = 2 sin 8). The data were then scaled so that ( E
0
b/) = l. 0 for the region 

from 8 A to 4 A. The inner :reflections out to a resolution of 13 A were 

removed because of their sensitivity to the salt concentration of the crystal- . 

lizir.g medium. 

Refinement of the MIR phases by accelerated cycling was tried first. 

After every 100 re1lections, a Fourie1· map of the heme region was calculated. 

As the refinement. proceeded, the iron atom gained in peak intensity in succ 1~s-

sive Fourier maps and the detail of the surrounding heme was steadily dcgr1ided. 

Block cycling was then tried, with much bette1· results. The strongest 197 

reflections (out of 1439 at 3. 7 A resolution) we1·e given one cycle of block r, ,-

finement. These 197 reflections we1·e used with the unchanged phases _of thn 

1242 reflections of lesser E b to calculate a much more encouraging map· 
. -o s 

around the heme region. Refinement of the next 50 reflections did not apprc-

ciably change the map, nor did a second cycle of the top 100 i·eflections. 

It appeared to make little differe·nce whether or not the . MIR figures 6£ 

merit were used to weight the right hand side of the tangent formula at this 

point, and in the final calculations they were not used.. The SIR work to 

. follow, however, suggested that weighting with figures of merit is the propor 

· thing to do. The refined 197 reflections were given a new figu1·e of merit for 

the purpose of calculating Fourier maps, defined as: 

m' ={·+~cos 'TT (m - cos (16.t I)) (7) 
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The justification for this rather arbitrary function was that the weight should 

range between 0 and 1, and that a reflection should be given ~ large weight 

if it had had a large figure of. merit and had not been altered appreciably by 

tangent refinement, or if it had had a small figure of merit and had been 

changed considerably. Non~refined reflections retained their old figures of 

merit. Unweighted maps calculated as controls showed the same general 

trends as weighted maps. 

Of the. several maps which were calculated, two are particularly 

informative: the original unrefined map weighted with. figures of merit, and 

the refined map weighted with new figures of merit. These two maps.are 

shown in Figs. 7 and 8, and 10 and 11, and a theoretical heme at seve1·al 

resolution~ is in Fig. 9. Points of identification for the heme maps include 

. the high density at the iron atom, the symmetrical extension of the two propionic. 

acid side chains, the asymmetrical arrangement of the two thioether l~nks to 

.the ·protein, the polypeptide chain sequence: -Cys 14-Alal 5-Glnl6-Gys 17-His 18-

running from the upper thioether link to the one at the right, and from there 

to the fifth iron coordination position on the nea1~ side of the heme, and the 

curved. polypeptide chain running behind the heme ·and bearing the side group · 

which makes the sixth coordination with the iron. 

In plan view, the heme is not drasticci.lly altered other than in having 

:· more density at the iron and being generally more skeletal in appearance. 

! But the view from the upper edge (Figs. 10 and ll) shows the differences 

more clearly. The density and connectedness of the polypeptide chain 

sequence between thioether links is greatly increased in the refined map. The 

two maps were put on the same scale by Wilson plots so that relative densities 
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would be comparable. As a result of i·efinement, the peak iron density rose 

from 500 to 610 on an arbit1·a1·y scale, and the two sulfur sites became more 

consistent, that of Cysl4 rising from 196 to 282 and that of Cysl7 falling 

from 338 to 288 . . The density at the sixth coordination site, which has been 

thought on chemical grounds to be methionine, rose from 130 to 205. The 

only undesirable feature of the refined map is that the extended chain with the 

sixth ligand was weakened. 

The results of the refinement of MIR phases wei·e encouraging but not 

conclusive. It appeared that some improvement in the appearance of the heme 

in cytochrome had been produced. It was also apparent that working at low 

_resolution meant working just this side of disaster, and that the method would 

be considerably more useful ·at high resolution. 

The Karle-Hauptman: method could be more powerful at low resolution, 

paradoxically, if it were asked to do less • . Instead of being used to calculate 

a new .phase angle, could it us dully be em.ployed only to indicate which of the _. 

two possible phases in a SIR analysis was the correct one? 

The principles of SIR phasing are illustrated in Fig. · 12. The use of · 

the centroid vector S is equivalent to choosing half of each of the phase 

alternatives. The map will then be half correc_t density and half incoherent 

noise. Any means of choosing phase alternates would gi·eatly improve the .n~ap. 

If the bimodal probability curve around¢ were perfectly sharp, then the 

centroid figure of merit would be equal to I cos 6 !-. :A traditional heavy atom 
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Fourier map of the pi·otein would be built up from coefficients: F p exp(i¢
11

). 

The SIR map coefficients can be thought of either as: m F p exp (i¢H)' 01· a. 11: 

Jm!Fp exp(i¢s), where m =cos o and is positive if & is less than 90° or 

negative if it is greater. · In this way of thinking, the function of the adcliticm 

of parent compound data to an isomorphous heavy atom derivative is to provide 

the proper weighting factors for the heavy atom Fourier map. 

The tangent formula can be used to calculate phase angles, ¢ c using 

SIR phases weighted with figures of merit on the right hand side of the 

equation. If it is assumed that the SIR method is accurate but ambiguous and 

the Karle-Hauptman method is definite but inaccurate, then the best strategy 

is to choose the SIR phase which lies nearest to¢ • c 

The. problem of weighting factors to replace the SIR figures of merit 

remains. But ii o is small, then it matters little whether the Karle-Ha uptn1an 

phase is indicative or not. On the other hand, if¢ falls very near to one 
G -

phase choice and 11 is small, then it is irrelevant how large ·the SIR phase 

ambiguity initially was. The new figure of merit in the cytochrome experi

ments was therefore chosen to be either . cos o or cos 11• whichever was gi·cater. 

In the tests ·of the method with modelglobin, SIR phases were generated 

for a hypothetical two-site derivat~ve having. mercuric. ions at (0. 275, O. 250, 

0.142) and (0.400, 0.412, 0.485) and the symmetry related positions of the 
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. ):< . 
myoglobin unit cell. These are actually the PCMBS and Au positions from 

sperm whale myoglobin (Bodo, Dintzis, Kendrew, and Wyckoff 1959). Th<:} 

SIR phases and cos 5 weights were used in the tangent formula to calculate· a 

new set of phases, ¢ , in order of decreasing E b • Each¢ was used c - .o s . c . 

