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NASA Contract No. 21-003-002

Equilibrium Studies

It is evident that equilibrium processes have played a large role in
the determination of compounds present in planetary atmospheres, meteorites,
geological deposits and in the origin of life. The effects of equilibrium should

be computed over broad ranges of conditions.

We have almost completed preparation of a monograph on our survey of
the major compounds present in an ideal gas for all proportions of C, H, 0, and
N and trace quantities of S, P and Cl. This monograph describes the methods used
and results for over 300 compounds of biochemical interest. These systems have
been very interesting to astronomers, particularly with regard to planetary at-
mospheres, to space scientists because of the questions of remote measurements
on planets and the chemical hallmarks of life on other planets, to meteoriticists,
particularly Anders' group at Chicago, who have suggested equilibrium processes
to account for carbonaceous compounds in meteorites, and to geobiochemists as
Abelson and Blumer, interested in the stability of biological compounds over

geological eras and in equilibrium processes in carbon metamorphosis on earth.

We have submitted for publication a paper entitled "Thermodynamic
Equilibria in Planetary Atmospheres," E. R. Lippincott, R. V. Eck, M. O. Dayhoff,

and C. Sagan.

Abstract. The thermodynamic equilibrium composition of all poesible
combinations of the elements C,H,0, and N at reasonable average press-
ureg and temperatures have been calculated for the atmospheree of Earth,
Venus, Mars and Jupiter. AlLl regiome consistent with the observed
compound concentrations are located and discussed.

The constituents of the terrestrial atmosphere are in approximate
thermodynamic equilibrium in spite of the continual addition of trace
organic compounds from biological activity, lightning, radiation and

vuleaniem.



The atmosphere of Venus seems likely to be in thermodynamic equi-
librium. It then followe that the measured upper limits on the
abundances of CHy, NH3 and CO are all inconsistent with the possibility
of elemental carbon or hydrocarbons in comtact with the atmosphere,
either on the surface or as clouds. If the Cytherian atmosphere
evolved from an original gas mixture much more reducing than the present,
two processes must have occurred: the loss of hydrogen to space and
the lose of 0, most probably by efficient reaction with a consider-
able layer of reduced eurface materials. In addition, Venus must
have begun its evolutionary history with a (C/0) abundance ratio
< 0.5, a value consistent with several cosmic abundance egtimates.

The evidence for Mars is not inconsigtent with thermodynamic
equilibrium. The computatione do not indicate whether small quanti-
tiee of free 0, exist. The equilibrium abundance of all oxidee of
nitrogen i8 extremely low even if computed with a considerable ex-
cess of 0s.

For Mars and Venus there ies no molecular species with a large
predicted equilibrium abundance and spectroscopically accegsible
absorption features which has not been already identified.

Under equilibrium conditions at low temperatures Jupiter could
not contain significant amounte of any compound not observed. How-
ever, at high temperatures such as would be produced by lightning
discharges, HCN, aromatics, and a variety of nitrogen compounds
would be expected. These could contribute to the colors observed.

We have also submitted for publication the paper "Thermodynamic Equi-
librium in the Origin of Organic Matter" by R. V. Eck, E. R. Lippincott, M. O.
Dayhoff, and Y. T. Pratt. This included a preliminary report confirming the
experimental evidence for equilibrium processes in a gas plasma. Calculations
were made under the conditions of the heat catalysed reactions of Studier,
Hayatsu and Anders, and of our plasma experiments.
Abstract. Theoretical and experimental support is presented for

the hypothesis that organic compounds occurring in carbonaceous

chondrites may have formed under equilibrium or near equilibrium con-

ditiong. The equilibrium distributions of organic compounds at

temperatures between 300° and 1000° X and pressures of 10° 5 to 50
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atmospheres for the C-H-O system have been computed. At high tempera-
tures and low pressures aromatic compounds may form even in the
presence of excess hydrogen. Equilibrium concentrations of numerous
compounds possible at 1000° K when N, S, and C1 are added to the sys-
tem have also been determined. A limited equilibrium method is employ-
ed in which those few compounds which form with most difficulty are
excluded from the computations. Thie approach is shown to be useful
in the interpretation of certain experimental data. In preliminary
experiments it has been found that gases, comverted to the plasma state
by high energy radio frequency discharge, yield product mixtures which
are in qualitative agreement with those predicted.

The computer program to determine thermodynamic equilibrium in multi-
phase systems has been written and checked out. We have used it to determine

the graphite phase boundaries for our survey monograph in preparation.

Biopolymer Studies

We have searched among the proteins of living organisms in the hope
of finding relics of primitive structures preserved by the strong conservatism
of natural selection. Ferredoxin is likely to have evolved from a prototype
present very early in evolution, even before a genetic code evolved. Its
structure may well preserve relics of the era of the evolution of the genetic
code. Science will soon publish our paper on this subject, "Evolution of the
Structure of Ferredoxin Based on Surviving Relics of Primitive Amino Acid Se-

quences," by R. V. Eck and M. O. Dayhoff.

Abstract. The present-day structure of ferredoxin, with its simple,
inorganic active site and ite functions basic to photon-energy utili-
zation, suggests the incorporation of its prototype into metaboliem
very early during biochemical evolutiom, even before complex proteins
and the complete modern genetic code existed. The information in the
amino acid sequence of ferredorin enables us to reconstruct its evolu-
tionary history. It has evolved by doubling a shorter protein, which
may have contained only eight of the simplest amino acids. This

shorter ancestor in turm developed from a repeating sequence of the
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amino acids alanine, aspartic acid or proline, serine, and glycine.
The living relics of this primordial structure persist today because
of a conservative principle in evolutionary biochemistry: Natural
selection inhibite with extreme severity any change in a well-adapted
system on which several other essential components depend. Many such
intricate detaile of the earliest stages of life must still survive,
awaiting detection and elucidation.

Talks
Since our last progress report, talks were given as follows:

NASA Bioscience Subcommittee of the Space Science Steering Committee
meeting State College, Pennsylvania, April 1965, "Thermodynamic and
Biochemical Studies of the Origin of Life" by M. 0. Dayhoff, E. R.
Lippincott, and R. V. Eck,

18th Annual Conference on Engineering in Medicine and Biology, Phila-
delphia, Pennsylvania, November 1965, "Predictions of the Compositions
of the Atmospheres of the Planets" by R. V. Eck.

Meeting of the Biophysical Society, Boston, Massachusetts, February
1966, 2 papers, "Thermodynamic Equilibrium on the Prebiological Earth"
by M. O. Dayhoff

and

"Protein Sequences Treated as Mathematical Puzzles: An Atlas of Pro-
tein Sequence and Structure," R. V. Eck.

Manuscripts Submitted for Publication

"Thermodynamic Equilibria in Planetary Atmospheres," E. R. Lippincott,
R. V. Eck, M. 0. Dayhoff, and C. Sagan, submitted 1965.

"Thermodynamic Equilibrium in the Origin of Organic Matter," R. V. Eck,
E. R. Lippincott, M. 0. Dayhoff, and Y. T. Pratt, submitted 1966.

"Evolution of the Structure of Ferredoxin Based on Surviving Relics of
Primitive Amino Acid Sequences," R. V. Eck and M. O. Dayhoff, in press,
Science, 1966.
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BIOGRAPHICAL SKETCH

Margaret Oakley Dayhoff

Date of Birth: ~ Place of Birth: “

Married: 2 Children.
U.S. Citizen; Female.

Chronology:

1060-present: Senior Research Scientist, Head, Department of Chemical Biology,
National Biomedical Research Foundation.

1957-1959: Post-doctoral research fellowship, University of Maryland.
1948-1951: Research Assistant, Rockefeller Institute for Medical Research.
1947-1948: Watson I.B.M. Computing Laboratory Fellowship.

Education:

New York University, B.A. magna cum laude with honors; 1945, Mathematics.
Columbia University, M.A.; 1946, Chemistry.

Columbia University, Ph.D.; 1948, Quantum Chemistry.

Professional Societies:

Fellow of the American Association for the Advancement of Science
American Chemical Society

Association for Computing Machinery

Biophysical Society

New York Academy of Science

Society for Computer Science in Biology and Medicine, Secretary
Honors:

Phi Beta Kappa

Sigma Xi



Dayhoff
Publications:

"Automatic Scanning of X-ray Diffraction Films into the Core Memory of a
High Speed Computer", Proc. of 18th Ann. Conf. on Engineering in Medicine
and Biology, Vol. 7, p. 165, 1965,

®Evolution of the Structure of Ferredoxin Based on Relics of Primitive Amino
Acid Sequences™ with R. V. Eck, Science, 1966 (in Press).

"Thermodynamic Equilibrium in the Origin of Organic Matter" with R. V. Eck,
E. R. Lippincott, and Y. T, Pratt. (Submitted for publication)

"Thermodynamic tquilibria in Planetary Atmospheres™ with E. R. Lippincott,
R. V. Eck, and C. Sagan. {Submitted for publication)

Atlas of Protein Sequence and Structure 1965, with R. V. Eck, M. A. Chang, and
M. Sochard, National Biomedical Research Foundation,

"Computer Aids to Protein Sequence Determination™, J. of Theor. Biol., Vol. 8,
pp. 97-112, 1965.

"Thermodynamic Equilibria in Prebiological Atmospheres™ with E. R. Lippincott
ana Re V. Eck, Science, Vol. 146, No. 3650, pp. 1461-1464, Dec. 11, 1964.

"Computer Search for Active Site Configuration", J. of Amer. Chem. Soc., Vol. 86,
pp. 2295-2297, 1964.

"Thermédynamic Equilibria in Prebiological Atmospheres, Program CHEM-EQUILIBRIUMY
Proc. of 17th Ann, Conf. on Engineering in Medicine and Biology, pe. 58, 1964.

"Simulation of Cellular Processes, Program CELSIM" with F. Heinmets, Proc. of
16th Ann. Conf. on Engineering in Medicine and Biology, Vol. 5, p. 54, 1963.

"A Contour-Map Program for X-ray Crystallography”", Comm. of ACM, Vol. 6, No. 10,
pp. 620-622, Oct. 1963.

"Delta Function Model of Chemical Binding™ with E. R. Lippincott, 'Advance in
Molecular Spectroscopy!, Pergamon Press, 1962,

"Comproteins A Computer Program to Aid Primary Protein Structure Determination”
M. O, Dayhoff, R. S. Ledley, Proc. of Fall Joint Computer Conference, Vol. 9,
ppo 262"274,, 1962.

"The Use of Computers in Protein Biochemistry® with R. S. Ledley, Digest of the
15th Ann. Conf. on Engineering in Medicine and Biology, Vol. 4, p. 34, 1962,

"Delta Function Model of Chemical Binding™ with E. R. Lippincott, Spec. Acta,
Vol. 16, 807, 1960.

*The Apparent and Partial Molal Volumes of Potassium Iodide and of Iodine in
Methanol at 25°C from Density Measurements®™ with D. A, MacInnes, J. Am, Chem.
SOC.’ VO].. 75’ p- 5219, 1953.



Dayhott

Publications:

"The Partial Specific Volumes, in Aqueous Solution of Three Proteins™ with
G. E. Perlman and D. A, MacInnes, J, Am. Chem. Soc.s Vol, 74, p. 2515, 1952,

*The Partial Molal Volumes of Mal and Iodine in Aqueous Solution™ with D. A.
MacInnes, J« Am. Chem. Soc., Vol. 74, p. 1917, 1952.

*A Study of Iodide-Iodine Solutions with the EMF Centrifuge®™ with D. A. Mac Innes
J. Chem, Phys., Vol. 20, p. 1034, 1952.

*A Magnetic Float Method for Determining the Densities of Solutions™ with D. A.
MacInnes and B. R. Ray, Rev. Sci._ Inst., Vol. 22, p. 642, 1951.

*Punched Card Calculation of Resonance Energies®, Ph.D. Thesis, Columbia
University, with G. E. Kimball, J. Chem. Phys., No. 17, p. 706, 1949.
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Richard V. Eck

bete of Eirtn: AUNENNMENEN. ©iaco ot 3irtn: AN

U.S8. Citizen; Male.

Chronology:

March 1965-present: Head, Department of Biology, National Biomedical Research
Foundation.

Sept. 1963-present: Senior Research Scientist, National Biomedical Research
Foundation.

1954-1963: Biologist, National Cancer Institute. Developed several animal experi-
mental models of complications of cancer surgery, along with mathematical methods

for interpreting them. Collaborated with surgeons in the use of these methods,

and advised them on experimental design, etc. Worked with immunogenetics and tissue
transplantation. Did theoretical-mathematical work on the nature of the genetic code.

1943-1946: Army of the United States, highest rank First Lieutenant.
Educafion:

Illinois Institute of Technology, 1938-1941, Chemical Engineering.
University of Maryland, 1941-1943, B.S. Agricultural Chemistry.

West Virginia University, 1943-19LL4, (A.S.T.P.) Mechanical Engineering.
University of Maryland Graduate School, 1946-1950. Approx. 100 hours of graduate
courses in plant pathology, botany, biochemistry, statistics, experimental
design. Taught laboratory courses in Elementary Botany, Plant Pathology, and
Virology. Research on a semi-micro chemical method of assaying tobacco mosaic

virus in small samples of leaf tissue.

Publications:

"Wound Seeding as a Cause of Failure in Surgical Therapy of Cancer" with A. W.
Hilberg, M.D., R. R. Smith, M.D., and others, Proc. Third Nat. Canc. Conf., 568-5T1,
1957.

"Local Chemotherapy of Experimentally Tumor-Seeded Wounds" with A. G. Ship, M.D.,
and R. R. Smith, M.D., Cancer, 11, 687-695, 1958.

"Inhibition of Local Tumor Implantation with Triethylenethiophosphoramide (TSPA)"
with W. M. Kramer, M.D., and R. R. Smith, M.D., Cancer, 11, 999-1002, 1958.

"Prevention of Experimental Lung Metastases with Triethylenethiophosphoramide
(ThioTEPA)" with W. M. Kramer, M.D., and R. R. Smith, M.D., Surg., Gyn. Obst., 106,
La7-L3L, 1958.

"An Experimental Study of the Effect of Irradiation on the Dissemination of Cancer"
with P. D. Olch, M.D., and R. R. Smith, M.D., Canc. Res., 19, L6L-46T, 1959,

"An Experimental Study of the Effect of External Irradiation on a 'Primary' Tumor
and Its Distant Metastases" with P. D. Oleh, M.D., and R. R. Smith, M.D., Cancer,
12, 23-26, 1959.



R. V. Eck
*Non-Randomness in Amino-Acid ‘*Alleles'®™, Nature, Vol. 191, pp. 1284-1285,
1961.

"A Simplified Strategy for Sequence Analysis of Large Proteins™, Nature,
volo 193' ppc 24.1-243’ 19620

"The Protein Cryptogram: I. Non-Random Occurrence of Amino Acid 'Allelest'™,
Jo. Theoret. Biol., Vol. 2, pp. 139-151, 1962,

"Genetic Codes Emergence of a Symmetrical Pattern™, Science, Vol. 140,
pp. 477-481, 1963.

