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In  the me thod  of isomorphous replacement  in protein 
structure de terminat ion  theoretically two, but  in practice 
four to six, heavy a tom derivatives give satisfactory 
accuracy in the  phase angle calculations. Before the 
phases are de termined it is necessary to refine those 
parameters  of the heavy atoms which are independent  
of phase. In  the method  to be described all parameters  
except relative y's are refined. For the centrosymmetr ic  
hO1 project ion of space group P21 the function chosen 
for minimizat ion by the me thod  of least squares is: 

E = ~ 7  w ~ ( I F o l  - IF~I)2 
n 

= 27~((2~(z~m,, p cos ~ , p )  +s(F)IFi +s(F . )k lF . I}  ~ 
n p 

(Hart, 1961). In  this expression Z is taken  for all re- 
n 

flexions and ~ for p heavy atoms in the asymmetr ic  unit .  
p 

s(F)  = sign of observed structure factor, IFI, of the protein, 
s ( F g ) = s i g n  of observed structure factor, ]FH], of the 
derivative,  

ml ,  p =]on exp ( - B p  sin 2 0/A ~) , 

m~, p = 2~(hxp + l z p )  , 

f H  = . ,~Z~ml ,  ~ cos m2, p = calculated structure factor for 
p 

the heavy atoms, 
Fo =s(F)]F]  , 

IFcl--IS(FH)]CIFH] --fil l  , 

s(F~) =sign of F¢,  

k is the scale factor for heavy a tom data  relative to tha t  
of parent  compound,  

Zs is the  effective number  of electrons in the uni t  cell 
for heavy  a tom p and describes the ex tent  of sub- 
s t i tut ion,  

/on is the  un i ta ry  scat ter ing factor, 
x and z are the fractional coordinates of the heavy atom, 
wn is a weight ing factor. 

The four possible combinations of signs for IF] and IFH] 
are given in Fig. 1. 

A min imum is given by d E / d r t = O ;  j = l ,  2 . . . . .  q, 
where q is the  number  of parameters,  r. 

This yields the  normal equations:  

~ ~ J (~r~) 

= . ~ , w n ( I F o l - I F c ] )  ~ ;  i , j = l ,  2 . . . . .  q ,  
n Vr~  

which can be expressed in matr ix  form as 

(b~i) (c~) -- (ai) • 

The shifts (bi) in the parameters  are given by (c~)= 
(b~i) -1 (ai). 

The derivatives are 

~lFc[ 

aZ~ 

~Bp 

~Xp 

~zp 

ak 

-- -- l s (Fc)ml ,  p cos m2, p 

- - ls(Fe) ( - sin 20/22)Z~ml, p cos m2, 

- ls(Fc) ( - 2nh)Z~ml ,  ~ sin m2, 

-- ls(  Fc) ( - 2zd)Z~ml,  p sin m2, p 

- + ls(Fc)s(FH)]FH] . 

In  the  calculations on data  from the X-ray investiga- 
t ion of carbonic anhydrase form G (Tilander, Strandberg 
& Fridborg, 1965), this me thod  was used in a computer  
program with the designation ROHAP.  

During the ref inement  those reflexions are excluded 
which do not  fulfil the following condit ions:  

C 1 _< [Is(F~)kIFHl-s(F)lFi] / r /~l]  _< C2 

] ] s ( F H ) k I F H I - s ( F ) I F I ] -  ]frill ~-- Ca ,  

where the constants  C 1, C2 and C3 are chosen in an 
appropriate manner .  The program calculates the  reli- 
abil i ty indices for (a) reflexions excluded from the 
refinement,  (b) reflexions included in the ref inement  and 
(c) all reflexions, using the  expression 

I IS(FH)kI.FH] -- s(F)IFI] - ]fH]] 
Ra,b,c = ]S(FH)ktFH [ _ s (F ) ]F]  I 

The empirical weight ing factor used for carbonic 
anhydrase form C is 

W = ( I S ( F H ) k ] F H I  - s ( F ) [ F I  ])~[(k[FHI + ]F[)/2] -1. 