immediately upon calculation to choose between the SIR phase alternatives, 

and this chosen phase was substituted for the initial SIR value in a variation 

of accelerated cycling.· 

Accelerated cycling was used in spite of our experience with MIR 

refinement because of the way in which the tangent f~rmula phases were 

used. It was hoped that the additional factor, that the phases actually used 

were from isomorphous replacement, would keep the refinement out of the 

·self-consistency trap and would make phasing meaningful down to much lower 

E b values than before. -o s 

Fig. 13 shows the results of accelerated SIR refinement of the 700 

reflections of largest E obs in the 4 a modelglobin data set. Although they 

include only half ofthe reflections, they include about 85% of the total E b . -o s 

sum. The angle between a SIR phas~ and one of its possible phase choices 

can vary from 0° to 90°, so the SIR set before ~·efinement will be something 

)!<: 

It should be noted that this method of SIR phase choice cannot be used if 

the heavy atom ·cluster is centrosymmetric, for then there is no way of 

driv.ing ¢ c away from the real axis. This situation arises, for example, in 

space group P21 with a single site derivative, but not in P4 1 • A method of 

circumventing this difficulty has been suggested by Karle {1966). 
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like an average of 45° in error. Afte r one accelerated pass, this error w a.s 

reduced to a mean of 14.5° for the top 600 reflections and 35° for the next 

100. The second accelerated cycle dropped the mean error by another 3, 2 °. 

Expectations that the SIR choice procedure would be valid for a muc h 

greater range of E than the MIR refinement seem to .be amply borne out. The · 

modelglobin trials, of course, tell nothing about the effect of experime ntal 

errors on the refinement proce·ss; this aspect is best studied with real datc:1 . 

A 

. Since the electron density in the heme region of cytochrome..£ was to 

be used a_? the quality criterion of tangent formula phases, several aux ili<t:l'y 

maps of the heme region were first computed as controls. In Fig. 14 is 

shown the Pt SIR map, which should be compared with the unrefined MIR map 

of Fig: 7. The heme in Fig. 14 is clearly visible, but is badly distorted, The 

center of the iron (peak density 450 rather than 500) is no longer the highe st 

point in the map, the heme is emaciated in appearance, the Cys connections 

. are erratic and the propionic acid side chain~ at the bottom are both cc;in.tinuous 

with a mass of density below the he1ne. .The extended chain on the far side of 

" · ! 
the heme is wiped out. The equivalent Hg SIR map reduces the heme to little 

more than a flattened blob, . although the e xtended chain in back is visible. 

Fig . 15 shows a map produced not by incorporating Hg data into the centroid 

phase analysis as in Fig. 7, but by merely using the Hg phase intersections 

to choose between the two Pt possibilities. The heme is very little improve d 

over the Pt SIR map except for better definition of the propionic acid groups. 

The extended chain is broken but is present. 
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The success of accelerated cycling in resolving the SIR ambiguity in 

modelglobin led us to apply the same method to the Pt SIR results for 

cytochrome ~· Reflections 1-450 were given two cycles of refinement, then 

reflections 451-800 were given one cycle, and finally reflections 1-100 were 

given a third cycle. In comp"l,lting the Fourier map, revised figures of merit 

of section 5 were used, and the unrefined reflections of low E and resolufion 

lower than 13 A were included with their SIR phases and figures of merit. The 

results, shown .in Fig. 16, were disappointing. The heme was distorted, its 

upper left corner was nearly wiped out, and the densi.ty of the iron position 

was increased from 500 on an arbitrary scale in the MIR map of Fig. 7 to 

750. 

Block cycling of the top 800 reflections was then tried instead of 

accelerated cycling, · and as in the MIR i·efinements, it was much more 

successful. The resulting map is shown in Fig. 17; in contrast to Fig. 16, 

it is far superior to the Pt SIR map and is almost as good as the complete 

MIR map. The electron density at the iron has increased only to 600, and the 

features around the periphery of the heme are clear and . well-formed • . A final 

pass of block cycling through the top 100 reflections made no further improve- . 

ment in the heme, and retained a peak density of 600 at the iron. 

One final use was made of the. Karle-Hauptrnan: method. The angle 

¢ c and the coefficient a were calculated from the tangent formula and then used 

in equation 4 . with the pre-exponential Bessel function omitted to calculate 

the _relative Karle-Hauptman probabilities of phase angle¢ 1 around the phase 

circle. This probability curve and the normal Blow-Crick SIR phase probability 

curve were then multiplied to form the joint probability, and the centroid of 
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this probability function found in the noi·mal way. After block refinement of 

the top 800 terms. ¢ and a wei·e fed into a modified phase program and 
c 

centroid phases and figures of merit were produced. It was hoped that this 

would be the best way to merge isomorphous. and statistical phase infoi·mation, 

.but in fact the map produced was the unfavorable one shown in Fig. 18. The 

density at the iron increased to 9~0, there was a terinination-of...:series 

ripple around the iron, and the map was closer to Fig. 16 than to Fig. 17. 

Conclusions 
~ 

These experiments sho.w. that the Karle-Hauptman tangent formuln. 

is useful in several ways in refining protein phases. Once phases have been 

obtained from a low resolution MIR study, those for the strongest reflections 

(which are usually among the least well-determined phases) can be improved 

by one -or two block cycles with the tangent formula. Fui·ther block cycling 

. . or accelerated cycling tend? to degrade the map, and to produce a self-

consistent but wrong phase set which piles additional density on the strongest 

features of the map • . This .difficulty has al.so been encountered in analyses ~f 

smaller structures at atomic resolution. It may arise fr9m the constraints 

· imposed by the tangent formula itself, such as the assumptions of equal point 

atoms and nonnegative electron density. 

The use of the tangent for~ula to refine high r.esolution protein data 

has not been explored yet, but a comparison of results at 5 A and at 4 A 

sug-gests that a much greater fraction of the E's can be refined at higher 

resolution. At high resolution, the coefficient a .for a reflection may be 
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more ~trongly correlated with the correctness of its phase angle, and it may 

then be more appropriate to incorporate the Karle-Hauptman results ·directly 

into the phase program as outlined in the previous section. 

The tangent formula is more effective in the SIR application because 

it is asked to choose between two isomorphous phases and not to predict a 

numerical value. Our trials with modelglobin show that under favorable 

conditions this method can break the SIR ambiguity for the majority of 

reflections, even at low resolutiop.. In a situation where .there is one excellent 

single-site derivative of good isomorphism out to high resolution, and a 

collection of other poorer multiple-site derivatives, the wisest strategy may 

be to throw out the poor derivatives, recollect parent and single-site data 

again and again to eliminate as much experimental error as possible, and then 

to use Karle-Hauptman methods to resolve the phase ambiguity. 

-~ 
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The error in calculating phase angles of a model protein from 

the tangent formula, as a function of the normalized structuro 

factor magnitude, using correct phases in the right hand side of 

the tangent formula. Each point represents the average over 

ten reflections. 

The dependence of E c and the calculated phase angle¢ c upon 

the number of terms used in the tangen~ formula. T~rms were 

added in order of decreasing Ek. 

a. Centric 002 reflection. 

b. A centric 22 l reflection. 