*Cryptogrammic Detection of a Pattern in Amino Acid *Alleles'; Its Use in
Tracing the Evolution of Proteins™, Proc., of the 17th Ann. Conf. on Engineering
in Medicine and Biology, Vol. 6, pp. 115, 1964.

"Thermodynamic Equilibria in Prebiological Atmospheres™, with M. O, Dayhoff and
E. R. Lippincott, Science, Vol. 146, No. 3650, pp. 1461-1464, Dec. 11, 1964,

"Predictions of the Compositions of the Atmospheres of the Planets"™, Proc. of
the 18th Ann., Conf. on Engineering in Medicine apd Biology, Vol. 7, p. 185, 1965.

"Evolution of the Structure of Ferredoxin Based on Relics of Primitive Amino
Acid Sequences”, with M, O. Dayhoff, Science, 1966 (in press).

*Thermodynamic Equilibrium in the Origin of Organic Matter™, with E. R. Lippincott,
M. O. Dayhoff, and Y. T. Pratt (submitted for publication).

*Thermodynamic Equilibria in Planetary Atmospheres", with E, R. Lippincott,
M. O. Dayhoff, and C. Sagan (submitted for publication).

Atlas .of Protein Seguence and Structure 1965, with M, O. Dayhoff, M. A. Chang,
and M, R. Sochard, National Biomedical Research Foundation.
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ELLIS R. LIPPINCOTT

Professor

Personal Data

Date of Birth -
Place of Birth -
Marital Status - Rita C, Clifton, August 14, 1948

Children - Melanie, Jennifer, Wendy, Robin and Holly

Educatiqn

BsA, in Chemistry, Earlham College, 1943

M.A. in Chemistry, Johns Hopkins University, 1944

Ph,D, in Chemistry, Johns Hopkins University, 1947
(With Minors in Physics and Mathematics)

Postdoctoral Research Associate, Massachusetts Institute of
Technology, June 1947-July 1948

Experience in Higher Education

A, Instructor in Chemistry, Loyola College, Baltimore, 1947
Instructor in Chemistry, University of Connecticut, 1948-51
Associate Professor in Chemistry, Kansas State College,

1951-55
Professor of Chemistry, University of Maryland, 1955 to present
Lecturer in Infrared Spectroscopy (two-week summer course)
Massachusetts Institute of Technology, 1953 to present

B. Courses Taught:

General Chemistry, Undergraduate Physical Chemistry, Graduate
Physical Chemistry, Molecular Structure, Quantum Chemistry,
Infrared and Raman Spectroscopy, Atomic and Molecular Spectra,
Statistical Mechanics

C. Research Interests:

Physical Chemistry, Quantum Chemistry, Biophysics, High Pres-
sure Optics, Molecular Spectra and Structure, Infrared and
Raman Spectroscopy, Hydrogen Bonding, Potential Energy Func-
tions and Applications of spectral Studies to Biochemistry

D. Research and Educational Activities:

Program Director for Public Health Service Physical Chemistry
Training Program '

Research Director of 30 Ph.D. and M.S., candidates for which
degrees have been granted

Principal Investigator for several research grants over the
past sixteen years totalling more than one million dollars
in research and training funds with the following agencies:
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V.

VIi.
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(National Science Foundation, Atomic LEnergy Commission, Office
of Ordnance Research, Office of Naval Research, Kansas State
Bureau of General Research, University of Maryland Research
Board, Research Corporation, Public liealth Research, Public
Health Training, Advanced Research Projects Agency (Department
of Defense), North Atlantic Treaty Organization and National
Aeronautical Space Administration, etc.) These funds were used
for basic research and the financial support of students working
for advanced degrees.

Experience other than in Higher Education

Various part-time and summer industrial employments prior to the
granting of the Ph.D. degree in 1947

Consultant to National Bureau of Standards and other governmental
and industrial organizations

Publications, Patents and Other Creative Work

Author or co-author of approximately 120 publications which include
technical papers, book reviews, patents, contributions to technical
books and editor of book entitled "Proceedings of the Xth Collo-
quium Spectroscopicum Internationale"

Prgfessional Activities

A. Membership in professional organizations:

American Chemical Society

American Physical Society

Faraday Society

Coblentz Society

Philosophical Society of Washington
Washington Academy of Science

Society for Applied Spectroscopy

American Society for Testing and Materials

B. Approximately 60 technical or educational papers have been pre-
sented to national and international scientific groups, In-
vited lecture series and papers have been presented before:

National Academy of Science, 1956

International Symposium on "Hydrogen Bonding," Ljubljana,
Yugoslavia, 1957

European Spectroscopic Conference, Freiburg, W. Germany, 1957
and Bologna, Italy, 1961

Gordon Research Conferences, 1956, 1957, 1962 and 1964

American Chemical Society, 1957, 1959, 1962 and 1964

Pittsburgh Spectroscopic Society, 1958 and 1963

Philosophical Society of Washington, 1958

National Science Foundation College Teachers Institute Lecture
Series, University of North Carolina, 1959

In addition, invited lectures have been given to several Univer-
sity, industrial, .governmental groups, etc. Popular lectures
have been given to high school groups.
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E, During 1965, invited papers were presented befcre several state
colleges and universities, the American Chemical Society at its
fall meeting in Atlantic City, New Jersey; The Naval Research
Laboratory; the National Bureau of Standards, etc. Also, papers
were contributed to the 8th LEuropean Congress on Molecular
Spectroscopy in Copenhagen, Denmark; and the XII. International
Spectroscopy Colloquium at the University of Exeter in London,
England.

Honors Received:

Visiting Scientist, Division of Chemical Education, American Chem-
ical Society (1963-1966).,

Chairman - Gordon Research Conference on Infrared Spectroscopy
(1964).

Chairman - Symposium on Recent Developments in Research Methods,
National Institutes of Health (1962).

Program Chairman - Xth Colloquium Spectroscopicum Internationale
(1962).

Program Chairman - Spring Raman Institute and Fourth Annual Workshop
(1966).

Honorary Societies:

Phi Beta Kappa, Sigma Xi, Alpha Chi Sigma, Gamma Alpha, and Pi mu
Epsilon,
Advisory Editor for the scientific journal "Spectrochimica Acta".

Awards Received:

1. The 1964 Hillebrand Award cited Professor Lippincott for "His
investigations in infrared and Raman spectroscopy, particularly
in the determination of molecular structures and the bond prop-
erties of molecules and his insight in determining correlations
among molecular bond properties; for his contributions to pioneer-
ing work in spectra at very high pressure, and his contributions
to spectroscopic techniques, especially the development of new
Raman 1light sources."

2. The Certificate of Award presented by the Department of Commerce,
National Bureau of Standards, in 1964 was "'in recognition and
appreciation of distinguished service in the performance of offi-
cial duties."



Publications from January 1, 1962:

1.
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11.

12,

13.

14.

"Hydrogen Bonding in the Calcium Phosphates,” J.M. Stutman, A.S.
Posner and E.R. Lippincott, Nature, 193, 368 (1962).

"Lattice Frequencies and Rotational Barriers for Inorganic Carbo-
nates and Nitrates," R.A. Schroeder, C.E. Weir and E.R. Lippincott,
J. Chem, Phys., 36, 2803 (1962).

"Lattice Frequencies and Rotational Barriers for Inorganic Carbo-
nates and Nitrates from Low Temperature Infrared Spectroscopy,"

R.A. Schroeder, C.E. Weir and E.R. Lippincott, J. Research Nat. Bur.
Stds., 66A, 407 (1962).

"Comparative Study of Empirical Internuclear Potential Functicns,"
D. Steele, E.R, Lippincott and J.T. Vanderslice, Rev, Mod. Phys.,
34, 239 (1962).

"The Vibrational Spectra and Geometric Configuration of cis-1,3,5-
Hexatriene," E.R, Lippincott and T.E. Kenney, J. Am, Chem, Soc.,
84, 3641 (1962),

"Complex Formation of Monomeric Amides with Lithium Perchlorate,"
A.F. Diorio, E.R. Lippincott and L. Mandelkern, Nature, 194, 1296
(1962) . =

"Wave Functions for Anharmonic Oscillators by Perturbation Methods,"
A.M. Shorb, R, Schroeder and E.R. Lippincott, J. Chem. Phys., 37,
1043 (1962).

"helta Function Model of Chemical Binding,'" E.R, Lippincott and
M.0, Dayhoff, "Advances in Molecular Spectroscopy' Pergamon Press
(1962).

"Polymorphism in Fibrous Polypeptides: Transformation in Naturally
occurring Keratin," A.F., Diorio, L. Mandelkern and E.R. Lippincott,
J. Phys, Chem., 66, 2096 (1962).

"Optical Studies at High Pressures Using Diamond Anvils," C,E. Weir,
A. Van Valkenburg, and E.R. Lippincott, Modern Very High Pressure
Tehcniques, Butterworth, Inc., Washington, D.C. (1962).

"High Intensity Electrodeless Sources for Raman Spectroscopy,'" F.X.
Powell, O. Fletcher and E.R, Lippincott, Rev. Sci. Instru. 34, 36
(1963).

"The Limitations and Advantages of Infrared Spectroscopy in Patent
Problems,"” Ellis R. Lippincott, J. Pat. Office Soc. 45, 380 (1963).

"Calculations of Higher-Order Spectroscopic Parameters Using
Empirical Potential Functions," J.M, Stutman, E.R, Lippincott, and
D. Steele, J. Chem. Phys,, 39, 564 (1963).

“Raman Spectra and Solvent-Extractions of Cuprous Halides," J.A.
Creighton and E.R. Lippincott, J. Chem, Soc., 983, 5134 (1963).



15.
16.
17,
18,
19.

20.

21,

22,
23,

24'

25,

26.

27.
28,
29,

30,

31,
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"The Vibrational Spectra and Molecular Configuration of Diphenyl
Ether," J.E. Katon, W.R. Feairheller, Jr. and LE.R. Lippincott, J,
Mol, Spectroscopy, 13, 72 (1964).

"Optical Studies at High Pressures,'” L.S. Whatley, E.R. Lippincott
and A, Van Valkenburg, Science, 144, 968 (1964).

"Pressure Distribution Measurements in Fixed-Anvil High-Pressure
Cells," E.R. Lippincott and H.C. Duecker, Science, 144, 1119 (1964),

"Assembly and Performance of a Double Beam Microscope Spectropho-
tometer from Commercial Instruments' H.C. Duecker and E.R. Lippincott,
Rev, Scientific Instruments, 35, 1108, (1964).

"The Molecular Spectra of the Thiotrithiazyl Cation," R.T. Bailey
and E.R. Lippincott, Spectrochim. Acta, 20, 1327 (1964).

"Polarizabilities from Delta-Function Potentials," E.R. Lippincott
and J.M, Stutman, J. Phys. Chem,, 68, 2926 (1564).

"Nuclear Magnetic Resonance Studies Concerning the Effect of Adja-
cent Hydrogen Atoms on the Hydrogen-Bond Properties," E,R, Lippincott
and A.S. Rao, J. Chem, Phys., 41, 3006 (1964),

"Shrinkages of the Internuclear Distances by Molecular Vibrations,"
G. Nagarajan and E.R. Lippincott, J. Chem. Phys. 42, 1809 (1965).

"Thermodynamic Equilibria in Prebiological Atmospheres', M,0, Dayhoff,
E.R. Lippincott and R.V. Eck, Science, 146, 1461 (1964),

""Mean Amplitudes of Vibration, Thermodynamic Functions, Molecular
Polarizability and Absolute Raman Intensities of % g* Modes in Car-
bon Subnitride', G. Nagarajan, E.R. Lippincott and J.M, Stutman,

Z. Naturforschung 20a, 786 (1964).

"Pressure-Induced Trapping Phenomenon in Silver Iodide'", H.C,
Duecker and E.R. Lippincott, Science, 146, 1295 (1964).

""Mean Amplitudes of Vibration and Bastiansen-Morino Shrinkage Effects
in some Linear Symmetrical Four Atomic Molecules," G. Nagarajan and
E.R. Lippincott, J. Chim. Physique, 62 (1965).

"The Vibrational Spectrum of Dimethylferrocene," R.T. Bailey and E.R.
Lippincott, Spectrochim., Acta. 21, 389 (1965).

"Raman Spectrum of Azulene" R,T. Bailey and E.R. Lippincott, J. Chem,
Phys. 42, 1121 (1965).

"The Vibrational Spectra of Penta-Deutero-Chlorobenzene," T.R. Nanney,
R.T. Bailey and E.R. Lippincott. Spectrochim, Acta 21, 1495 (1965).

""Mean Amplitudes of Vibration, Bastiansen-Morino Shrinkage Effect,
Thermodynamic Functions and Molecular Polari-abilities of Sulfur
Trioxide," E.R, Lippincott, G, Nagarajan and J.M., Stutman, J. Phys,
Chem,, 69, 2017, (1965).

"Spectroscopy", E.R. Lippincott and L.S. Whatley, Encyclopedia of
Physics, Edited by R. Besancon, Reinhold Publishers (1965).



32,
33,
34,
35.
36.
37.

38.

39,
40,
41,

42,
43,

44,

45.

46,
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“"Infrared Absorption Spectrum and Ferroelectric Behavior of Sodium
Trihydroselenite,” R.K. Khanna, J.C. Decius and E.R. Lippincott. J.
Chem. Phys. 43, 2974 (1965).

"The Vibrational Spectra and Structure of Cyclooctatetraene Iron
Tricarbonyl," R.T. Bailey, E.R. Lippincott and D. Steele., J. Am,
Chem. Soc. 87, 5346 (1965).

"polarizabilities from Delta-Function Model of Chemical Binding -
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THERMODYNAMIC EQUILIBRTA IN PIANETARY ATMOSPHERES

Ellis R. Lippincott, Richard V. Eck, Margaret O. Dayhoff and Carl Sagan

Abstract

From present information on the composition, pressures, and temperatures
of planetary atmcspheres, we have calculated the expected thermodynamic equi-
librium composition of the atmospheres of the Earth, Venus, Mars, and Jupiter.
Departures from thermodynamic equilibrium must be attributed to special mech-
anisms, including, on the Earth, biological activity. The major constituents
of the terrestrial atmosphere are found to be in approximate thermodynamic equi-
librium; while many minor constituents have abundances exceeding their equilibrium
values, there is a marked tendency for equilibrium to be restored. It appears
that the atmosphere of Venus is in thermodynamic equilibrium, while that of
Jupiter is not. The evidence for Mars is less conclusive, although not incon-
sistent with thermodynamic equilibrium. For none of these planets is there a
molecular species with a large predicted equilibrium abundance and spectro-
scopically accessible absorption features which has not been already identified.
The predicted equilibrium abundances of oxides of nitrogen are extremely low
on all planets. The measured upper limits on the abundances of Cytherean
CHM’ NB?, and CO are all inconsistent with the possibility of elemental carbon

or organic molecules in contact with the atmosphere of Venus either on the
surface or as clouds. The possibility of small quantities of oxygen on Mars
is not excluded. We suggest that the colored materials at the Jovian clouds

are organic molecules, produced by non-equilibrium processes in a reducing
environment .

If the Cytherean atmosphere evolved from an original gas mixture much
more reducing than the present mlxture, two processes are required to achieve
the unique contemporary composition: the loss of hydrogen to space, and the
efficient reaction of atmospheric oxygen with reduced surface materials. In
addition, Venus must have begun its evolutionary history with a [C/0] abundance
ratio < 0.5, a value consistent with several cosmic abundance estimates.