Correlation coefficients (Geller, 1961) are calculated 
according to 

e,l = (b,l)- 1/[(b,,)- 1 (b//)- ~] ½ 

where (btl) -1 is the  inverse mat r ix  of (bij) obtained by 
the  el iminat ion me thod  of Gauss. 

A full matr ix  is used in the  solution of the normal 
equations. The approximate  position of a heavy a tom 
is taken  from difference Pat terson and difference Fourier  
syntheses. The approximate  degree of subst i tut ion is 
es t imated from the height  of the  difference Fourier  peaks 
combined with chemical analysis. I t  is possible to refine 
a structure in which the asymmetr ic  uni t  contains eight  
atoms, involving th i r ty- three  parameters  (the number  is 
l imited by the storage of the  machine),  bu t  there will 
no t  in general be more than,  say, four heavy atoms in 
a protein derivative.  This feature is valuable, however,  
when it becomes necessary to distinguish between small 
real peaks and false peaks caused by series terminat ion 
errors and random errors in the measurements .  As an 
example there were eight possible difference Fourier  
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peaks in one of the  mercu ry  der ivat ives  of carbonic 
anhydrase .  The approximate  subst i tut ions before refine- 
men t  were respect ively 100, 100, 35, 35% and  four 
of 15%. After  one cycle of ~refinement wi th  R O H A P  
the last four possibilities had  a negligible subst i tut ion.  
I t  is possible to keep any  desired type  of pa ramete r  
cons tant  dur ing the  ref inement ,  and  this has proved 
useful. I n  the invest igat ion of carbonic anhydrase ,  
for example,  the coupling be tween Z s and  B is observed 
to be very  strong (~1 "~ 0.9) and  since, a~ a resolution 
of 5.5 A, exp ( - B  sin e 0/22) is very  insensitive to changes 
in B this factor has so far been set cons tant  a t  a value 
approximat ive ly  de te rmined  from a Wilson plot. Al though 
the coupling between Zs and  k is relat ively strong, 
(~ j - - -0 .5) ,  ref inement  of both  these parameters  a t  the 
same t ime has been quite  successful. A fur ther  observa- 
t ion made  during the use of this program is t ha t  relat ively 
large r andom errors in a few reflexions can domina te  
the whole ref inement .  A cri ter ion as to which reflexions 
should not  be used in the  ref inement ,  bu t  included in Re, 
is given by  the devia t ion of (w)½(IFol-IFcE) from the  
mean  value. Fu r the r  results are given in the paper  by 
Ti lander  et al. (1965). 

The electronic compute r  used wi th  this program was 
the  Swedish buil t  FACIT,  which is a b inary  machine  

with  a ferrite m e m o r y  for 4096 or 2048 words, each word 
consisting of 20 or 40 b inary  digits respectively.  Two 
magnet ic  tapes are used, one to accommoda te  four 
subrout ines in the program and  one to store the  data .  
Using fixed point  calculations the machine  has an 
addi t ion t ime of 50 #see. Wi th  150 hOl reflexions and nine 
parameters  (two heavy  atoms) each cycle required abou t  
three minutes  comput ing  t ime and the ref inement  was 
usually completed  af ter  four to six cycles. 

I wish to express m y  sincere gra t i tude  to Dr  B. Strand- 
berg, who in t roduced me to the field of prote in  s t ruc ture  
investigations,  for his cont inuous interest  and  valuable 
discussions. I also t h a n k  Prof. G. H~gg for his interest  
and  the facilities placed at  m y  disposal. 

This work was suppor ted  by grants  from the Nat ional  
Ins t i tu tes  of Heal th ,  U.S.  Publ ic  Hea l th  Service 
(GM 11307) and  from the  Swedish Na tu ra l  Science 
Research Council (259-22,24). 

R e f e r e n c e s  

GELLER, S. (1961). Acta Cryst. 14, 1026. 
HART, R. G. (1961). Acta Cryst. 14, 1194. 
TILANDER, B., STRANDBERG, B.  E. & FRIDBORG, K. 

(1965). J.  Mol. Biol. To be published.  