T.he .dependence of the coe!ficient a upon I¢· - ¢ b I for the . . c 0 s 

modelglobin reflections with E obs 'greater than 1. O. 

· Refinement behavior of modelglobin phases using the tangent 

formula, starting with the correet phases. Note that the apparent 
. . . 

point of self-consistency differs from the true phase set by a 

mean of about 12 °. 

Distribution of the random errors introduced into the model 

protein phases as a test of tangent formula ·refine·ment. 

R,efinemeht behavior of the rnodelglobin phases after introduction 

of the errors of Fig. 5. Note the initial rapid return of phases 

toward the true model set, followed by their slower subsequent 

divergence. 



. Figure 7. 

Figure 8. 

Figure 9. 

. Figure 10. 

Figure 11. 
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The heme region of cytochrome~· This map is the result of 

a centroid phase analysis using Pt and Hg derivatives, and is 

weighted with figures of merit. See text for interpretation. 

Same heme region, after Karle-Hauptman refinement. Note 

the enhancement · of the central iron atom. 

The heme skeleton of cytochrome~· and its expected 

appearance at several resolutions. For each map, heme 

structure factors were calculated in the true cytochrome cell, 

the data were cut off at the desired resolution, and a Fourier 

map was calculated. The propionic acid side chains at the 

bottom were assumed here to be in their most extended 

conformation. 

a. Heme skeleton c. s A. 
b. 6 A resolution d. 3. 1 A. 

The heme region of the map of Fig. 7, plotted in sections 

· normal. to~ instead of to~· and viewed do~n from the top right ! 

of Fig. 7. The heme is seen nearly edge-on, with the Cys 17 

bridge coming out from. the center ·and curving to the left. The 

Cys 14 bridge rises in the back and curves forward and to the 

left through the peptide chain to joi~ Cys 17 and then to drop 

down to His 18, which is coordinated to the heme iron from the 

left. The extended polypeptide chain which carries the sixth 

ligand curves upward past the heme plane on the right. 

The map of Fig. 8 (after Karle-Hauptman refinement), seen as 

in Fig. 10. Note the enhancement of de.nsity in the regions of 
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the iron, . the sulfurs of Cys 14 and Cys 17, and the sixth iron 

ligand on the right. Note also the strengthening of the polypeptide 

chain between Cys 14 and Cys 17, and the weakening of the extended 

chain on .the right". 

Figure 12. . ·Single iso.morphous replacement phase diagram. Protein, he a vy 

atom and derivative structure factor vectors are labeled P, H 

and PH, respectively. The two possible phase angles are ¢ 1 and 

¢z· The SIR centroid vector (in the limit of perfectly sharp 

probability peaks) is labeled S and the S'IR phase is¢ s· . The 

phase calculated from the tangent formula is ¢ . (All¢ angle:; . c 

are measured from the real axis.) o measures the half angle of 

the SIR phase ambiguity, and i\ is the angle between¢ and the 
c 

nearer of the two SIR phase possibilities. 

;Figure 13. Refinement behavior of the modelglobin acentric SIR phases. The 

Figure 14. 

Figure 15. 

• first accelerated cycle removes nearly 7 0% of the err.or contained 

in the ?-Centric phases associated with the 600 largest .f_'s; the 

$econd cycle makes a small additional improvement. 

Heme region of cytochrome.£ using Pt SIR phases and figu:res of 

merit. 

Heme region using the Hg phase possibilities to choose between 

the two possible Pt SIR phases. 



Figure 16. 

Figure 17. 

Figure 18. 
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Pt SIR map after tangent formula refinement of the top 800 tc1·ms, 

with accelerated cycling. 

Pt SIR map after tangent formula refinement of the top 800 terms, 

with block cycling. 

Map produced by using the joint p1·obability distribution obtained 

from Pt SIR and tangent formula information. 
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ABSTRACT OF PROPOSITIONS 

1. In many laboratories, organic compounds, basic to life, have been 

abiogenically synthes_ized from mixtures of simple reducing gases 

believed to constitute the primitive atmosphere of the earth. 

Among these compounds are found most of the amino acids occurring 

in living systems today. The polymerization of these amino acid 

subunits into large protein molecules has· not been observed in 

these experiments, however, probably because of the large energies 

necessary to initially synthesize the amino acids. A mechanism 

for thermal polymerization of amino acids based on the work of 

S. W. Fox is proposed. 

2. Porphyrins and porphyrin-like compounds are distributed universally 

throughout the plant and animal kingdoms. Complexed with various 

proteins, porphyrins carry out two of the most fundamental life 

processes, oxidative phosphorylation and photosynthesis. An 

abiogenic origin of porphyrin-like compounds is proposed and its 

evolutionary implications are discussed . 

3. Cytochrome c, being a rather loosely bound basic protein, would be 

ideally suited to act as a genetic regulator in the mitochondrion. 

A mechanism for regulating the binding of cytochrome c to the 

mitochondrial matrix is proposed and several possible effects of 

the "released" cytochrome are discussed. 

4 . The application of the Karle-Hauptman tangent formula to protein 

phasing has been discussed in Part II of the preceeding Thesis. 
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The specific application of the tangent formula to single 

isomorphous replacement phases is discussed, and a method for its 

application to a real data set is proposed. 

S. The refinement of the atomic parameters for a protein structure is 

difficult due to a combination of the errors in the intensity data 

and the low ratio of observable intensities to unknown parameters. 

A least squares refinement method utilizing both intensity and 

phase information is proposed. 

i 

I 
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PROPOSITION I 

A MECHANISM FOR THE THERMAL POLYMERIZATION 

OF AMINO ACIDS 

The polymerization of amino acids into high molecular weight 

proteins under conditions presumed to exist on the primitive earth was 

first accomplished by S. W. Fox in 1954 (1). Since then, little has 

been said about this polymerization in terms of the' actual reacting 

species of amino acids likely to occur during ''early protei~' 

synthesis. 

The polymerizations were carried out by heating a mixture of 

amino acids anhydrously to a temperature of about 200 degrees. In 

order to get high molecular weight proteins, however, it was found 

that a large excess of aspartic or glutamic acid or lysine was 

necessary in the reaction mixture. When one of these three amino acids 

was not present in excess, analysis of the reaction mixture showed 

that a side reaction producing diketopiperazines predominated. The 

composition of the polymer formed when an excess of one of the three 

acids was present showed that the fraction of any given amino acid 

incorporated into the protein was directly proportional to its initial 

concentration in the reaction mixture. It was also implied by endgroup 

analysis that the sequence of amino acids was not entirely random. 