* R

This work was supported in part by NASA Contract No. 21-003-002 with the
National Biomedical Research Foundation, 8600 16th Street, Silver Spring,
Maryland.

19



THERMODYNAMIC EQUILIBRIA IN PLANETARY ATMOSPHERES

E11is R. Lippincott, Richard V. Eck, Margaret O. Dayhoff and Carl Sagan

1. Introduction

It is not known how closely the gross chemical composition of planetary
atmospheres is approximated by thermodynamic equilibrium of the constituents.
In the upper reaches of planetary atmospheres, where the optical depth at
ultraviolet frequencies is small, relative molecular abundance may be dominated
by photodissociation and recombination. In the lower portions of the atmospheres,
which are shielded from photodissociating ultraviolet radiation, a closer approx-
imation to thermodynamic equilibrium can be expected. Especially where surface
temperatures are high or when catalysts such as water are present, there will
be a strong tendency for the degradation of molecules to the lowest energy
state. Even in the presence of special mechanisms which favor the production
of specific compounds -~ mechanisms such as ultraviolet radiation or lightning
== the ‘Ehermodynamic equilibrium distribution of reaction products should be
a useful first-order approximation. Since the equilibrium state is independent
of particular reaction mechanisms and reaction rates, and since the computations
of equilibrium states are quite straightforward, studies of thermodynamic
equilibrium chemistry would appear preréquisite to considerations of non-

equilibrium processes.

One of the earliest examples of a fruitful argument from thermodynamic
equilibrium in planetary atmospheres was provided by Wildt (1937), who pointed
out that the absence of detectable amounts of higher hydrocarbons, both satu-
rated and unsaturated, in the atmospheres of the Jovian planets was an argument
for the presence of a great excess of molecular hydrogen, a gas which had not ‘
been detected at that time. Purther indirect evidence for the presence of low~
mass constituents in the Jovian atmosphere was provided by observations of the
occultation of o Arietus, by Baum and Code (1953) ; but not until fairly



recently were the quadrupole lines of H2 observed directly in the photographic
infrared (Kiess, Corliss, and Kiess, 1960). Urey (1959) has argued from the
large abundance of carbon dioxide on Venus that substantial quantities of

CH)_F, N'H3 5 H2’ NEO’ and other oxides of nitrogen would not be expected on that
planet. A very low upper limit on the allowed abundance of oxides of nitrogen
in the Martian atmosphere was set by Sagan, Hanst and Young (1965) in a discus-
sion of combined photochemical and thermodynamic equilibria. Wildt (1937) and
Urey (1952), while performing thermodynamic equilibrium calculations in a
planetary atmospheres context, stressed the possibility of significant depar-

tures from thermodynamic equilibrium.

Some more recent studies have suggested that thermodynamic equilibrium
calculations may, under certain circumstances, be a useful approximation to
reality. Thermodynamic equilibrium calculations by Dayhoff, Lippincott, and
Eck (1964) for the relative abundances of a large number of compounds of
biological interest have been performed under a wide variety of assumed con-
ditions of temperature, pressure, and elemental composition. These machine
computations have revealed a possible mechanism for the abiological formation
of polycyclic aromatic hydrocarbons (asphaltic tars) and have shown the exist-
ence of an oxidation threshold where free oxygen appears and at which all but
the simplest organic compounds disappear. Studier, Hayatsu, and Anders (1965)
have recently called attention to a remarkable agreement between the distrib-
ution of organic compounds observed in the carbonaceous chondrites, and as we
predicted from thermodynamic equilibrium calculations in the range of elemental
abundances where asphaltic tars are expected. This success has encouraged us

to extend thermodynamic equilibrium calculations to planetary atmospheres.

2. Methods of Calculation

Our computational procedures have been described previously (Dayhoff,
Lippincott, and Eck, 1964) following a well-known method (white, Johnson, and
Dantzig, 1958) which minimizes the free energy of the system, simultaneously
satisfying the equilibrium constants of all possible reactions. The calcula-
tions were performed on an IBM 7094 computer.

- -



At thermodynamic equilibrium, the distribution of molecular species is
independent of the specific reaction pathways by which equilibrium is attained.
The molecular balance depends upon the relative elemental abundances, pressure,
temperature, and the standard free energies of formation of the compounds.

A1l compounds present in significant concentrations must be included in order
to arrive at the correct molecular distribution. Fortunately, there are only
a small number of these major compounds; they are simple in structure and well-
known to chemists. For a real system to approach equilibrium, there need be
only one reversible reaction pathway which leads from the major constituents

to the other compounds.

In our computations on planetary atmospheres, we explored the entire
range of possible relative atomic compositions using a large number of molecular
species in order to locate any specific ranges of atomic abundances which would
be simultaneously compatible with all the existing estimates of molecular
abundances or their upper limits. The results are presented in ternary diagrams
which cover all possible proportions of the elements C, H, and 0. Compounds
of nitrogen can also be represented as a projection on this diagram. The
astronomical observation of a specific relative abundance for a given molecular
species will, in general, define a line on the ternary diagram. An upper or
lovwer concentration limit will exclude a certain area. The application of
several such constraints may operate in a mutuaslly inconsistent manner, so that
no point on the diagram simultaneously satisfies all observations. In such s
case, we would conclude that thermodynamic equilibrium is not attained in this
atmosphere. On the other hand, if the application of several such constraints
can be performed in a consistent menner, yielding a region of the ternary
diagram simultaneously compatible with all constraints, we might tentatively
conclude that thermodynamic equilibrium is a useful {irs{ approximation to the
atmosphere in question. Each point in the allowed region of the diagram would
then correspond to a possible elemental composition in the planetary atmosphere.
The calculations would place some upper and lower limits on the allowable

relative abundances of other possible constituents of the atmosphere.



3. Observational Uncertainties

The initial conditions for these computations are based upon the results
of astronomical spectroscopy. It is not a trivial matter to derive relative-
abundances from such observations. The conversion of equivalent widths to
absolute abundances requires careful laboratory calibrations. Intercomparisons
of abundances derived for the same molecule at different wavelengths must allow
for the possibility that the effective reflecting atmospheric level is a func-
tion of wavelength. Existing observational discrepancies on, for example, the
abundance of water vapor in the atmosphere of Venus (see, e.g., the discussion
by Sagan and Kellogg, 1963) underscore the uncertainties of such reductions.
Intercomparisons of the relative abundances of different molecular species is
even more uncertain. Determinations of absolute abundances is complicated by
the possibility of multiple scattering (see Chamberlain, 1962; 1965). Obser-
vations of very weak lines of a given molecular species may refer to substantial
depths in the planetary atmosphere, where ultraviolet photodissociation is not
a dominant process. Observations of strong lines may refer to high altitudes
alone, where the relative distribution of molecular species may be far from
that predicted by thermodynamic equilibrium. However, the species must be

derivable from some compounds present extensively in the atmosphere.

Bearing these cautions in mind. we now proceed to a discussion of thermo-
dynamic equilibrium in the atmospheres of the planets Earth, Venus, Mars, and
_Jupiter. In general, the conclusions we will draw will not be sensitively
dependent on the exact values of the adopted mixing ratios of minor constituents;
and variations in these mixing ratios even by several orders of magnitude will
leave most of the results unchanged. Thus, despite the uncertainties in the
observational material, it will nevertheless be possible to draw conclusions

of some significance.

..



k. The Earth

As a test of our computation procedures, we first consider thermodynamic
equilibrium in the terrestrial atmosphere. In addition to its major components,
the atmosphere of the Earth contains a variety of compounds of diverse origins:
methane and smaller amounts of other hydrocarbons from natural gas, petroleum.
and asphalt; sulfur dioxide, hydrogen sulfide, carbon monoxide and nitrogen
oxides from vulcanism; terpenes and other volatile organics from vegetation;
methane, NEO’ and hydrogen sulfide from the metabolic processes of microorgan-
isms; ozone and nitrogen oxides from lightning and solar radiation, etc.

Table 1 shows the amounts of some of these compounds which have been detected

in the open air.

With the relative atomic composition and physical parameters implied by
Table 1 we have calculated the chemical composition which the Earth's atmosphere
should have in thermodynamic equilibrium. The results are displayed in Table 2.
We see that the relative abundances of major constituents in the terrestrial
atmosphere are completely compatible with thermodynamic equilibrium. The minor
constituents, however,cannot exist at thermodynamic equilibrium in the presence
of excess oxygen. At equilibrium, any carbon in the atmosphere would occur as
C02, and any sulfur as 803' Since there is no reason to think that less oxi-
dized materials are presently accumulating in the atmosphere, they must be in
approximate dynamic equilibrium, being removed or destroyed as fast as they
are being added. That is, even at the prevailing low temperatures there is a
definite tendency for the Earth's atmosphere to approach thermodynamic equi-
librium. Such esactions are no doubt catalyzed by solar radiation and by dust
particles and droplets suspended in the air. This constitutes a specific
example of our general contention that, even in the presence of special mech-
anisms which favor the production of certain specific compounds, the overall
tendency will be for a planetary atmosphere to approach thermodynamic equilib-
rium. If the major components of the atmosphere were methane, hydrogen, water,
and nitrogen (or ammonia) instead of the present composition, the details of
the radiation-coupled reactions would be different, but the overall trend to

thermodynamic equilibrium would still be present. It is not obvious at what
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relative rates unstable prebiological compounds such as amino acids would be
produced by nonequilibrium processes and degraded by the environment and by

their interaction with each other.

The observation of complex, very energetic compounds such as terpenes
in the contemporary atmosphere of the Earth would lead an extra-terrestrial
observer to suspect the existence of life here. The lack of any obvious simple
mechanism to form terpenes, either by thermodynamic equilibrium at some plau-
sible combination of elemental composition, temperature, and pressure,or by
photochemical reactions or other physical processes,would indicate the presence
of biological activity on the Earth -- even in the absence of any other signs
of life. Even the presence in the observed large amounts of much simpler,
but highly reduced, compounds such as methane in our oxidizing atmosphere

would be suggestive of life on Earth.
5. Venus

The adopted initial atmospheric composition of Venus is given in Table 3,
constructed from the references there given. Some comments should be made on
the values adopted for [002]*, [Hzo], and [CO]. The 5% volume mixing ratio of
carbon dioxide adopted in our analysis is a fairly conventional one, derived
from Spinrad's (1962a) observations, and dependent upon the assumption that
the near infrared CO2 bands are formed by single scattering. Chamberlain
(1965) has recently shown that the introduction of multiple scattering might
reduce the 002 mixing ratio by as much as an order of magnitude. The precise
reduction factor is at the present time unknown. However, similar correction
factors for multiple scattering will be applicable to all other abundances and
abundance upper limits of Table 3, and relative abundances of all minor constit-
uents should be approximately those of Table 5, whether single or multiple
scattering is assumed. The relative abundance of the major atmospheric constit-
uents -- probably N,, with some admixture of noble gases -~ would then vary
from 95% to larger values. Such variations have no significant effects on

our conclusions.

¥
In the following discussion square brackets denote volume mixing ratios.
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Reported observations of water vapor in the spectrum of Venus have been
made by Dollfus (1964) and by Bottema Plummer, and Strong (1964). The derived
values of the water vapor mixing ratio depend on the scattering mechanism and
the total atmospheric pressure at the effective level of band formation. The
range of derived mixing ratio values shown in Table 3 is consistent (Sagan and
Kellogg, 1963; Chamberlain, 1965) with a previous upper abundance limit on
water vapor established by Spinrad (1962b). However, the water vapor which is
observed by infrared spectroscopy is primarily in the region of the clouds.
Since there is now fairly convincing evidence that the clouds are condensed
water (Bottema, Plummer, Stong, and Zander, 1964; Sagan and Pollack, 1965),
it is in general invalid to assume that the water vapor mixing ratio in the
vicinity of the clouds applies to the lower Cytherean atmosphere. The amount
of condensed water in the clouds required to explain the near infrared reflec-
tion spectrum of Bottema, Plummer, Strong, and Zander (1964), and also to ex-
plain the millimeter attenuation of the surface thermal microwave emission, is
1l gm cm'2 or less convective atmospheres which can maintain such clouds at the
observed pressures and temperatures must have volume mixing ratios of water
vapor in their lower reaches of a few times 10-1+ (Sagan and Pollack, 1965).
The water vapor mixing ratio may therefore range from a few time 10 = in the
vicinity of the clouds and above, to a few times 10'1* near the Cytherean
surface. ‘

The quantities of carbon monoxide in the spectrum of Venus observed by
Moroz (1965), if related to a 1 atm pressure level near the cloudtops, give a
volume mixing ratio ~ 10-6. However, (0 is a principal carbon dioxide photo-
dissociation product, and amounts of carbon monoxide almost comparable to
those reported by Moroz may arise from photodissociation (Moroz, 1965; Shimiu, 1963).
If the observed carbon monoxide abundance is significantly in excess of that
expected from photochemical equilibrium, then a CO mixing ratio of 10-6 may be
extended down to the lower Cytherean atmosphere. If, on the other hand, the
observed carbon monoxide is due principally to photochemical processes, then
the carbon monoxide abundance in the lower Cytherean atmosphere will be substan-
tially less.



We adopt a Venus surface temperature of T00°K, and a surface pressure of
50 atm (Sagan, 1962; Pollack and Sagan, 1965). Moderately large departures
from these values will not alter our conclusions significantly. In particular,
the calculations performed at such pressures and temperatures should, because
of the relative pressure and temperature insensitivity of the reaction thresh-
0lds and because of atmospheric convection, be applicable to a major fraction
of the total mass of the Cytherean atmosphere.

A C-H~0 ternmary diagram is presented in Figure 1. The corners of the
triangle represent pure carbon, pure hydrogen, and pure oxygen. The positions
of pure carbon dioxide and pure water are also indicated. The line connecting
the CO2 and H20 points is an oxidation threshold, which divides the diagram
into an upper, reducing portion in which sizeable numbers of different species
of organic molecules may be expected at thermodynamic equilibrium and a lower,
oxidizing,portion, in which such molecules are unstable, and in which free
oxygen exists. Also indicated in Figure 1 is the asphaltic tar threshold.
Above this line, polycyclic aromatic hydrocarbons occur at thermodynamic
equilibrium (in the absence of a mechanism to form graphite); below it, they
are excluded.

The ammonia upper abundance limit of 4 X lO“'7 restricts the atmosphere
at thermodynamic equilibrium to the region below the line marked NH3 in
Figure 1. This line lies in the reducing region of the diagram, slightly
above the oxidation threshold, and curves away from the carbon dioxide point,
as illustrated. This one spectroscopic upper limit therefore excludes most
of the reducing portion of the termary diagram. The concentration of ammonia
varies so rapidly in the region of the illustrated line that the width of this
line represents several orders of magnitude in concentration -- an example of

the insensitivity of these calculations to exact relative abundances.
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We nex;t consider the upper abundance limit on methane. This concentration
yields a curve which closely follows the C-0 edge until the 002 point is
reached, whereupon it swings away and follows the oxidation threshold. The
CHh curve is even more constraining than the I\I'H3 curve, and excludes almost the

entire reducing portion of the diagram.