The molecular weights of the proteins produced by this method generally 

ranged from 4,000 to 9,000. 
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The most frequent criticism of Fox's polymerization is that his 

reaction conditions do not really represent those present upon the 

primitive earth. Many other compounds, as well as amino acids, are · 

presumed to have been produced abiogenically and thus the polymeriza-

tions carried out on the primitive earth would have been done in the 

presence of large amounts of "contaminants" which could affect the 

polymerization. One would also expect that the amino acids would, at 

one time, have been dissolved in the sea and thus would be contaminated 

by a wide variety of cations and anions. In a recent paper (2), Fox 

has stated that if small amounts of inorganic phosphate are added to 

the reaction mixture, the reaction can be carried out at reduced 

temperatures with as good an efficiency as at a higher temperature in 

the absence of phosphate. 

There has been much speculation about the composition of the 

atomosphere of the primitive earth. Almost all authors, however, 

believe that there was a large amount of ammonia present, at least in 

the probable period of abiogenic organic synthesis. This would insure 

a basic pH in the ocean, and a large concentration of ammonium ions. 

Thus, if an amino acid were transported to a region of thermal activity 

from the sea, it would be in the form: 

H 0 '\... /(.· 
N-CHR-Ci -

H/ ~O 
, + ... ++ -

- NH4 , M .. M A 

Assuming regions of volcanic activity as the sites of thermal 

synthesis, two possible mechanisms could account for the polymerization 

of amino acids into long proteins. The amino acids, in their fully 
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ionized state could neither polymerize ·nor form diketopiperazines. If 

the amino acids were subjected to the proper thermal energies, however, 

an occasional anunonium ion could be converted into ammonia generating 

an active species of the associated amino acid. This should be 

immediately attacked by one of the fully ionized amino acids, since 

their amine groups would be strongly activated by the ionized carbonyl 

groups: 

i. 
- NH3 > 

6 

1. H2 N · CHR · COOH + •• - + 
H2 N • CH R · coo )( - Hz.O • 

o H 
.. ll ' , - + H2.N·CHR·c.· N · CHR ·Coo X 

In this way, then, long proteins could be built up in the absence of 

th~ side reaction producing diketopiperazines. 

An appreciable fraction of the fully ionized amino acids would be 

associated to a metal ion instead of an ammonium ion. In this case, 

protonation of an occasional amino acid carboxy group could occur by 

reaction with hydrogen sulfide, generally found in volcanic regions. 

Certain partially ionized anions such as ~2Po4-, probably present in 

the ocean at that time, could also serve as hydrogen ion donors to 

activate the amino acids. The major requirement for any activator of 

this nature is that the equilibrium concentration of the protonated 

amino acids be small under thermal conditions. 

Addition of an amino acid to a growing polypeptide chain could 

occur in four ways under thermal conditions: 
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1. Activation of the C-terminus of the polypeptide followed 

by addition of an unactivated monomer. 

2. Activation of the C-terminus of a monomer with subsequent 

addition to the N-terminus of the polypeptide. 

3. Attack of an unactivated monomer at an internal position 

on the polypeptide. 

4. Attack of an activated monomer at an internal position 

on the polypeptide. 

In mechanism 1., the rate of activation of the · c-terminus of the 

polypeptide should be strongly affected by the nature of the R-group 

at the C-terminus. One might also expect a weak effect from the next 

internal amino acid. The unactivated monomers should all have about 

the same reactivity in this reaction Since the presence of a full 

negative charge on the carbonyl group would mask any effect of the 

R-group. In terms of preferred sequences, amino acids whose R-groups 

tend to pull electrons away from the carbonyl group might tend to 

terminate the carboxy end of the polypeptide. 

Addition to a growing polypeptide chain by mechanism 2. should 

depend upon the R-groups ·of both reacting species. The rate of 

activation of monomer will be a function of the monomer R-group, and, 

since in a polypeptide of several amino acids, the carbonyl group is 

effectively isolated from the N-terminus, the effects of R-groups close 

to the N-terminus of the polypeptide become important. Here, then, is 

a mechanism which could generate non-random sequences. The amino acid 

whose R-group placed the most positive charge on alpha-carboxy group 
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would be the most difficult to activate, since the activation involves 

protonating the carboxyl group, but this amino acid, once activated, 

would be more reactive than other amino acids to a nucleophillic attack 

since its carboxy group would carry more positive charge. If the 

difference between the reaction rates of the various protonated amino 

acids were great enough, however, there would still be a preference for 

the amino acid possessing an electron withdrawing R-group. 

There are two possibilities for substitution of an amino acid at 

an internal position along a polypeptide chain. Since the amide 

linkages in a protein have a small amount of resonance energy, this 

type of substitution would not be expected to be important except at 

higher temperatures. 

In mechanism 3., the first step involves the addition of a 

completely ionized monomer to an internal carboxy group of the poly-

peptide. This step would be reversible, and since part of the 

resonance energy of the polypeptide would be lost upon addition, the 

addition product would be present in very small quantities. 

0 \i 
ll \ I 

..• c.~R-C-N-CHR··· + 
OH H 
I I I 

CHR- c - t-J-CHR • · • · 
l 

~IJ-\4 

I " c.~R 
I - .. coox 

Before the added amino acid could be incorporated into the chain, its 

free carbonyl group would have to be protonated by one of the 

mechanisms mentioned previously. Since this mechanism depends upon two 

very unfavorable equilibriums, internal substitutions of this type 
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would probably be negligable. 

A much more probable mechanism for internal substitution is 

mechanism 4. Here, the monomer must be activated before addition, but 

the addition would be irreversible: 

() H 
II I I 

• •· CHR - c-N- CW R·•• 
•• I - \-12.() 

+ H2 N- ct-tR - cocH __. 
A 

0 
II I 

CHR-c-N-CHR··· 
I 
C=O 
\ " CHR 
I 

: N H.z. 

The site of insertion along the polypeptide chain would be highly 

dependent upon R-group effects. Substitution would be favored by an 

electron donating R-group next to a backbone nitrogen. The effects of 

monomer R-groups would be similar to those discussed for mechanism 2. 

Mechanisms such as 3. and 4. would be expected to predominate 

only after large polypeptides had been built up and the monomer 

concentration was fairly low. At this time, the monomers left would 

be of predominantly one type, that is, those whose reactivities were 

low for end addition. One might expect, therefore, that this type of 

amino acid would tend to follow a basic amino acid in the completed 

protein. Furthermore; this type of amino .acid would tend to terminate 

both ends of the polypeptide. This result should be true for any 

mechanism of polymerization as long as there is any dependence of 

polymerization rate upon R-groups and might explain the apparent non-

randomness of endgroups found by Fox in his thermal proteinoids. 
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PROPOSITION II 

AN ABIOGENIC SYNTHESIS 

OF PORPHYRINS 

Porphyrins and porphyrin-like compounds are distributed 

universally throughout the plant and animal kingdoms. Complexed with 

various proteins, prophyrins carry out two of the most fundamental life 

processes, oxidative phosphorylation and photosynthesis. An abiogenic 

origin of porphyrin-like compounds is proposed and its evolutionary 

implications are discussed. 