We now consider the constraints imposed by the water vapor mixing ratio.
Figure 1 shows a line for [HEO] = 10'5, which, in the oxidizing region of the
diagram, lies very close to the C-0 edge. The curves for mixing ratios an
order of magnitude larger would lie very close to the curve shown. Thus, the
searches for methane, ammonia, and water have restricted the equilibrium
chemistry of the Cytherean atmosphere to a very narrow region of the ternary
diagram, hugging the C-0 edge throughout the oxidizing region, and extending
very slightly into the reducing region.

In Figure 2, where the Venus ternary diagram has been magnified 100 times,
the line corresponding to a carbon monoxide volume mixing ratio of [CO] = 10-6
is indicated. Since part of the observed carbon monoxide may be due to CO2
photodissociation, the fraction of carbon monoxide relevant for thermodynamic
equilibrium calculations will be somewhat less than 10-6. The observations
therefore further restrict the ternary diagram to the area below the line

[co] = 10-6. We see that this line closely parallels the oxidation threshold.
As with the I\IH3 and CHI{_ lines, the width of the [CO] = 10-6 line actually cor-
responds to many orders of magnitude in the mixing ratio. The lower side of
this line corresponds to the oxygen upper abundance limit, 8 X lO-5 . If
observations can establish any detectable amount (> 10-16) of CO in the lower
atmosphere, the amount of O, must be extremely small. Conversely, if

[0,] 28 x 107, then [CO] < & x 1071, At any rate the upper limits on
Cytherean [CCJ] and [02] restriet the thermodynamic equilibrium camposition to

the thickness of the thick slant line in Figures 1 and 2.

In Figure 2 is displayed a line above which a .solid phase of graphite
might form. The composition of the atmosphere is clearly incompatible with
s0lid carbon in equilibrium inb the atmosphere or on the surface. Similarly,
any equilibrium accumulation of polycyclic aromatics, or any other hydrocarbons,

is forbidden, a conclusion reached for a much smaller array of compounds by
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Mueller (1964). The asphalt threshold seen in Figure 1 lies well into the
region excluded by the unsuccessful searches for CHu and NHB' This conclusion
is separately confirmed by the CO upper abundance limits, and is independent
of the quantity of water present. This exclusion of hydrocarbons is relevant
to some models of the Venus atmosphere which invoke hydrocarbon clouds (Kaplan,
1963). The absence of polycyclic aromatic hydrocarbons from the surface is
consistent both with passive observations of the microwave phase effect and
with active radar observations of Venus (Pollack and Sagan, 1965).

Table 4 shows the chemical composition of the atmosphere of Venus, at
two extremes of CO and O2 concentration, predicted from thermodynamic equi-
librium. If the measured value of CO depends entirely on photodissociation,
then there may be as much as [02] =8x107. W emphasize again that any
error in the relative abundance of nitrogen would cause negligible deviation
in the relative abundance of carbon compounds, and indeed, would have very
little effect on the calculated ammonia abundance. A smaller amount of
nitrogen would only make the ammonia concentration a less severe restriction
on the actual composition (cf. Figure 1). The constituents shown at the
bottom of the table would be formed if 0.0001% sulfur were added to the
atmosphere.

Formaldehyde was once suspected in the atmosphere of Venus (Wildt, 1940)
but at thermodynamic equilibrium with the detected amounts of water and the
observational upper limit on methane, the concentration of formaldehyde would
be negligible. Non-equilibrium reactions in simulated Cytherean atmospheres
are known, however, to produce formaldehyde (Sagan and Miller, 1960).

We now explore some other conseguences of the foregoing abundances. ;
Possible atmospheric compositions are limited to a segment of the [CO] = lO-O
curve near LHEO] = 10"”, as shown in Figure 2. The composition of Venus is
then specified by a segment of one thick line in the ternary diagram, near the
CO2 composition point, and slightly on the reducing side of the oxidation
threshold. This. conclusion is consistent with all abundance determinations
and upper limits. The fact that none of the observations are mutually
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dinconsistent suggests that the atmosphere of Venus is, on the whole, close to
that predicted by thermodynamic equilibrium.

In this case some remarks can be made on the original composition and
subsequent evolution of the Cytherean atmosphere. From cosmic abundance con-
siderations, it is clear that the atmosphere must originally have had a compo-
sition putting it in the extreme right-hand corner of the ternary diagram
(cf. Figure 3). The chemical evolution of the atmosphere occurs initially
through the escape of atomic hydrogen from the Cytherean exosphere. Escape
of significant quantities of carbon or oxygen from Venus during geological
time seems quite unlikely (see, e.g., Sagan, 1966). Any differential escape
is correspondingly unlikely. The track along which the atmospheric composition
of Venus evolves depends then on the initial carbon-to-oxygen abundance ratio.
The cosmic [C/O] abundance ratio has been assigned a value of 0.20 by Suess
and Urey (1956), while Cameron (1959) has suggested a value of O.44 and more
recently (1963), 0.67. For a ratio of 0.20 or O.4h, the evolution would pro-
ceed along the lines ending at @ or B (Figure 3), in a region where free
oxygen exists. For an initial [C/O] ratio of 0.67, the evolutionary track
ends at vy, in the reducing portion of the diagram. The actual present atmos-
phere of Venus appears to have a [C/0] ratio that differs from that of co,
by a factor of 10~ or less. If the initial atmosphere had a C/0 ratio anywhere
between 0.2 and 0.7, the probability that the present ratio would be as close
to CO2 as it appears to be, through no other process but the loss of hydrogen,
would then be about 4 X 10™°. This seems quite unlikely. However, if oxygen
were also depleted from the atmosphere, then over a wide range of initial
[C/O] ratios the atmosphere would finally settle at the CO2 point. Since it
seems unlikely that oxygen has escaped from Venus, the depletion of atmospherxic
oxygen must be attributed to chemical reactions, and the s ce material of
Venus, initially reducing, must now be partially cxidized. An independent
argument for the presence of extensive oxygen sinks on the surface of Venus
has been offered by Sagan (1966), in an attempt to explain the differential-
abundance of water on Venus and on Earth by differential rates of hydrogen

escape.

-11-



Typical evolutionary tracks would then have resembled those illustrated
by the arrows in Figure 3. Due to loss of hydrogen, the atmosphere evolves
away from the hydrogen corner of the ternary diagram until it interseects the
oxidation threshold. As soon as free oxygen is produced, it combines with
surface material and the evolutionary track turns abruptly upward, following
the oxidation threshold toward the 002 point.

If the initial [C/O] ratio were 0.4, the initial evolutionary track due
to the loss of hydrogen would twice intersect the graphite threshold (cf.
Figure 3). There would then be an interlude in the evolutionary history of
Venus in which graphite might be present. However, the activation energy for
the formation of graphite is so great that it would very likely never precip-
itate directly. Such a track would follow the line marked H-B until it
intersected the oxidation threshold, whereupon it would turn and proceed
towards the 002 point.

If the initial [C/0] ratio were 0.67, the evolutionary track would
follow the line marked H-y in Figure 3. This line intersects the graphite
threshold once, and never crosses the oxidation threshold. The atmosphere
would then always remain in the reducing portion of the diagram. In order to
end at the CO2 point, some mechanism must exist for the removal of carbon
from the atmosphere. The asphalt threshold is not intersected, so no formation
of polycyclic aromatics would be expected. If the removal of carbon from the
atmosphere were possible -- for example, by the precipitation of graphite or
other organic material -~ the atmosphere would then evolve along the gmphite
line in Figure 2. The composition would end significantly above the actual

composition point, in conflict with the spectroscopic observations.

Thus, it is probable that Venus began its evolutionary history with a
[c/0] abundance ratio < 0.5 and that its evolutionary track in the ternary
diagram was directed towards the CO2 point by the simultaneous loss of hydrogen
to space and oxygen to the surface.



6. Mars

Because of the low temperature and ’relative ultraviolet transparency of
the Martian atmosphere, the applicability of thermodynamic equilibrium calcu-
lations should be more limited than in the case of Venus. The character of the
equilibrium state is nevertheless of interest. A surface temperature of 2L0O°K
and a surface pressure of 50 mb was assumed for the Martian atmosphere (Kaplan,
Munch, and Spinrad, 1964; Hanst and Swan, 1965). Our remarks on the insensitivity
of the calculations to the precise values of pressures and temperatures apply
again to this case and a surface pressure of 10 mb would not appreciably alter
the results. The assumed atmospheric composition is shown in Table 5. The
atmosphere is assumed to be approximately 90% molecular nitrogen and noble
gases. The remainder of the atmosphere is expected to be compounds of carbon,
oxygen, nitrogen, and hydrogen. The anticipated CO2 mixing ratio is not known
at the present time. Its value is tied closely to the value of the absolute
surface pressure (Kaplan, Munch, and Spinrad, 1964; Hanst and Swan, 1965;
Chamberlain and Hunten, 1965) « The values of Table 5 correspond to the range
of suggested values at the time of writing. As in the case of Venus, the
absolute value of the CO, mixing ratio is not critical in computations of the

2
relative values of the mixing ratios of minor constituents.

The ammonia upper abundance limit excludes the highly reducing portion
of the ternary diagram, as shown in Figure 4. The upper limit on the methane
mixing ratio imposes a more significant boundary condition, restricting the
range of possible atmospheric compositions essentially to the portion below the
oxidation threshold, with the exception of a small section of the reducing part
of the diagram along the C-0 axis. The carbon monoxide upper limit places no
new counstraint on the diagram; the upper limits on oxygen and ozone eliminate
a region near the oxygen corner of the ternary diagram. The estimate for the
abundance of water vapor in the Martian atmosphere places the equilibrium com-
position along a curve which crosses the oxidation threshold not far from the
002 composition point, quite analogous to the situation for Venus. This line
quickly enters the region forbidden by the methane abundance upper limits.



The composition of the Martian atmosphere is therefore restricted to the solid
portion of the water line of Figure 4, encompassing a small region of the oxidi-
zing part of the diagram, and a very small segment, near CO,, in the reducing

2
region.

It has been suggested that various oxides of nitrogen are produced by non-
equilibrium processes in the atmosphere of Mars, and that these oxides of nitro-
gen play a major role in the total chemistry of the atmosphere and surface of
Mars (Kiess, Karrer, and Kiess, 1960; 1963). In Table 6, we present some
calculations of the equilibrium abundance of various compounds in the Martian
atmosphere at representative points in Figure 4. Even in the favorable case
where oxygern is present as a major constituent, we see that the resulting
abundances of the oxides of nitrogen are extraordinarily small. These conclu-
sions are consistent with those of Sagan, Hanst, and Young (1965), who used a
much smaller array of equilibrium reactions than are implicitly included here
and considered also photochemical production and breakdown of these oxides.

The present results place the equilibrium upper limit on NO2 several orders
of magnitude below the previous calculated values (Sagan, Hanst, and Young,
1964); and below the most recent observational upper limits (Marshall, 196L)

by the same factor.

Further conclusions on the nature of the Martian atmosphere in thermo-
dynamic equilibrium could be drawn if reliable estimates were performed of the
abundances of such molecules as CO, CHI;.’ HES’ 803’ or 02. The limited data
available are consistent with the existence of thermodynamic equilibrium, but
do not demonstrzte thermodynamic equilibrium. As in the case of the atmosphere
of Venus, the escape of hydrogen, plus the depletion of atmospheric oxygen
(here, either by reaction with the crust or by escape from the planetary
exosphere) could have led to an evolutionary track in the ternary diagram
approximately along the oxidation threshold. The present information is con-
sistent with a small proportion of molecular oxygen in the atmosphere, although
the atmosphere could also be slightly reducing. The possibility of an equi-

librium abundance of organic molecules on the Martian surface depends in part
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on this question of which side of the oxidation threshold the total atmospheric
composition lies. The long-term stability of organic molecules on the Martian
surface also depends on the rate of wltraviolet photodissociation, if the
atmosphere is transparent in the near ultraviolet (see Sagan and Kellogg, 1963).

Te J ugiter

The assumed composition of the Jovian atmosphere is shown in Table 7.
Because there is no way for water to escape from Jupiter, it must be present
in significant amounts below the visible clouds. At the clouds it is forzen
out because of the low temperatures. We have arbitrarily assumed that the
320 mixing ratio below the clouds is comparable to that of methane and ammonia.
In the clouds it is fixed by the vapor pressure of ice. The thermodynamic
equilibrium calculations were carried out for two sets of pressures and temper-
atures -~ in the first case, for a pressure of 1 atm and a temperature of .
200°K, corresponding approximately to the region of the clouds (Spinrad and
Trafton, 1962; Owen, 1965); and in the second case, for a pressure of 1000 atm
and a temperature of 350°K. This point corresponds to the level of the hypo-
thesized water droplet clouds, predicted by Gallet (1963; see also Wildt,

Smith, Salpeter, and Cameron, 1963). The concentrations of the major resulting
constituents of the Jovian atmosphere at thermodynamic equilibrium are presented
in Table 8. The addition of 10.6 sulfur, would give the other constituents
shown. As first pointed out by Wildt (1937), the large excess of molecular
hydrogen works to greatly reduce the concentration of even simple organic
molecules at thermodynamic equilibrium. Essentially all carbon is present as
methane, all oxygen as water, and all nitrogen as ammonia. The total atmos-
pheric composition gives a point wvery near the H corner of the ternary diagram.
The relative abundance of molecular nitrogen increases fairly rapidly with

temperature, but even st 350°K, it is still a very minor atmospheric constituent.



Despite the extremely low computed mixing ratios of even the simplest
organic molecules, there is nevertheless reason to believe that organic
i molecules may be present in the atmosphere of Jupiter. The bright and con-
trasting colors of the bands, belts, and spots -- particularly, the Great
Red Spot -~ surely betoken differences in molecular composition in the vicinity
of the Jovian clouds. While some small concentration of minerals may be
expected in this region, due to micrometeoritic infall, it seems unlikely that
such materials are differentially distributed over the Jovian clouds; a more
reasonable source of chromophores would appear to arise from the major
atmospheric constituents, and therefore, be organic materials (see e.g., Urey,
1952; Sagan, 1963). Experiments attempting to simlate the Jovian atmosphere,
in which a mixture of the major gases is supplied with energy from a corona
discharge, have succeeded in producing such simple organic molecules as
HCN, CII5CN > Colly, C2H1+’ and CEH6 (Sagan and Miller, 1960). Their interaction
products may be brightly colored. Indeed, in experiments relevant to the origin
of life on Earth, mixtures of materials which are in effect simulated Jovian
environments have been subjected to a wide array of energy sources, and organic
molecules have been consistently produced in high yield, provided only that
the over-all conditions were reducing (see, e.g., Fox, 1965). Electric dis-
charges and solar ultraviolet light -~ both to be expected in the vicinity of
the Jovian clouds -~ will lead to the production of organic molecules in
abundances far greater than those expected from thermodynamic equilibrium

considerations.
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TABIE 1

ADOPTED CHEMICAL COMPOSITION AND PHYSICAL PARAMETERS OF THE
TERRESTRIAL ATMOSPHERE (VOLUME MIXING RATIOS ARE DISPLAYED)

0, 0.2095

0 107 to 1077

3

H, 5 X 10°7

H,0 1x 10‘3 to 2.8 x 1072

N, 0.7808

No,, 5 X 10710 o 2 x 10'8
-7

N20 5 x 10

Nﬂj 1.7 X 10“8
-4

802 1 x 10

co, ‘ 3.30 x 10"1L

CH), 1.5 X 10'6

A 1x 1072

He 5.2 X 10‘6

Ne 1.8 X 1077

Pressure 1.0 atm

Temperature 280°K

(References: Allen 1963; Hutchinson 1954)
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TABLE 2
THERMODYNAMIC EQUILIBRIUM COMPOSITION OF THE TERRESTRIAL

*
ATMOSPHERE, COMPUTED FROM THE TOTAL ELEMENTAL COMPOSITION OF TAELE 1

N, 0.78 | B,S 0

0, 0.21 co 0
A 0.01 K, 0
H,0 1.0 x 107 oS, 0
co, 3.33 x 10"‘L CHj, 0
so3 1 x 10‘6 CHSSH 0
ANO; 5.1 x 10~0 oS 0
N02 6_.2 X lO-ll Benzene 0
NO 2.9 x 10‘-:L7 Formic acid 0
K50, .1 x 10"18 HCN 0
~20
502 8.6 x 10 m% 0
N0 3.8 x 10720 Formaldehyde 0
Ozone 6.6 x 10-3 2 Methenol 0

* -
A mixing ratio of zero is an abbreviation for a value < 10 35 .