Most authors agree that the primitive earth's atomsphere was 

composed of carbon, nitrogen, and oxygen in their reduced states, that 

is, methane ammonia, and water vapor (1). It has been experimentally 

verified that complex organic molecules can arise from such a mixture 

upon supplying the necessary energy of activation. Effective energy 

sources include short wavelength u.v. light, electrical discharge, 

high energy electrons, and thermal energy (under volcanic type 

conditions)--all agencies presumed to be active on the primitive 

earth (1). Since the porphyrins are so important to life processes, 

they must also have been formed by similar processes and not by a 

biochemical mechanism. 

Several authors believe that the evolutionary reactions leading to 

a particular biological compound are preserved in the biosynthetic 

pathways of living organisms today. The current biosynthetic pathway 
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for the porphyrins utilizes succinic acid and glycine as precursors 

and through a series of condensations and oxidations produces the 

several porphyrins known in nature. 

The first reaction of this sequence (Fig. 1) involves a 

condensation which would be very improbable without the assistance of a 

very specific enzyme. Since porphyrins are presumed to have evolved 

before the appearance of specific enzyme systems, the biosynthetic 

pathway does not appear to have preserved the abiogenic origin of the 

porphyrins. 

A more likely abiogenic synthesis of porphyrins involves a 

condensation of alanine and a long-chain acid. (Fig. 2.) Since this 

sequence involves a loss of water in almost every step, one would 

expect the pathway to be favored by a dry, hot environment. Many 

authors have favored regions of volcanic activity as the sites for 

"early protein" synthesis (2). Since the environment around a volcano 

is generally of a highly reducing nature, further reactions between 

the substituted pyrrole rings would be unlikely. If these compounds 

were transferred to an aqueous medium, however, the methyl group could 

be oxidized to an aldehyde group (U.V. light supplying the necessary 

energy of activation). Two molecules of the monomer could then 

condense forming a dimer which would be highly stabilized due to 

internal hydrogen bonding. 

The hydrogen atom involved in the hydrogen bond would immediately 

be replaced by a metal ion such as Fe(II). Since the concentration of 

metal ions would be much greater than that of dimer, no further 
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FIGURE 2 
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condensation of dimers should occur. For the production of a completed 

porphyrin compound some mechanism must evolve to concentrate the 

dimers. 

It was mentioned before that sites of volcanic activity are 

believed to be the sites of early protein synthesis. If one dissolves 

several micrograms of proteinoid material prepared in this way, in the 

laboratory, in several ml. of hot water and cools the resultant 

solution, a large number of microspheres appear (3). These micro

spheres can collect more proteinoid-like material, grow in size, and 

break apart into two smaller microspheres, each capable of growth and 

division. 

These microspheres should tend to concentrate any large non-polar 

molecule from an aqueous environment, including the dimer in question. 

They should also tend to reject small inorganic ions, so the porphyrin 

to metal ion concentration could be altered to favor polymerization to 

the porphyrin-like compound, Once formed, the porphyrin would be 

retained by the microsphere with numerous possibilities for histidines 

of the protein to occupy the fifth and sixth coordination positions of 

the metal ion. 

It is known that if Fe(II) is oxidized by hydrogen peroxide in 

the presence of inorganic phosphate, a small amount of pyrophosphate is 

produced (4). (Fig. 3.) Surrounding the Fe(II) by a porphyrin ring 

should enhance this effect, and coordinating the porphyrin with a basic 

residue of a protein should enhance it even further. Thus, there was 

the possibility of a concurrent synthesis of protein and porphyrin-
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precursor at the same site, insuring their presence together in the 

aqueous environment. The nature of the early protein insured a system 

which would concentrate organic molecules, grow, and divide. The 

presence of porphyrin precursor insured a method of breaking down 

hydrogen peroxide and storing the resultant energy in the form of high 

energy phosphate. The actual concentration of phosphate and 

synthesized pyrophosphate in the microspheres would be very small since 

they are small, highly charged inorganic ions. If a small concentra

tion of organic phosphate existed in the droplet and participated in 

the reaction, however, much more of the energy produced could be 

retained by the microsphere. 

It is impossible to determine exactly how any event in the past 

occurred. One can, however, show that a certain event was possible 

and even probable under a set of conditions presumed to exist at the 

time in question. Considering the proposed evolution of porphyrins, 

it must be shown that the chemical compounds needed for the monomer 

synthesis could have been available in large amounts, that the thermal 

condensations required to produce the monomer will occur under assumed 

volcanic conditions, and that the subsequent oxidation and formation 

of the dimer will occur under primitive-earth conditions. Assuming 

that the microdroplet theory is correct, it is also necessary to 

demonstrate that the microdroplets will concentrate the dimer and allow 

the final reaction leading to the porphyrin-like compound, and that the 

combination of "early protein" and porphyrin has a large catalytic 

effect upon the formation of pyrophosphate. 
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The formation of large amounts of alanine under primitive earth 

conditions has been demonstrated using several of the above mentioned 

energy sources. There has been no report of long chain acid synthesis 

under the conditions tested, however, many authors have postulated the 

presence of long chain hydrocarbons formed through free radical 

processes in the atmosphere. At that time, ultraviolet light 

continuously produced hydrogen peroxide and oxygen in the upper 

atmosphere and the presence of long chain acids is, therefore, 

possible. 

The feasibility of the thermal condensation of alanine and a long 

chain acid can be directly tested in the laboratory. Salts of alanine 

and a variety of long chain acids can be placed in one of the proposed 

primitive-earth atmospheres and heated at moderate temperatures. The 

presence of the pyrrole nucleus in the reaction mixture can be 

determined by standard chemical tests, or by spectroscopy. The 

presence of porphyrin should also be tested for in this mixture since 

a polymerization of the monomer might occur under these conditions. 

The formation of dimer and, or porphyrin in an aqueous medium 

from the monomer can be tested by similar experiments. The effect of 

the R-group on the reactivity of the proposed monomer should be small 

unless there is a site of oxidation close to the pyrrole nucleous. 

One can, therefore, use any available substituted compound as a model. 

The effect of the microdroplet-porphyrin complex (if it exists) 

on the Fe(II)-HOOH-phosphate reaction is the most interesting aspect of 

the proposed evolution of porphyrins. To test the feasibility of this 
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catalysis, the efficiency of pyrophosphate formation compared to total 

Fe(II) oxidized must be measured for Fe(II) alone, porphyrin alone, 

and porphyrin plus microsphere. The pyrophosphate formed can be 

measured using standard chemical tests. The final Fe(II)/Fe(III) 

ratio can be determined spectrophotometrically. Assuming the reaction 

rate for porphyrin plus microsphere is much higher than Fe(II) alone, 

the porphyrin plus microsphere reaction can be run in the presence of 

an excess of Fe(II) to keep the porphyrin iron in its reduced state. 

Various organic phosphates can be added to the inorganic phosphate 

used initially to test their participation in the phosphate reaction. 

Assuming the next step in the evolution of the microspheres would 

be a mechanism to polymerize amino acids found free in solution, small 

amounts of the acids can be added to the pyrophosphate-producing 

microspheres to test their incorporation into protein. Using 

radioactive tracers, the incorporation could be directly determined 

by means of chromatography. 
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PROPOSITION III 

THE BINDING OF CYTOCHROME C 

TO THE MITOCHONDRIAL MATRIX 

Cytochrome c is the only protein in the cytochrome chain that can 

be easily isolated in a pure form. The other cytochromes of the chain 

seem to be tightly bound to the mitochondrial matrix, and their 

preparations are almost always contaminated by varying amounts of 

lipoprotein. In terms of the theory of selective adaptation, this 

"loose" binding of cytochrome c must either confer a selective 

advantage upon the organism involved or must pose no selective dis

advantage to organisms which have evolved a tightly bound cytochrome 

c. In view of the importance of the cytochrome system in life, as it 

exists today, and the universality of "loose" cytochrome c, there must 

be some selective advantage in an organism possessing this property. 

A mechanism for the release and recapture of cytochrome c from the 

mitochondrial matrix is proposed and possible selective advantages are 

discussed. 

An insight into the type of binding involved in the attachment of 

a cytochrome c molecule to the mitochondrial matrix can be obtained by 

looking at the isolation procedures used in the initial extraction of 

cytochrome c from tissue homogenates. The three most commonly used 

methods are extractions with solutions of: (1). neutralized 

trichloroacetic acid, (2). ammonium sulphate, (3) . and aluminum 
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sulphate (1). All three methods of isolation employ solutions of high 

ionic strength. This indicates that the binding involved in the 

cytochrome c--mitochondrial matrix complex is essentially ionic in 

character. A logical mechanism for regulation of the binding constant 

.of cytochrome c to the mitochondrial matrix, then, would be a varia

tion in the ionic strength of the mitochondrial protoplasm. 

Systematic variations of ionic strength of the mitochondrial 

protoplasm ha~e been observed by many workers (2). It has been shown 

that mitochondria undergoing active oxidative phosphorylation actively 

transport many inorganic cations across the mitochondrial membrane 

from the surrounding cellular protoplasm. Upon cessation of oxidative 

phosphorylation, either by inhibition of electron transfer or by 

inhibition of phosphorylation by uncoupling agents, the ion gradient 

is lost. Thus, depending upon the environment of the mitochondria, 

the ionic strength of the mitochondrial protoplasm varies between the 

ambient ionic strength of the cellular protoplasm and a much higher 

value which depends upon the rate of oxidative phosphorylation. If 

cytochrome c is to be lost from the mitochondrial matrix under one of 

these extremes of ionic strength, it would most probably be lost under 

conditions of low ionic strength. 

Lemly (3) has shown that if rat heart tissues are subjected to 

experimental anoxia, the cytochrome c content of these tissues 

decreases by about 30%. It has also been shown by Dutkiewick (4), 

that the oxygen consumption of guinea pig brain slices, when poisoned 

by a low carbon monoxide tension, could be partially restored by the 
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addition of a limited amount of cytochrome c. Both anoxia and carbon 

monoxide poisoning are conditions which limit the amount of oxidative 

phosphorylation in an otherwise normal cell. The loss of cytochrome 

c from the mitochondrial matrix in either case can be accounted for by 

by the change in the mitochondrial ionic gradient caused by the loss 

of oxidative phosphorylation. 

Under conditions of extreme anoxia, it would be advantageous for 

a cell to be able to "turn off" most of its inessential metabolic 

processes. Cytochrome c, being a very basic protein, is ideally 

suited to act as a genetic regulator as is another type of basic 

protein, histone. Recent work by Olivera (5) at Caltech has shown 

that cytochrome c does indeed bind very well to DNA. The binding 

constant, however, is strongly dependent upon the ionic strength of 

the medium, as would be expected for a positively charged protein 

binding to a negatively charged DNA molecule. A drop in ionic 

strength of the mitochondrial protoplasm could, then, change the 

cytochrome c distribution within the mitochondrion between 

mitochondrial matrix protein and mitochondrial DNA (and possibly RNA). 

The regulation of the mitochondrial DNA by cytochrome c could be 

either specific to a small number of genomes or could be general, 

producing a general shutdown of mitochondrial protein synthesis. 

Except in special mutants such as the poky mutant of Neurospora or 

the petite mutant in yeast, one would expect the regulation by 

cytochrome c to be specific since it is hard to imagine maintaining 

the production of essential metabolites and proteins under conditions 
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of a general metabolic shutdown. In the case of the mentioned 

mutants, the cytochrome systems are deficient and the organisms 

produce large amounts of extra-mitochondrial cytochrome c. Since the 

ionic strength of the cellular protoplasm is quite low (as compared to 

a mitochondria), one might expect non-specific binding of cytochrome c 

to ribonucleotides in the cellular protoplasm such as messenger RNA. 

A second function of the DNA--cytochrome c complex could be to 

facilitate the removal of toxic substances such as carbon monoxide or 

cyanide from the mitochondrion. Margoliash (6) and others have shown 

that modified forms of cytochrome c, such as dimers and higher 

polymers, exhibit auto-oxidizability and carbon monoxide reactivity. 

If the binding of cytochrome c to DNA caused tertiary modifications in 

the cytochrome similar to those in the dimer, the presence of DNA-

cytochrome complexes would tend to shift the cyanide or carbon 

monoxide molecules from the cytochrome oxidase to the complex. Since 

the binding of cytochrome to DNA is an equilibrium process, the effect 

of cytochrome-DNA complex would actually be to shift the carbon 

monoxide or cyanide from the cytochrome oxidase to the mitochondrial 

protoplasm (unmodified cytochrome c does not bind carbon monoxide or 

cyanide). 

A third similar effect could arise if the cytochrome c were 

rapidly exchanged between the mitochondrial matrix and the mitochon

drial DNA. Reduced cytochrome leaving the matrix could be oxidized at 

the DNA and then returned to the matrix, effectively bypassing the 

metabolic block at cytochrome oxidase. 
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The effect of mitochondrial ionic strength upon binding of 

cytochrome c to the mitochondrial matrix can be easily determined 

using radioactive tracers. Uniformly labeled cytochrome c can be 

obtained from a culture grown in the presence of labeled amino acids. 