2ha



TABLE 3

ADOPTED CHEMICAL COMPOSITION OF THE CYTHEREAN ATMOSPHERE
(VOLUME MIXING RATIOS ARE DISPLAYED)

0, <8 x 107
H,0 1x 120 to 1 x 107
N, ~ 0.95

N02 <1x 10_6
N 0 <hv 1077
NE, <k x 1077
Co, ~5 x 1072
co <1x 107
CH, <3y 1077
C H), <2 x 1077
CoHe <1x 10”7
HCHO <3 X 1078
Pressure ~ 50 atm
Temperature T00°K

(References: Kuiper 1952; Spinrad 1962a, 1962b; Sinrad and Richardson,
1965; Bottema, Plummer, and Stron 196k4; Dollfus 1964; Sagan and
Pollack 1965)
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TAHEIE 4

THERMODYNAMIC EQUILIBRIUM COMPOSITION OF THE CYTHEREAN ATMOSPHERE »
*
COMPUTED FROM TOTAL ELEMENTAL COMPOSITION OF TARIE 2

Compound Oxidizing Limit Reducing Limit
0, 8 x 10~ 1X :LO"25
co ¥ x 107 1x 107
co, 5 X 1072 5 X 1078
H,0 1x 107 1x 1072
N, 0.95 0.95
B, 2 x 10719 5 X 1072
1\1}3{3 1 x 10729 4 x J.o'lh
HCN 0 1x 10"18
NO 3 x 1072 1 x 1079
N02 2 X lO-lo 3 X 10-31
N 0 o x 10712 6 x 10729
HNO. 2 X 10’15 0

5 21
o3 5 X 10 0
Methane 0 T X 10-21
Ethane 0 0
Formic Acid 7 x 10726 5 x 10715
Formaldehyde 0 4 x 10719
Methanol 0 6 X 10-26
Acetic Acid 0 5 X 10729
Acetyjﬁne (6] 8 x 10-3,‘"
Benzene 0 0
Asphalt ‘ 0 0
50, 2 x 10”7 1 X 10"6
303 8 x 10°7 1 x 10716



TARLE 4 (Cont.)

Compound . | Oxidizing Limit Reducing Limit
CcOoSs 0 3 X 10-8
H,S : 0 1 x 1072
C%SH 0o 1 X 10—26
H,S0, 2 x 1077 3 x 10727

* - -
o extreme systems, [€0] = 107, [0,] = 10 25 and [c0] = & x 1077,

[0,] = 8 X 107 are shown. The hypothesized sulfur mixing ratio of

lO"6 has a negligible effect except on compounds containing sulfur.

27-



TABIE 5

ADOPTED CHEMICAL COMPOSITION OF THE MARTIAN ATMOSPHERE
(VOLUME MIXING RATIOS ARE DISPIAYED)

03 < 1l.3 X 10"6
H,0 | ~107°
N, ~ 0.9
NO, <3 x 1077
N0 < 5 X 107
NH3 < 5 X 10~
50, <1x 1077
E,S <2 x 10~}
cos - <5 x 107
-1
€O, ~1X10
CH), <3 x 1074
-5
CQHL <5X10
-5
C H, <3 X 10
;.0 <1X 107
Pressure ~ 0,05 atm
Temperature 2L0°K

(References: Kaplan, Munch, and Spinrad 1964; Owen and Kuiper 196k4;
Hanst and Swan 1965; Chamberlain and Hunten 1965; Marshall 1965)
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TAHLE 6

THERMODYNAMIC EQUILIBRIUM COMPOSITION OF THE MARTIAN ATMOSPHERE,
*
COMPUTED FROM THE ELEMENTAL COMPOSITION OF TAHIE 5

Oxidizing Case Slightly Reducing
' Case
N, 0.82 0.90
co,, 0.09 0.10
o 0 3 x 1079
0, 0.09 0
H,0 1 x 107 1x 1072
CH, 0 1 X 10"6
-18
C H 0 5 X 10
0 0
CeHe .
K, 0 1% 10"
HCHO 0 3 X 1028
1
HCOOH o} 3 X 10 19
CH5COOH 0 9 X 10
-2
033011 0 ¥ x 10727
1\1113 0 T X 1072
msro3 1 X 10'12 0
NO, 6 x 107 0
NO 3 X 10720 0
-25
0
N,0), L ox 2
N0 2 x 1072 0
No3 b x 10727 0
N0 o x 10729 0
275
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TABIE 6 (Cent.)

Oxidizing Case Slightly Reducing
Case ’

N,05 6 x 10792 0
N 0 2 x 10729
so3 1x 10'6 0
80, 6 X 10722 1 x 10~27
Ccos 0 6 X 10-10
S 0 1 X 10‘6
(cnj)aso 0 3 X 1072
cs, 0 8 x 10719
CH,SH 0 ¥ x 10719
H,50), 8 x 10722

*
Two extreme systems, one with [0,] = 0, the other with [02] = 0.09 -

corresponding to the point P in Figure 4 ~- are displayed. The more
highly oxidizing conditions favor the presence of oxides of nitrogen,
but even then their predicted equilibrium abundances are miniscule.



TAEBLE

7

ADOPTED CHEMICAL COMPOSITION OF THE JOVIAN ATMOSPHERE

B
H 0

N02

NE;
CH,
Collg
CE,NE,
Coll
He

Ne

Pressure

Temperature

(VOLUME MIXING RATIOS ARE DISPIAYED)

High

O .60

NleO_6

<3xlo‘6
L

2 X 107

5 X 10'3

< 1.2 X 10

<3 X 10‘lL

<6 X107
0.36
0.03

1 atm
200°K

i

Deep

0.60

~1x 10'1’L

6
N

<3 x 10"

2 x 10~

5 X 107

< 1.2 X 10”

<3 x 0%

<6Xx 107

0.36
0.03
1000 atm
350°K

(References: Kuiper 1952; Spinrad and Trafton 1963; Owen 1965)
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TABIE 8

THERMODYNAMIC EQUILIBRIUM COMPOSITION OF THE MAJOR CONSTITUENTS OF THE JOVIAN
*
ATMOSPHERE, COMPUTED FROM THE ELEMENTAL COMPOSTITION OF TABLE T

High Deep

H, 0.60 0.60

He 0.36 0;36

Ne 0.03 0.03

CH), 5 X 107 ' 5 X 1072
NH5 2 X 10'4 2 X 10‘lL
E,0 1 X 10'1‘ 1 X 10"1”
S 1 X 10'6 1 X 10‘6
Colly 3 x 10720 1x 107
N, 6 x 10"22 1 X 10'16
CH,SH 2 x 10728 7 X 10720
CH,NE, 2 x 1071 8 x 1072t
CE,0H 0 3 x 102
(CE;),80 0 2 x 10729
co,, 0 1 x 10721
co 0 9 X 1072
D 0 2 x 107
HCOOH 0 0
HCN 0 0
cos 0 0

*
For the sulfur compounds, addition of [S] = 10-6 was assumed.
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THERMODYNAMIC EQUILIBRIUM IN THE ORIGIN OF ORGANIC MATTER

R.V. Eck, E.R. Lippincott, M.0. Dayhoff and Y.T. Pratt

ABSTRACT

Theoretical and experimental support is presented for the hypothesis
that organic compounds occurring in carbonaceous chondrites may have
formed under equilibrium or near equilibrium conditions, The equilibrium
distributions of organic compounds at temperatures between 300 and 1000 K
and pressures of 107% to 50 atmospheres for the C-H-O system have been
computed, At high temperatures and low pressures aromatic compounds
may form even in the presence of excess hydrogen, Equilibrium concen-
trations of numerous compounds possible at 1000 K when N,S, and C1l are
added to the system have also been determined, A limited equilibrium
method is employed in which those few compounds which form with most dif-
ficulty are excluded from the computations. This approach is shown to
be useful in the interpretation of certain experimental data. In pre-
liminary experiments it has been found that gases, converted to the
plasma state by high energy radio frequency discharge, yield product

mixtures which are in qualitative agreement with those predicted,



-1-

A major clue to the origin of organic compounds found in some
‘meteorites(179) is the distribution of molecular species present,
~Studier, Hayatsu and Anders (1) have analyzed a number of carbonaceous
- chondrites with the aid of mass spectrometry and their results have
led them to the interesting hypothesis that the formation of organic
compounds may occur under equilibrium or near equilibrium conditions
in solar nebulae, They point out that neither Miller-Urey reactions
nor biological processes can account for their observed distribution
of compounds, particularly the preponderance of aromatic hydrocar-
bons and the high methane-to-ethane ratios., Their data did agree
rather well, however, with a distribution calculated by Dayhoff,
Lippincott and Eck(7) for conditions of thermodynamic equilibrium for
a C-H-O-N ideal gas system at 500 K and 1 atm,

Urey and Lewis(s), on the other hand, have expressed the view
that the organic compounds detected by Studier et al. and other in-
vestigators could not form under the conditions present in solar
nebulae, but could only have been produced by high-energy radiation or,
in some instances, by living organisms,

In a subsequent paper, -Studier, Hayatsu and Anders (9) reported
experimental support for the equilibrium theory by identification of prod-
ucts formed from the reaction of carbon monoxide and hydrogen using
meteoritic material, inorganic compounds or heat alogevas{catalysts.

(7)

In our previous paper we presented the calculated distribution
of elements among over 100 compounds at one atmosphere pressure and
500 K. At some C-H-O elemental proportions the formation of graphite
was excluded because of the high activation energy of all reactions

forming it., The present report describes calculations of thermodynamic

equilibria in C-H-O0 systems at temperatures from 300 and 1000 K and
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pressures from (0 to 50 atmospheres. Additional calculations in-
" cluding the e.cwents N;S and C. at-1000 K are rep6fted. These com-
) putations support the theory of Studier et a1(1) Preliminary

- experiments on equilibria produced in a plasma discharge system are
also presented,

In the general ternary diagram (Fig. 1) the main characteristics
of ideal gas systems containing all proportions of the elements C, H,
and O are shown. There are two pronounced thresholds at which con-
centrations of many compounds change abruptly by many orders of magni-
tude, The first is the oxidizing threshold along the COZ-HZO line,
below which free 02 appears and all organic compounds are oxidized;
above this line traces of many organics appear in addition to COZ' co,
H,0 and CH;, The second is the "asphalt"” threshold above which large
concentrations of benzene and polynuclear aromatics appear. The
position of this line varies with temperature and pressure, in contrast
to the oxidizing threshold which remains essentially unchanged. There
is a weak hydrogen threshcld along the CHy-H,0 line which appears at
low temperatures. The curved line represents a phase boundary above
which solid graphite would precipitate in a complete equilibrium,

The positions of the graphite phase boundary at various tempera-
tures and pressures are shown in Figure 2. In addition to the data
illustrated, it may be noted that at 500 X and 10°% atm and at 700 K
at both 10°% and 1073 atm this line ends near the H corner.

Conventional equilibrium computations consider a very limited
number cf compounds, usually in single, reversible reactions. The
balance of chemical species is computed for this extremely limited
system as if no other reactions were occurring at the same time, Or-

ganic chemists know that this is frequently highly unrealistic; such
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a simplification is justified by necessity because more complex sys-

" tems could not be considered in detail. The method of thermodynamic

) equilibrium, which becomes feasible with the use of a high-speed

- digital computer, makes possible the simultaneous calculation of
reactions among a large number of compounds. However, in cases where
time becomes important, complete equilibrium may be an unrealistic
ideal. With rapid quenching, or at temperatures at which many reactions
require appreciable lengths of time to approach equilibrium, some
reactions may occur only to a negligible extent, If the activation
energy is high, and the temperature is sufficiently low, certain reac-
tion products may be essentially '"forbidden". If a particular compound
is the end product of a long series of reactions, or if one of its
essential intermediates occurs only in very small proportions, the

rest of the system may have reached a metastable equilibrium after a
certain time, while the particular compound is still present only in
very small amounts.

As a way of simulating such conditions for purposes of computation,
we use a method of limited equilibrium, in which all compounds of
significant concentration are included except the few which are specific-
ally excluded. In these calculations, the rate of production of each
compound is assumed to be either rapid enough for equilibrium to be
approximated, or negligible (zero). Results computed by this method
are in reasonable agreement with certain experimental results(9),

According to a formally strict definition of thermodynamic equili-
brium, graphite must be included as a major constituent of the sys-
tem(8’ 10, 11)5 However, at some temperatures, there are reasons to
exclude graphite from the computation and to use the method of limited

equilibrium. Graphite is the end product of the polymerization of
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higher aromatic compounds, a relatively slow sequence of reactionms,
jAt temperatures below about 1000 K, it apparently cannot form directly
_ from methane and other simple organics, because the activation energy
" of such reactions would be too high. At moderate temperatures,
therefore, a metastable equilibrium of all other compounds could be
approached before significant amounts of graphite could be produced.
The elemental proportions represented by the region above the graphite
line in the triangular diagram therefore give experimentally attainable
gas-phase compositions., The exclusion of graphite permits these com-
positions to be studied, and the "asphalt region" to be investigated.
If we had felt obliged to adhere to the strict definition of '"equili-
brium'", these studies could not have been carried out. In the follow-
ing computations, graphite has been excluded.