The binding of this labeled cytochrome to isolated, intact mitochondria 

can then be measured at a number of different ionic strengths by 

spinning down the mitochondria after equilibrium has been reached and 

measuring the amount of radioactivity vs. total protein in the 

mitochondrial pellet. The equilibration must be done under anaerobic 

conditions or better in the absence of any reduced substrate to 

preclude any ionic gradient across the mitochondrial membrane due to 

oxidative phosphorylation. 

After it has been shown that binding of cytochrome c to the 

mitochondrial matrix is a function of ionic strength, it is necessary 

to show that the ionic gradients produced by active oxidative 

phosphorylation are large enough to cause a change in the cytochrome 

binding constants. In this case, the labeled mitochondria must be 

prepared under conditions of oxidative phosphorylation since all 

measurements of the cytochrome equilibrium will be made upon respiring 

mitochondria in a solution whose ionic strength is similar to the 

cellular ionic strength. This can be achieved by first equilibrating 

the mitochondria with labeled cytochrome under anaerobic conditions in 

the low ionic strength buffer to be used in the final measurements. 

After equilibrium has been reached, the mitochondrial preparation can 

be made aerobic (to "fix" the bound cytochrome) and the mitochondria 
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separated from the excess, labeled cytochrome by centrifugation or by 

dialysis. The loss of labeled cytochrome by these mitochondria can 

now be measured by subjecting the mitochondria to brief periods of 

anaerobic conditions and measuring the bound cytochrome as before. 

The binding of cytochrome c to mitochondrial DNA under anaerobic 

conditions will be much more difficult to demonstrate. Two methods can 

be used, one to try to observe the effect of exogeneous cytochrome on 

the synthesis of proteins known to be cytoplasmically inherited in 

whole mitochondrial preparations and the other to look for regions of 

high cytochrome concentration in mitochondria labeled with radioactive 

cytochrome and subjected to anaerobic conditions in a buffer of very 

low ionic strength. 

Mitochondria are known to incorporate labeled amino acids into 

protein. The rate of incorporation, however, is low and there has 

been difficulty locating the mitochondrial proteins actually 

incorporating the label. The best method of showing any effect of 

cytochrome upon this synthesis would probably be just to me asure the 

rate of incorporation of label, regardless of the proteins involved. 

In the case that mitochondrial DNA produces repressors or a ctivators 

which act upon nuclear DNA, an effect of cytochrome c upon the 

repressor or activator site would be observable in whole cell culture s. 

Assuming that at very low ionic strengths cytochrome c binds very 

weakly to the mitochondrial matrix and very strongly to the mitochon

drial DNA, the location of the DNA in the mitochondrial structure could 

be determined using autoradiography and thin sectioning. The ionic 
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strengths used in constructing the labeled DNA must be much lower than 

the ambivalent ionic strength of the cellular protoplasm, since the 

presence of labeled cytochrome on the mitochondrial matrix would 

obscure the cytochrome--DNA complex. 
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PROPOSITION IV 

THE APPLICATION OF THE KARLE-HAUPTMAN TANGENT FORMULA 

TO SINGLE ISOMORPHOUS REPLACEMENT PHASING 

As was stated In Part II of the preceeding Thesis, the most 

successful application of the Karle-Hauptman tangent formula to protein 

phasing has been its use as a method for selecting the correct phase 

from the two possible phase choices resulting from a single 

isomorphous replacement (SIR) phase analysis. The only theoretical 

limitation to this method is that the atomic cluster of heavy atoms in 

the unit cell be non-centric. This application of the tangent formula 

is an important advance in protein crystallography. With the tangent 

formula to break the SIR phase ambiguity, a protein structure could, 

in theory, be solved with a single heavy atom derivative. It is 

important, therefore, to determine the actual power of the method and 

the rules for its application to protein data sets in general. 

The process of selecting one of the two possible SIR phases by 

this method consists of two completely independent steps. The first 

step is simply the calculation of a new set of phases using the tangent 

formula. The input phases to the tangent formula in this step can be 

either the SlR centroid phases or the SIR phases themselves, choosing 

one of the two possible phases for each reflection in a random manner. 

In the second step, the phase calculated by the tangent formula is 

compared to the two SIR phase choices. The SIR phase which is closest 
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to that calculated by the tangent formula is chosen as the phase which 

is most probably correct (henceforth called the predicted phase). The 

probability that a predicted phase is correct should vary between 1.0 

and 0.5, since a random selection of one of the two possible phases 

for each reflection should result in a phase set with 50% of the 

phases chosen correctly. 

As was shown in Part II of the previous Thesis, the ability of 

the tangent formula to corre~tly calculate the phase of a reflection 

is a function of the !El of the reflection concerned, the amount of 

error in the initial phase set used by the tangent formula and the 

resolution to which the data has been collected. · The accuracy of the 

tangent formula increases with increasing jEj and with higher 

resolution (more terms included in the tangent formula calculations, 

and hence better statistics) and decreases with increasing error in 

the initial phase data. Thus, in an application of this method to a 

specific protein data set, there will exist a certain minimum value of 

!El (henceforth called the cutoff E) at which the errors in the phases 

calculated by the tangent formula will become sufficiently large that 

the phase choice in step two of the above procedure will become 

essentially random. The probability of correctly predicting the true 

phase for reflections at or below the cutoff E should then be 50%. In 

order to evaluate the results of this method accurately in an 

application to a real protein data set, the relationship between the 

probability of a correct phase choice, the !El of the reflection being 

determined, the resolution and the amount of error in the initial phase 
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data must be determined. 

One of the parameters in the above relationship, the amount of 

error in the initial phase data, will be constant for any protein data 

set and need not be considered. The mean error in a set of SIR 

centroid phases will be approximately 45°, regardless of the protein 

considered or the resolution to which the data is collected, and the 

mean error in the set of phases randomly selected from the two SIR 

phase choices will be about 90°. The centroid phases are clearly the 

better of the two sets to use in this method. 

The effect of resolution, or the number of terms included in the 

analysis, is then the only variable parameter which can affect the !El 

vs. probability of a correct phase choice curve for a protein SIR data 

set. This relationship can be determined empirically by the applica-

tion of the tangent formula phasing procedure to data which have been 

calculated at a number of resolutions from a theoretical test 

structure, such as modelglobin in Part II of the preceeding Thesis. 

This empirical relationship, based on the errorless data calculated 

from the test structure, can also be applied directly to the data 

obtained from a real SIR structure determination, as can be seen from 

the following argument: 

In a SIR phase determination, the centroid phase has a value of 

either +<PH or -<PH, depending on the relative values of IFHI' lip\ and 

IFPHI. The two SIR phase choices are synunetrically situated about the 

centroid phase angle as in Fig. 1. Except in the case when the two 

SIR phase angles are close to 90° from the centroid phase angle, a 
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fairly large error in either IFpl or IFPHI is necessary to change the 

centroid phase angle from +<lk to -<PH, or vice versa. Thus, the 

centroid phase set from a real protein SIR structure analysis should be 

very similar to that calculated from th.e corresponding test structure. 