In Figure 3 are shown boundaries above which the benzene concentra-
tion is greater than 107% mole fraction, an amount readily measured
experimentally., At high temperatures and low pressures, benzene (and
asphalt) appear even in an atmosphere containing a large excess of
free hydrogen -- a result consistent with the experimental findings of
Studier et al(g). Such conditions may have existed in solar nebulae (1),
Two mutually reinforcing factors lead to this effect., First, methane
becomes less stable with increasing temperature, and second, the

equation

6 CHy —= 9 H, + CgHg
shifts toward the right as the pressure decreases. Benzene becomes
measurable only in regions where solid graphite would be stable if it
had been included in the equilibrium,
With graphite formation excluded, the concentraticns of the other

constituents change gradually in the neighborhood of the graphite
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line; it is not a definite threshold., Above the graphite line there
are regions wiicre the computed benzene concentration would become
very high if benzene were the only aromatic included in the equili-
brium, When higher molecular weight aromatics are included also, they
become more important than benzene -- the largest polynuclear aromatics
becoming the most important, often so concentrated that they would
precipitate, However, since the large molecules must build up from
the small ones, the kinetics of a given situation dictates how far
this polymerization will be able to go in the available time. We
have approximated the condensation of polynuclear aromatics by in-
cluding in our system benzene, naphthalene, and a mixture we call
"asphalt', which is a composite of 100 isomers having six benzene
rings with the molecular formula C,;H;,. The free energy of this
composite is extrapolated from that of benzene and naphthalene by the
method of group contributionsclz). The position of the asphalt thres-
hold, where aromatics build up sharply, is insensitive to the exact
formulas and free energies of the aromatics included in the equilibria.
The threshold is sharper at lower temperatures and at higher pressures.
Figure 4 shows lines above which the asphalt concentration is greater
than 10'6 mole fraction for various conditions of temperature and
pressure., Asphalt may form at all temperatures and pressures investi-
gated. At high temperature and low pressure it is stable even where
excess H, 1s present,

In the study of meteorites and geological deposits, the elements
N, S, and Cl1 are also important. The addition of an amount of N
equal to that of C produces very little change in the system. Molec-
ular nitrogen remains principally as N, forming only traces of organics
and oxides, a small amount of NH; in the presence of excess H,, and a

little HCN in the asphalt region, Formation of HCN is particularly



favored by low pressure,

Table I shows the mole fraction abundances of various compounds
~of interest at a temperature of 1000 K and pressures of 1 and 10-0
" atm, The molar abundances of the new elements relative to carbon
were [N] = [C], [S] = .0001 x [C], and [C1] = .0001 x [C]. Mole
fractions of constituents at the points 1, 2, 3 and 4, whose elemental
compositions are shown in Fig, 1 are tabulated in Table I, Point 1
is chosen below the graphite phase boundary and represents a strict,
all-inclusive equilibrium, At the other three points, solid graphite
formation is forbidden., It may be seen from the table that asphalt
formation is encouraged by low pressure, so that it forms readily
even in a system with a large excess of H,. Low pressure also favors
the decomposition of CH,, CO,, and NHs,

In the asphalt region HCN and acetylene concentrations build up,
as well as those of aromatics, Pyridine, the most stable of the
nitrogen-containing aromatics is always less concentrated than benzene
by several orders of magnitude,

The principal compound containing chlorine is HCl. Chloromethane,
the most stable chlorinated hydrocarbon, is considerably less stable,

The most important sulphur compound is H,S except at low pressure
in the asphalt region where CS, is most important. Generally, organic
sulphur compounds are much more stable than their oxygen analogs.
Carbon disulphide, methanethiol, benzenethiol, and thiophene are among
the most stable sulphur-containing organics.

The ethane-methane ratio is of some interest since this ratio
was found to be 10”3 or less in some carbonaceous chondrites., It
is smaller than that observed in fossil fuels or in photoactivated
polymerizations or cracking processes(l)° This ratio was computed

to be less than 10”2 for all points illustrated in Table I,
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In the Fischer-Tropsch synthesis of hydrocarbons, the tempera-
ture can be kept low enough so that benzene does not form readily,
presumably because the activation energies of all reactions lead-
ing to it are too high. In accordance with the method of limited
equilibrium, we have therefore made computations in an otherwise
all-inclusive system from which graphite, benzene, and all aromatic
compounds are deleted., This leads to the formation of high yields
of aliphatic compounds., A comparison of systems with and without
aromatics is shown in Table II. When aromatics are omitted, cyclo-
pentane and cyclohexane are important. The larger aliphatic hydro-
carbons are much more concentrated in this case than when benzene
is present -- the higher homolog mole fractions decreasing by a
factor of ten for each additional carbon in the chain, Hydrocarbons
with one double bond are slightly less stable than saturated ones.
Those with a triple bond are considerably less stable. The ethane
to-methane ratio is ,014, In the equilibrium, there is little dif-
ference in concentration between normal isomers and branched chains,
in contrast to the preference for normal isomers observed in the
Fischer-Tropsch synthesis, O0f the oxygenated compounds, acetone,
acetic acid, ketene, and acetaldehyde are most stable, Acetone is
about as concentrated as octane, Traces of long chain fatty acids
are also observed,

When benzene and the other aromatics are included in this equili-
brium, they are the most important organics. Higher homologs of all
other families rapidly vanish., The ethane-to-methane ratio is 1,3
10"3, and the concentrations of high homologs of the saturated hydro-
carbons decrease by a factor of 300 for each increment in the number

of carbon atoms., Here ethylene and acetylene are much less stable
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than ethane. If the temperature is kept sufficiently low, these re-
" sults are in qualitative agreement with the experimental results re-
. ported by Studier et al(g), in which aliphatics rather than aromatics
form. We take this as experimental support for the practical value
of our method of limited equilibrium, in which, under appropriate
conditions, selected products are excluded from a system otherwise at
equilibrium,

Preliminary laboratory experiments which we have undertaken to
test the above theoretical conclusions have yielded the predicted
results, By means of a radio-frequency oscillator and the auxiliary

equipment described in part previously(13), it is possible to

generate a plasma consisting of radicals, ions and atoms from almost
any compound having sufficient vapor pressure. When the energizing
radio-frequency power is turned off, such a plasma must tend toward
a state of equilibrium, although the rapid rate of cooling may pre-
vent its complete attainment. By introducing a variety of elemental
compositions into this reactor it should be possible to map out the
entire range of the C-H-O ternary diagram shown in Figure 1, along
with the effects of other elements, on the final products.

Initial results with a simple carbon-hydrogen system indicate
the presence of the asphalt barrier, Excitation of gases in which
the ratio of hydrogen-to-carbon is less than four-to-one leads to
the formation of tars consisting primarily of polynuclear aromatic

compounds, Among these, pyrene, coronene and chrysene

o 00 o0
S o&°

Pyrene Coronene Chrysene Fluoranthene
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have been identified so far; fluoranthene is also apparently present.
Only minute traces of elemental carbon have been found. If the
hydrogen-to-carbon ratio is somewhat greater than four-to-one, the
system appears in the reducing region of the ternary diagram and only
gaseous products are obtained. A detailed report of this work is in
preparation.

These experiments demonstrate the plausibility of our assumption
of the inaccessibility of graphite, even under the violent conditions
of plasma excitation, as well as in the heat-catalyzed reactions

studied by Studier, Hayatsu and Anders.
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LEGENDS

jFig° 1, Thermodynamic equilibria in atmospheres of varying elemental

Fig.

2,

proportions. The ternary diagram provides a display of sys-
tems of all possible relative proportions of C, H, and O, The
points corresponding to pure gases of the major compounds are
indicated, and regions where-different compounds are important
are shown. The solid curve indicates the phase boundary along
which graphite becomes stable at 1 atm, and 500 K. The
activation energy for this reaction is so high that under many
conditions it does not occur and gaseous equilibria above this
line are observed experimentally. Above the line CH,-CO,,
equilibrium favors the formation of large proportions of poly-
cyclic aromatic compounds and a lesser increase in most of the
other families of compounds. The graphite and asphalt lines
are always present, but their positions vary with temperature
and pressure, The numbered asterisks indicate the compositions

of the equilibrium distributions shown in Table I.

Graphite phase boundaries, In an all-inclusive equilibrium,
the gas phase would never have a composition above this phase
boundary., However, the activation energy barrier to graphite
formation is very high so that under many conditions equili-
brium may be approximated in metastable gases without any
graphite formation, At 300° a liquid water phase forms over
the lower central portion of the figure, Outside this region,
the graphite phase boundary is indistinguishable from the

boundary at 500°,



_Fig. 3.

Fig. 4.
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Curves where benzene concentration is 10°% mole fraction.
Benzene is found at 1000° even in the presence of an excess
of hydrogen, The curves for 50 atm. and 1 atm, at 1000°
are indistinguishable except for a slight divergence at the
upper end. At 300 K the benzene concentration is slightly

6

lower than 10 ° atm above the COZ-CH4 line and much lower

elsewhere.

Curves above which asphalt concentration is greater than 10'6

mole fraction. Graphite has been omitted from these systems
for kinetic reasons, At 300° the curves for pressures from

10°6

to 50 atm, are very close together, Asphalt forms at all
temperatures and pressures investigated. At high temperature

and low pressure it is stable even where excess H, is present,



Table 1.

four points are shown in Fig. l.
of 1000°K and pressures of 1 atm. or 10-6

Elemental

Composition Point
(See Fig. 1)

Benzene
Naphthalene
"Asphalt”

Formic Acid

Mole fraction compositions of compounds in equilibrium.
N is as abundant as carbon.
atm., are considered.

1 Atm,

1 2 3 4
.54 .11 .86 .55
sox102L  Ls7x10720 L15x1072 L37x107%°
.15 92x107%  L12x107t L12x107
55x107Y gx102 .s6x107 L15x107
14 40 28x107 48x107!
.55x10™° .19 .55x107% .25
0™ Lesxioh rox107 L22x10™
.10 .30 42x1070 .15
ox107%  L10x107% .89x1074  .86x107H
4Ix1078 L2#x10 x0T L21x1074
20x1078 76103 L29x107¥ 1201078
88x10730 k103 a48x10723 gxi0”P

<1078 335107 a0 ®  Lex10™
15x10”7 261070 L25x107  L42x10710

The relative abundances of C, H and O for the

Cl and § are .0001#% as abundant as C. Temperatures
1076 atm,
1 2 3 4
55 37 91 .81
s2x10715  L99x1035  .25x107%6  L21x10738
.15 ux1070 sza0ll 4307l
s3x107L 17x1070 32x0712 L30x107H2
15 .34 9x107 L41x107
e3x10-%  oxiod L2102 L19x107
ux102t L3x07tt Lgexa07tt Lsgxi07H
.10 .25 a7x07h L2
0x1070 62610710 911070 L14x1077
4510712 loxio”t x0T Lg2xi0™
038 28x10°  .53x1070  .84x107°
038 11307 a13x1070 L31x107
03 Lesx10®  .8ex10  .80x1072
15x10713 .33x1072  L15x107%  L13x107%



Takle I (contd)

Elemental

Composition Point

(See Fig. 1)

Acetic Acid

Fcrmaldehyde

Methanol
"Ethanol
Ethylene
Acetylene
Xylehe

Acetonrs

Dimethiyl Ether

Methylamine
Glysine
Pyriiine

52

1 Atm,

1 2 3 4
24x10730  rox107H L2gx207 L28xa0”HE
10x107¢ x0T L32x10” L34xa0”
.24x10’8 .25x1077 .12x1078 .85x1077
34x1072 o307 L1x107? Ls2xa07h
721078 22x107 L28x10° L14xi07
2731070 2x107 L65x1077 u49x1077
16x10727 L19x1077 .88x107%° L18x107H4
97x1071%  L16x10710 L12x107Y2 Le3x107HR
81x10713  L1sxa07tl L26x1071% L1ax10
23x10° 1 Ls8x10720 18x10710  L12x1070
88x1070  20x07°  73x107 L13x107%0
81x1072%  1ux108 L1sx107® L4107
7x107 12x10  Lsox1070 L1sx1078
.12x1078 . 17x1072 .31x1077 .98x10™7
20x1072 50x107% Lg4x103 L29x1072
20x10710 ask107 L14x1073 L18x107M4
A7x107 k107 .87x10 Lgox107

107 atm.

1 _ 2 3 4
26x10728  eex1078 .52x107%7 J44x107%0
10x1072  L17x1072 w1072 uaxa0™h
26x1070  28x1070  L19x107°  L16x107%°
41x10737  L50x1077  Leox107%7 Ls0x107%
90x10720  |12x107 .36x1072 .38x107°
33x107%%  L64x1072 .80x10 "2 93x1072

<108 37x1078 21510717 L35x107Y7
<108 7x107%  23x10™% 22x107%
97x10737  12x107%0  14x107%% L12x10720
26x10°2  L26x10719  Le7x107? L10x107M8
<10738 <10738 <1078 <10738
<1072 12x1071% k1072 La0x107HR
.32x107 .88x107" .18x1077 .51x107"
55x1070 .26x107% L39x1070 L12x1077
A4x1072 Lisx107% a7x10™% L2sx1074
a2x107% 370720 ux10™® Ls9x107%8
A1x107% ux10® L23x10”7 Lsox1077



Table I (contd)

Elemental
Composition Point
(See Fig. 1)

Methane Thiol
Benzene Thiol

Thiophene

1 Atm,

1 2 3 4
.20x10° .86x107° .51x10"8 .13x10'6
2x10723  sex10”T usx10720 L1ox107H
20x10°Y7 L63x100 .32x1071% Logxa07H
21075 k03 26x10710 Ls0x107Y0
.20x1072 .59x102 .84x107 .20x107%
.69x10~7 .36x107° .18x10"8 .44x107
35x10733  Le2x107%7 L16x102%  Le3x107!

1076 Atm.

1 2 3 4
1521070 19510712 38x10712 Ls7x107HR

<1038 18x107? L1ex10712 41x107R

07 13x10® 92x107 L2107
23x10715 L23x107% 22x10710 L24x10715
20x107° L51x1072 L7Tx1073 L24x1077
770072 23510710 e1x107H 1910710

<102®  sgx10% 38x1077 L51x1070°



CO,y

Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octadecane
Cyclopropane
Cyclobutane
Cyclopentane
Cyclohexane
Ethylene
Propene
Butene
cctene
Acetylene
Propyne
Octyne

Table II. Mole fraction composition of gas mixture C:H:0=30:40:30

at 1 Atm. pressure and 500° K.
equilibrium in the first column.
were omitted from the equilibrium in the second column.

Graphite was omitted from the
Graphite and all aromatic compounds

Under these

conditions, aliphatics are formed in high concentration.

Aromatics
Included
.9hx107H
<10'38
.11x10" 3
.41x1072
.61
.38
.66x10~ "
.80x10~ 7
.21x107°
.29x10" 12
JLx10715
.73x10718
<10-38
.T6x10713
.23x10" 11
.13x107 1!
.15x10" 13
.88x1078
.53x107°
.92x107 12
.21x10~23
.55x10" 16
.29x10716
.15x10" 30

Aromatics

Deleted

.96x10°®
<10’38
.95x10" 8
.29
.38
.32
L46x1072
JL6x1073
.99x10™ "
.11x10™"
.15x1075
.19x1076
.15x10° 16
Jb2x1077
.11x1073
. 48x1072
.L6x1072
.59x10™ %
.29x10” 3
Jh2x107!
.43x1078
.36x10710
.16x1078
.31x10713

Allene

Ketene
Formaldehyde
Acetaldehyde
Formic Acid
Acetic Acid
Butyric Acid
Octanoic Acid
Nonanoic Acid
Palmitic Acid
Methanol
Ethanol
Octanol
Acetone
Dimethyl Ether
Lactic Acid
Oxalic Acid
Pyruvic Acid
Glycerol
Carbon Suboxide
Benzene

Naphthalene
Asphalt

Arometics Aronatics
Included Deleted
.35x10" 17 .19x107 9
.86x10713 .50x10° 2
.20x10” 1! BITSLIRD
.75x10 M hlx1079
.13x10710 .81x10"13
.20x10"8 .10x10~ 8
.30x10” 1 .10x10710
.1lx10725 .23x10" 14
.83x1072° .11x10713
<10738 .54x10722
.21x10712 .15x10" 1%
.86x10” 14 .52x107 1%
.15x10" 31 .29x10~ 20
.51x10" 11 .25x10~ 7
.51x10"18 .31x10718
.87x10722 .33x10722
.65x10713 .26x10"15
.T1x10728 .26x10”26
.T1x10” 38 <10~ 38
.24x10727 .95x10720
.96x10~ "4 -
.73x10™ " -
.11x1071 -
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Abstract. The present-day structure of ferredoxin, with its simple,
inorganic active site and its functions basic to photon-energy utilization,
suggests the incorporation of its prototype into metabolism very early during
biochemical evolution, even before complex proteins and the complete modern
genetic code existed. The information in the amino acid sequence of ferredoxin
enables us to reconstruct its evolutionary history. It has evolved by doubling
a shorter protein, which may have contained only eight of the simplest amino
acids. This shorter ancestor in turn developed from a repeating sequence of
the amino acids alanine, aspartic acid or proline, serine, and glycine. The
living relics of this primordial structure persist today because of a conserva-

tive principle in evolutionary biochemistry: Natural selection inhibits with

extreme severity any change in a well-adapted system on which several other

essential components depend. Many such intricate details of the earliest stages

of life must still survive, awaiting detection and elucidation.

*This work was supported by NASA Contract No. 21-003-002 and NIH Grants
No. GM-12168 and GM-08710 to the National Biomedical Research Foundation.



Many of the concepts of organic evolution which have long been known
in biology are still little used in discussions of biochemistry. In nature,
biochemistry is included in biology. An organism is a functioning system
composed of the structures, organs, tissues, and organelles of classical
biology. It also includes metabolites, macromolecules, enzyme aggregates, and
biochemical feedback systems. Fine biochemical details have only recently
become accessible. Potentially, a much greater amount of information is avail-
able in biochemistry than in classical biology.

According to evolutionary theory, each functioning system in an organism
is subject to occasional changes or mutations, but the infrequency of these mutations
necessitates that they will almost always occur, and be selected for, one at a
time. Each change or addition must be an improvement, or at least not too severe
a8 disadvantage, in order that natural selection permit its survival. This con-
straint has a very conservative effect. If its ecological niche stays the same,
a well-adaspted organism strongly resists change. Thus we find familiar looking
fossil shells a third of a billion years old. If its niche changes, new functions
evolve, but the most primitive structures tend to remain unchanged, since these
older components have already come to be relied upon by several later additionms.
Any change in a very old component, even though it might be advantageous in some
way, would coincidentally disturb so many other things that it would almost always
be extremely disadvantageous to the organism. For example, we can compare the
amino acid sequences of cytochrome-C from yeast (1) and from horse (2), position
by position. In 64 of the 104 positions the amino acids in the two chains are
identical. Betwéen horse and human cytochrome-C (3) there are only 12 amino acid

differences.



When we consider evolutian retrospectively, the constraints are even
more severe. One basic evolutionary principle is that every living organism or
structure or function had ancestors which were very similar to itself, but
simpler. (This is true even if it had more complex immediate ancestors.) In
& particular case there are generally only a few plausible slightly simpler
ancestors. As we trace the changes in a structure or function back through time,
we must bear in mind that all of the structures and functions of the cell may be
simpler. We are then dealing with components homologous to those seen today, not
identical.

In the study of ferredoxin reported here, we have taken a number of the
evolutionary principles from biology and applied them to biochemistry. In this
way we have found an astonishingly primitive pattern still embedded in the molecular
structure of a living organism.

The amino acid sequence of ferredoxin from Clostridium pasteurianum, a

nonphotosynthetic anaerobic bacterium, has been reported (4). This protein seems
to have evolved at an earlier time than many others which have been studied. We
draw this inference from the following considerations (5).

1. PFerredoxin occurs in primitive anaerobic organisms, both photosynthetic
and nonphotosynthetic. It must have been present in simpler organisms, the extinct
common ancestors of these.

2. Ferredoxin contains iron and sulfur, bonded loosely to the protein.

FeS is a chemically simple type of catalyst and would have been readily available
to the most primitive organism.

3. The functions of ferredoxin are basic to cell chemistry:

The reduction of ferredoxin is the key photochemical event in

photosynthesis by chloroplasts. All the energy is channeled through this



compound to other cellular energy-storage mechanisms.

Ferredoxin is the most highly reducing stable compound so far
found in the cell, having a reducing potential near that of molecular
hydrogen. This suggests that its function may have evolved at a very
early time when the earth's atmosphere was still strongly reducing.

It reduces triphosphopyridine nucleotide (TPN), a ubiquitous
reducing agent in the cell. Therefore, it may be even more primitive
than TPN.

It catalyzes adenosine triphosphate (ATP) formation by radiation.
This indicates its possible relatedness to primitive energy transfer
processes.

It catalyzes the synthesis of pyruvate from carbon dioxide and
acetylcoenzyme~A. This indicates its involvement with one of the simplest,
most primitive synthetic processes in intermediary metabolism, the fixation
of COz.

It participates in nitrogen fixation. (6)

4. Perredoxin contains an unusually high proportion of the smaller, more
thermodynamically stable amino acids, such as glycine, alanine, cysteine, serine,
and aspartic acid. Their synthesis by autotrophic organisms requires only a
small number of endothermic steps.

5. Ferredoxin is smaller than most other enzymes, being only 55 amino
acid links long. It appears to have some sort of repeating structure, so that
it may once have been still smaller.

Let us now consider the amino acid sequence of ferredoxin. Applying the
constraints imposed by the principles of evolution, can we find traces of its

ancestry?



Figure 1 shows the reported sequence of ferredoxin (4) and some manipulations
with it. For the purposes of comparative studies like this, a single-letter
notation (7) is much more suitable than the usual three-letter notation (row 1).

If links 30 to 55 (row 3) are placed under links 1 to 29 (row 2), it is evident
that the number of coincidences (row 4) far exceeds that which would be expected
by chance (P << 0.001). It appears that this protein has evolved by doubling -
of the nucleic acid which determines it. This corresponds to the process of
chromosome duplication which has long been known to geneticists. Presumably the
ancestral sequence contained all those amino acid links which are common to both
parts. Where the links are different, probably one of the two was present
originally.

The ancestral sequence of 29 links must itself have had a simpler ancestor.
An attempt was made to discover this by the same process, but no further regularities
could be found by superimposing quartersrof the chain.

Another kind of simplicity would be for the ancestor to have had fewer kinds
of amino acids. During the evolution of the genetic code there must have been a
time when the genetic mechanism could discriminate fewer amino acids. Let us
conjecture that those which coincide in the two halves of the ferredoxin sequence
(glycine, cysteine, alanine, proline, valine, aspartic acid, and glutamine) are
survivors of this early stage. Perhaps when any of these occurs in either half,
it is also likely to be a survivor of the earlier stage. Therefore, we note
wherever any of these 7 amino acids occur in the paired ferredoxin sequences
(row 5 of Fig. 1). 1In this arrangement, two regular patterns emerge. Cysteines
occur in a cycle of 3 and alanines occur in a cycle of 4. A discontinuity in
both patterns occurs at the midpoint, position 15. None of the other amino acids

confirm a cycle of 3. However, the cycle of 4 is confirmed by glycine, proline,



aspartic acid, and serine. A repeating sequence of 4 amino acids (with |

a break at position 15) has been written in row 6. The combined halves agree
with this cycle in 13 positions (row T); they disagree in only L4 positions

(row 8). Altogether 17 occurrences of these 4 simple amino acids in the living
ferredoxin chain agree with this cycle, and 5 disagree with it. Figure 2 shows
the reported sequence rewritten in groups of 4 for direct comparison with the
repeating pattern.

The probabilities involved in a pattern of this kind are difficult to
compute, because the pattern was discovered rather than predicted. Some sort of
pattern can always be found in randomness, if it is examined in fine detail. 1In
principle, one should modify the computed probability to reflect all the other
patterns which would have been considered equally good if they had been discovered.
This number is difficult to determine, and must be somewhat arbitrary. However,
in this case it does not seem to be very large, and the number of coincidences
still seems beyond ordinary chance. We consider it to be good evidence for the
pattern of a cycle of k.

Using a computer program, we have matched the sequence of ferredoxin
against itself in all combinations, and against the various possible cycles. The
result of this objective method is the same as we found by inspection. Cysteines
occur only in a cycle of 3. Alanine, aspartic acid, serine, and glycine agree with
a cycle of 4; and proline in 3 places occupies the position of aspartic acid.

This substitution is reasonable stereochemically,since the two side-chains have
8 very similar conformation, when aspartic acid folds into a hydrogen-bonded intra-
molecular ring. Aspartic acid is metabolically simpler to synthesize than proline

and therefore seems likely to have evolved earlier.



We will now use these patterns and the rules of evolution to reconstruct
the history of the ferredoxin molecule. We first consider the prosthetic group,
or inorganic part, in a prebiological environment. Then starting with an
extremely primitive living system, we follow the development of the increasing
intricacy of the protein.

At chemical equilibrium in an ideal gas mixture of a reducing nature at
standard temperature and pressure, HpS, CH,, CO,, H;0, and N, predominate; NH,
and organic compounds occur in small amounts (8). At equilibrium, FeS is stable
in this gas. Possibly life may have organized about such a stable inorganic
catalyst that could participate in capturing photons and in directing energy
toward the reduction and fixation of CO, and toward the synthesis of pyrophosphate.
In this photon=-activated system, other, less-stable catalysts may then have been
synthesized, permitting the development of more complex systems.

Regardless of how life originated, there was at one time a very primitive
organism, far simpler than any known torbe living today. It was capable of making
and polymerizing some of the simplest amino acids and nucleotides. Perhaps the
nucleic acids were made of only two nucleotides, simpler than the ones which
occur in the present genetic mechanism. .A variety of such polymers could be
formed having useful dtructural or catalytic functions, for which natural
selection preserved them.

One sequence of twelve nucleotides doubled and redoubled itself, making
a longer, repetitive chain.

At about the same time, the primitive amino acid polymerizing mechanism
of the cell began to utilize this nucleic acid chain as a template; it coded
for the amino acids alanine, aspartic acid, serine, and glycine. If this
occurred when the nucleotide chain was stillnonly twelve links long, the resulting

peptide would be A D S G, as in Figure 3, row 1.

-7 -



After the nucleotide chain became longer, it coded for a simple repeating
protein, ADSGADSG . . . {(row 2). This protein had some advantageous,
perhaps structural, function in the cell, unrelated to the present energy-transfer
function of ferredoxin.

An aberration in the nucleotide sequence produced a break in the cycle
(row 2, underlined).

The synthesizing abilities of the organism became more versatile and more
efficient. The genetic code became more complex, so that the genetic mechanism
was able to incorporate other amino acids. Mutations occurred which modified and
complicated the particular amino acid sequence which we are following (row 3).

Cysteine was among these new amino acids added to our sequence. The sulfide
bond of the cysteine link became attached to iron sulfide. The protein thus co-
operated in the photon-coupled catalytic function, which it still retains, and
became protoferredoxin. On the principle that evolution proceeds one step at a
time, we assume that the cell was already using iron sulfide as a catalyst, probably
attached to cysteine alone, or to some peptide less suitable than protoferredoxin.
This new attachment would merely have increased the efficiency of this function.

Eventually four cysteines were added by mutation, and two identical chains
combined to make an intricate protein-iron-sulfide complex of greatly increased
efficiency. It still retains essentially this structure.

The nucleic acid doubled in length by a process prototypical of a chromoscme
aberration, resulting in a protein of 58 links (row 4). In the three-dimensional
structure, the effect of this change was to attach the two shorter chains end-to-end.
They must already have been in a configufation which was only moderately disturbed
by this new constraint. The attachment was an improvement but not a radical change.
We predict that when the three—dimensionél structure of ferredoxin is worked out,
evidence will be found for the previous stage, with its two identical, cooperating,

shorter chains,



The three end links may have been lost at this time or later, to give the
present total length of 55 links.

Many functions of the cell improved in efficiency and complexity, evolving
new capabilities. The genetic mechanism also evolved,-and became capable of
inforporating additional amino acids. Mutations occurred and were selected, each

of which
one/made a slight improvement in the overall function, until the present sequence
was produced (row 5).

By this time there were many lines of descent in the phylogenetic tree, and
different species must have produced different mutational variations on the
earlier sequences. It will be extremely interesting to be able to compare amino
acid sequences of ferredoxins from diverse species, to discover at what stage of
this process they had a common ancestor. Perhaps most other species have mutated
much more, so that only in such conservative primitive organisms as Clostridium
or Chromatium will there be such clear "living-fossil” evidence of the earliest
stages of protein evolution.

At any of the stages, additional duplication and separation of the genetic
material may have occurred, followedrby mutations. This would produce other
proteins, which today may have various degrees of relatedness to ferredoxin., How
far can we hope to trace this kind of relatedness before the evidence becomes so
blurred by changes that the similarities are undetectéble?

Just as the salt composition of our tissue fluids is supposed to represent
a stabilized sample of ancient sea water, so the simplest, metabolically most
ancient components of cellular metabolism preserve some aspects of their original
environment. In modern organisms, primitive reactions, such as those involving
glutathione or coenzyme-A operate under their primordial reducing conditions,

isolated from the harsh outer environment by later adaptations. Such ancient



systems are extremely conservative, because so many diverse later reactions have
become dependent on them that they are no longer "free” to mutate. A mutational
change which might be beneficial in one way, in almost every case would be a
strong disadvantage in many other ways. Natural selection would therefore reject
it. This conservative: principle enables us to comprehend why ferredoxin from
a living organism could still retain detectable details of its ancient origin.
One of the most interesting implications of this study, we feel, is that
in organisms still living there exist biochemical relics of the minutest details
of the origin and evolution of the genetic mechanism. Determination of the
variopus

sequences of other proteins and of nucleic acids from/primitive organisms should

make possible a much more detailed reconstruction of these processes and events.

- 10 -
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Figure 1., Evidence of the primitive ancestry of ferredoxin. At the top the

amino acid sequence of ferredoxin from Clostridium pasteurianum is shown in con-

ventional notation (4). Row 1: The sequence is translated into a one-letter

code (7), a notation more suitable for this type of study. Rows 2 and 3: The

two halves of the chain compared by alignment. Row 4: Twelve amino acids which
are identical in both halves. If the sequences were unrelated, one would expect
only two or three such identities. The probability of finding this many coin-
cidences by chance is negligible. Row 5: The same seven simple amino acids found
in row 4, plus serine, whenever they occur in either chain. Row 6: A simple
repeating sequence of four amino acids (with a discontinuity at position 15), from
which row 5 appears to be derived. Row 7: Thirteen amino acids from row 5 which
conform to row 6. Row 8: The 4 amino acids which do not conform to the cyclic
pattern. The chance probability of this many coincidences would be very small if
the pattern in row 6 had been independently given. Since it was derived from this
study itself, the coincidence is less extreme, but still seems to be good evidence

for the validity of the cyclic pattern.