This means that the phases calculated from the tangent formula in step 

one of the phasing procedure will be about the same in both cases. 

Figure 2 illustrates this point in the argument. If the calculated 

phase predicts the correct p~ase in the theoretical case, the same 

calculated phase will predict the phase which is closest to the correct ' 

phase in the real case, and vice versa. Thus, the probability of 

choosing the more correct phase from the two possible SIR phase choices 

is the same in either the real or the theoretical case. 

The probability curve above represents the probability that the 

better of two phases has been chosen, not the probability that the 

chosen phase is the correct phase. This second probability can be 

obtained from the original SIR phasing procedure. As can be seen in 

Fig. 3, the phases of reflections for which the phase circles inter

sect each other perpendicularly are not highly dependent upon errors 

in the intensity data, while the opposite is true when the phase 

circles intersect tangentially. Thus, the ' accuracy of the two SIR 

phase angles can be represented by a function of the angle at which 

the phase circles intersect. The total probability that the chosen 

phase angle is the correct phase angle (FM 1) can then be taken as 

some combination of this function and the probability curve above. 

In addition to the angle of intersection of the phase circles, 
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the relative sizes of the native and derivative phase circles will 

affect the accuracy of the predicted phase angle. If, as in Fig. 4, 

the two phase circles differ greatly in size, both of the SIR phase 

choices, as well as the centroid phase, will be very close to the 

correct phase. Thus, regardless of the phase angle chosen by the 

tangent formula phasing procedure, the phase determination will be 

inherently accurate. This accuracy can be represented by a function of 

the difference in diameters of the two phase circles (FM 2). When the 

inherent accuracy of the original SIR phase determination (FM 2) is 

higher than the previous combined probability function (FM 1), the 

centroid phase angle should be chosen in place of the angle chosen 

by the tangent formula phasing procedure in order to obtain the most 

probable set of phases. 

In conclusion, the tangent formula seems to be a very good method 

for breaking the phase ambiguity in SIR phase data. In order to 

determine the accuracy of this method as a phase choosing procedure 

for a real protein SIR data set, it is sufficient to determine its 

accuracy for a theoretical data set containing the same number of 

independent reflections. The resulting, theoretical probability curve 

can be combined with the probability information derived from the 

original SIR phasing procedure to produce a weighting factor, or 

figure of merit, for each reflection. This information can then be 

used to calculate a Fourier map containing the. maximum amount of 

useful structural information. 
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PROPOSITION V 

A METHOD FOR REFINING HIGH RESOLUTION PROTEIN DATA SETS 

The refinement of the atomic parameters of a protein structure by 

the conventional least squares technique is difficult because of the 

low ratio of observable data to the unknown structural parameters and 

due to the inherent error in the protein diffraction data. In 

addition, the necessary set of trial parameters ma~ be difficult to 

obtain from the final Fourier map with sufficient accuracy to allow 

the refinement to proceed to the lowest minimum. In order to be able 

to refine a protein structure accurately then, information other than 

the intensity data must be included in the refinement procedure. 

One possible source for this additional information is the phase 

information originally obtained from the multiple isomorphous replace

ment phase analysis. Both the intensities and the multiple isomorphous 

replacement phases are obtained independently from any structural model 

of the protein molecule, and thus both are equally well suited to be 

used as "observed parame.ters" in the least squares refinement 

procedure. The multiple isomorphous replacement phases are not 

independent of the intensity information, however. If the measured 

intensity of a reflection is subject to a large error, the phase 

calculated for that reflection will also be in error. This 

correlation can be removed in practice by including a large number of 

derivatives in the phase analysis. 

As an alternate to a large number of derivatives, the correlation 
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between the phase information and the intensity information can be 

removed by tangent formula refinement. In this procedure, the random 

errors in the phase data which are correlated to the random errors in 

the intensity data are effectively removed by the averaging process of 

the tangent formula. 

Since the accuracy of the tangent formula in predicting the phase 

angle of a reflection in a given data set is a function of the 

magnitude of the normalized structure factor for the reflection, IEI, 

the mean error in the refined phases will rise as reflections of lower 

JEJ are considered and at some minimal value of IEI will become 

greater than the mean error in the unrefined phases. Below this point, 

tangent formula refinement cannot be used since it will increase, 

rather than decrease, the error in the phases. 

In order to refine a structure using both intensity and phase 

information, the following error .factor must be minimized: 

R =I w(hk1) IF (hkl) - F (hk1) 12 
0 ' c 

hkl 

--> 

where, F (h,k,l) represents the observed structure factor magnitude 
0 

(1) 

and refined phase, F c (h, k, 1) represents the. structure factor magnitude 

and phase angle calculated from the assumed structure and w(h,k,l) 

represents a weighting factor. 

If o;(hkl) is the standard deviation in JF
0

(hkl) I and if 0-<P(hkl) 

is the standard deviation in <I> (hkl), the probability of finding the 
0 

-+ -> -+ 

specific vector, d(hkl) = F (hkl) - F (hkl) is (leaving off the 
0 c 
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indicies and representing the magnitude of a vector by its symbol 

without the vector sign): 

-\~2 
= k·e 

..... 
P(d) 

where ¢ is defined in Fig. 1 and k is a constant normalizing the 

integrated probability to one. The specific form of Eq. 1 to be 

normalized is then: 

R = l w(hkl) d
2 

(hkl) 

hkl 

If the weighting factors are considered as constants with respect to 

the atomic parameters (but are recalculated at the beginning of each 

refinement cycle) the set of normalized equations to be solved are: 

k 1, .•• , N, 

where j and k vary over the atoms and s. varies over the atomic 
J 

parameters for the j'th atom. Equation 4 can be expanded: 

~R 

os. 
J 

2I w(hkl)d (hkl) dd gikl) 

h.kl s j 

Dropping the indicies, 

(2) 

(3) 

(4) 

(5) 
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d 
2 2J VL 

[ (A
0 

- A ) + (B - B ) c 0 c 
(6) 

""C)A °dB 
- [ (A -A ) _c + (B - B ) _c J 

o c 2li;. o c ds. 
J J 

(7) 

°d A "dB 
-2\' w [<A -A ) _c + (B -B ) _c ] 

L o c eii" o c c:>i" . 
hkl ~j ~J 

(8) 

For ease of computation, the angle 'P(hkl) contained in w(hkl) can be 

redefined: 

2 
F + A A + B B 

cos~= ___ o _______ o ___ c _______ o ___ c ______ __ 

[ 2 2]1
/
2 

F (A -A ) +(B -B ) 
0 0 c 0 c 

(9) 
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