Figure 2: Evidence for a cycle of four in ferredoxin. The two half chains, rows
2 and 3 in Fig. 1, are written in successive groups of four, with a break at
positions 15 - 44. Alanine (A) occurs mainly in the first column, D and P in the
second, S in the third, and G in the fourth. Exceptions are underlined. This
good fit appears unlikely to be due to chance, but a numerical evaluation of

- the probability would involve several arbitrary assumptions.

Figure 3. Proposed origin and evelution of ferredoxin (see text for fuller

details). Row l: Originally, in an extremely primitive organism, a short
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sequence of four of the simplest amino acids (alanine, aspartic acid, serine,

and glycine) could be produced. Row 2: This sequence lengthened by doubling

of the genetic material, and one discontinuity occurred (underlined). Row 3: The
genetic code becoming more versatile, mutations (underlined) occurred, but only
to relatively simple amino acids (the same four, plus cysteine, valine, proline,
and glutamine). Iron sulfide was attached to the cysteines, which constituted
the "active site™ of the respiratory function of this primitive ferredoxin.

This configuration still persists. .Row 4: By "chromosome" duplication, the
whole chain doubled. Row 5: The present more intricate genetic code having
evolved, further mutations (underlined) to more complex amino acids, occurred.
The last three links were deleted. The result was the present sequence of ferre-

doxin from C. pasteurianum (4).
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1 5 10 15 20 25
Ala.Tyr.Lys.Ilu.Ala.Asp.Ser.Cys.Val.Ser.Cys.Gly.Ala.Cys.Ala.Ser.Glu.Cys.Pro.Val.Asn.Ala.Ilu.8er.Gln.Gly.Asp.Ser.Ilu.

30 35 Lo L5 50 55
Phe.Val.Ilu.Asp.Ala.Asp.Thr.Cys.Ilu.Asp.Cys.Gly.Asn.Cys.Ala.Asn.Val.Cys.Pro.Val.Gly.Ala.Pro.Val.Gln.Glu

1 5 10 15 20 25 30 35 Lo 45 - 50 55

1. AOKIADSCVSCGACASECPVNAISQGDSIFVIDADTCIDCGNCANYCPYVGAPVQE
1 5 10 15 20 25
2. AOKIADSCVSCGAQASECPYNRISQGDSI
3. FVIDADTCIDCGNCANVCPVGAPVQE
4, AD C CG CA cPvVv A Q
5. AV DADSCVDCGACASVCPVGAP%QGDS
S

6. ADSGADSGADSGADDSGADSGADSGADSG
7. A ADS D GA S GA S DS
8. D S A G

Fig. 1
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THERMODYNAMIC AND BIOCHEMICAL STUDIES OF THE ORIGIN OF LIFE
by

Margaret O. Dayhoff
Ellis R. Lippincott
Richard V. Eck

National Biomedical Research Foundation
8600 16th Street, Silver Spring, Md.

The organic evolution of living cells from non—living compounds was a
complex process involving a sequence of systems of successively higher organ—
ization. These "metabolons" are no longer found living independently, but
their nature can be deduced from the structure and function of the organelles,
macromolecules, and chemicals of the living cells today, and from a knowledge
of the nature of the evolutionary process and the knowledge of which structures
are simple. Many of these necessary facts and processes are poorly understood

today.

Simple Structures

In order to investigate which chemicals are "simple,"™ a broad survey of
the most stable mixtures of compounds formed from carbon, hydrogen, oxygen,
nitrogen, sulfur, phosphorus and chlorine, was conducted. The concentrations
of biologically interesting compounds in an ideal gas under all elemental compo—
sitions and plausible conditions of temperature and pressure was noted.
(Dayhoff, Lippincott, and Eck, Science, Dec. 11, 1964) These computations
indicate that there were very few molecules of any complexity in an equilibrium
primitive atmosphere. The probability of a whole reaction chain, such as those
found in cells, coming together from such an extremely dilute mixture is exceed—
ingly remote. Life must therefore have evolved starting as an organized function—
ing system of very simple compounds. The things available in major proportions
in a reducing atmosphere are carbon dioxide, water, methane, hydrogen, carbon
monoxide, hydrogen sulfide, nitrogen, HCl, P,0q, and possibly a "tar"™ phase of
polyaromatic hydrocarbons. Ammonia is present in small concentration and organic
compounds such as thiomethanol, acetic acid, formic acid, methanol and ethane are
very dilute (about lO-lO mole percent). Such biologically interesting compounds
as ribose and adenine would be so dilute that there would be only about a million

molecules in the whole earth in a gaseous equilibrium.



These results lead us to search for some primordial aggregation of the

simple compounds which could utilize radiant energy for metabolism.

Evolutionary Processes and Complex Structures

On the other hand, starting from the complexity of present living things,
a number of inferences can be made about the structure of very early forms of
life, by a mathematical analysis of the experimental results of the studies of
the genetic code and of proteins. In spite of the billions of years that have
passed, and the tremendous increase in complexity of organization of living
chemistry that has occurred, there are still detectable (in the proportions and
relationships of the components of nucleic acids and proteins) simple patterns
which appear to be surviving traces of a very primitive mechanism from which the
present extremely complex genetic mechanism must have evolved, step by step.
The concept that the evolution of living things must have occurred one step at
a time, and that every step must have been able to survive, becomes a very
powerful approach to the unraveling of such patterns. If there were no such
simple, general rule constraining the possible numbers of changes which could
occur at each stage, it might seem impossible to find these still—living relics

of the chemical organization of the very early forms of 1life.

Plasma Simulation of Equilibrium

According to our computations numerous simple organic compounds have been
formed on the primitive earth merely on the basis of thermodynamic equilibrium.
In order to verify these calculations experimentally, various gases and gaseous
mixtures are being subjected to a high energy radio frequency plasma discharge.
From this equilibrium in the gas phase, the product mixtures are analyzed.

Preliminary experimental results on systems containing only carbon and
hydrogen have qualitatively corroborated some of these calculations. When a
mixture of methane and hydrogen (H:C ratio above 4) was treated in the plasma
reactor, no liquid or solid products were obtained. This is in accordance with
our predictions. The decomposition of a mixture of methane and ethylene (H:C
ratio 4 or below) resulted in the accumulation of tars consisting of numerous
high molecular weight polynuclear aromatic hydrocarbons and a small amount of
aliphatic material, as calculations had also predicted. Procedures have been
developed which should provide efficient and precise analyses of these hydro—
carbon mixtures on a routine basis when a suitable gas chromatograph becomes

available,

This work was supported by NIH Grants Nos. GM=12168 and GM—08710 and by NASA
Contract No. 21-003-002 to the National Biomedical Research Foundation.
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Predictions of the Compositions of the Atmospheres of the Planets

Richard V. Eck

National Biomedical Research Foundation
Silver Spring, Md.

The availability of computers, and the new
outlock con computational methods which have been
developed for them, makes possible "& new way of
doing chemistry." In general, it has been im-
practical to compute chemical equilibria by mass-
action formulae involving more than a few diffe-
rent molecular species. This has inhibited the
study of such systems as combustion, in which
many reactions are occurring simultaneously. The
reason 1s that one equation with its equilibrium
constant must be included for each compound.
These equations have unwieldy exponents and coef-
ficients which makes their simultaneous solution
difficult.

High-speed computers have stimulated the de-
velopment of general iterative methods for the
solution of mathematicel problems, and this makes
possible a great simplification of the formula-
tion of problems of chemical thermodynamic equil-
ibrium. It becames necessary only to include the
formulas of components, along with simple experi-
mental or computed data on their thermodynamic
free energies of formation. The calculation, done
by the method of successive approximations, mere-
ly minimizes the totel free energy of the system.1
If any component happens to be omitted, it does
not in general invalidate the result unless it is
e "major" component. There are a limited number
of these, which are generally simple campounds,
well known to chemists. Given the atomic pro-
portions of the system, and its temperature and
pressure, a very large number of compounds can be
computed simultaneously.

Using this procedure, we published a compu-
tation of the equilibrium amounts of a large
number of biologically interesting compounds which
would be formed by simple equilibrium processes
in the atmosphere of the primordial Earth.2 This
suggested that we apply the same method to the
atmospheres of the planets. We have now done
this, and are able to reach a number of pertinent
tentative conclusions: On Venus, it is impossi-
ble that there exist hydrocarbons or any solid
carbon in contact with the atmosphere. Neither

can there be any formaldehyde, or indeed any gases :

other than nitrogen and carbon dioxide, with only
extremely small amounts of carbon monoxide and
water, and even lesser amounts of a few other sim-
ple compounds. On Mars, there is somewhat less
information available, so that the possibility of
free oxygen existing is not excluded. Neither is
it certain at what rate equilibrium processes can
g0 in the low preveiling temperatures. In any
case, however, any oxides of nitrogen which might
be formed by energetic processes would tend to be
destroyed by equilibrium-type reactions. On

Jupiter, the great excess of hydrogen forces all
other elements to occur principally as simple
hydrides, such as Hy0, CHy, HoS, and NH3. The
colors in the clouds must therefore be accounted
for by the products of some special energetic
reactions.

In general, if chemical equilibrium cannot
account for the presence of a detected compound,
some special reaction or other source must be
sought. It is well known that the atmosphere of
Earth is continually being asugmented from a num-
ber of sources by such compounds as CO, HpS, SOg,
CH,, NH3, etc. In our present oxidizing atmos-
phere, all such reducing compounds are degraded
as rapidly as they are added, so that a dynamic
equilibrium is maintained. Such compounds as
might have been produced by physical chemical
processes are generally very simple. If an extra-
terrestrial observer could analyse the atmosphere
of Earth, and detect such complex compounds as
terpenes (the blue haze in the Great Smoky
Mountains, for example), he could very well infer
the presence of life, even though he might con-
Jecture that it might be based on some unknown
chemistry. This conclusion need not consider the
particular nature of the detected compounds, but
merely their thermodynamic improbability, so that
they could only be accounted for by scme camplex
feedback-controlled process. On the other hand,
the complex asphaltic compounds which have been
found in the carbonaceous meteorites have been
shown to be Just the sort which could readily
have been formed by thermodynamic equilibrium,
according to these calculetions.?3

When it becomes possible to land instruments
on Mars, equipment should be included capable of
detecting organic compounds of molecular weight
up to at least 150. Whatever such compounds may
be, thermodynamic considerations could be ap-
plied to the question of their living origin,
independent of the particular type of life which
might exist.

ly. B. white, S. M. Johnson, and G. B. Dantzig,
J. Chem. Phys. 28, 751 (1958).

2. 0. Dayhoff, E. R. Lippincott, and R. V. Eck,
Sciende 146, 1461 (196k%)

3M, H. Studier, R. Hayatsu, and E. Anders,
Science (1965), in press.

®This work is supported by National Aeronautic
and Space Administration Grant NSR 21-003-002.
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THERMODYNAMIC EQUILIBRIUM ON THE PREBIOLOGICAL EARTH, M. O. Dayhoff and
R. V. Eck*, National Biomedical Research Foundation, 8600 - 16th Street,
Silver Spring, Md. 20910

Complex compounds were necessary for the origin, structure, and nutri-
tion of the first living things and their predecessors undergoing chemi-
cal evolution. These compounds must have been produced by non-living
processes in suitable quantities and proportions. A knowledge of the
c nature of the earth's atmosphere is essen-
tial to understanding this evolution. We
have investigated the gaseous equilibrium
involving compounds of C,H,0,N,S, where
K and S are in low concentration, and
C,H, and O assume all possible rela-
tive proportions. The main constitu-

500 K
1 Atm.

CO. .CH ents in each region of the ternary
27 diagram are shown. The relative
polynuclear abundance of compounds of biological

arcmatics

importance will be discussed, as
vell as possible consequences of
various evolutionary paths of the
CHh atmosphere itself.

co

COQ,CHh,Haq,
traces of
organicsHQ
CH, ,H,0

*Héo Support: NASA contract
Compounds present in ideal gas #NSR 21-003-002 to NBRF.
mixture at thermodynamic equilibrium.
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PROTEIN SEQUENCES TREATED AS MATHEMATICAL PUZZLES: AN ATLAS OF PROTEIN
SEQUENCE AND STRUCTURE. Richard V. Eck® and Margaret 0. Dayhoff. National
Biomedical Research Foundation, BG0O - 16th St. , Silver Spring, Md. 20910

Protein sequence determinations are now being published in increasing
numbers because of improved methods and equipment. These sequences con-
tain information about several important aspects of living chemistry.
They appear to be random, and crude statistical tests have supported this
interpretation. Logically, they cennot be random. Proteins are obviousw
ly related to one another in various ways. Furthermore, the hydrogen
bonds and other intermolecular forces of amino acid side-groups determine
the precise three-dimensional folding of a protein chain, which in turn
determines its function. A randomly-assembled protein molecule, unlike a
natural protein, would fold itself into any one of many possible alter-
native (generally useless) shapes. Protein sequences also contain an
enormous amount of information about evolutionary relatedness, both of
biological species and of biochemical processes. They may also help to
elucidate the genetic mechanism. Our cryptogrammic studies require a
large amount of sequence information. An ATLAS of PROTEIN SEQUENCE and
STRUCTURE is being compiled in which we propose to include a2ll the pub-
lished sequences, as well as some related structural information. The
date are being kept on punched cards, which will simplify updating and
minimize typographical errors. Our computer programs for the "Cryptogrem"
use these data cards directly. This Atlas will be distributed to invest-
igators who have published protein sequences, and after revision, it
will be available to others as well. We welcome contributions of data,
references, corrections, and suggestions of changes for further editions.

Supvort: NIH grants Nos. GM-12168 and GM-08710 to KBRF.
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Program RELATE

M. O. Dayhoff and R. V. Eck

Program RELATE was written to permit an exhaustive comparison of the
sequences of amino acids in two proteins, in a search for regions where they
may be identical or related in structure, either through similarity of function

or by evolution from & common ancestor.

A comparison is made of each possible fragment of a given length from
one protein with each such fragment from the other. A relatedness score is
accumulated for each fragment, successive values being determined by & matrix
element between the two acids in corresponding fragment positions. Information
concerning the five highest scoring matches of each fragment of the first pro-
tein are stored. All the high scoring matches from all fragments are then
combined, ordered by score and the highest ones printed out, together with the
positions of the two fragments in the proteins and the difference between

these positions.

When an amino acid mutates, the replacement or "allele'" is not random,
but related to the original due to natural selection based on functional simi-
larity and also on similarity of the codon which most probably has undergone
only a single mutation of one of its three nucleotides. A matrix of related-
ness is used to give a score estimating the probability of replacement of each
amino acid by each other, and taking into account the probebilities of finding

each such match by random chance.

Since gaps may occur in protein sequences as they evolve, it is risky
to attempt to match the full length of two proteins suspected of homology.
Therefore, in this program, fragmenfs of arbitrary length are matched, in such
& way that when a gap occurs it will introduce only & slight irregularity. The
more gaps that are suspected, the shorter these test-matching fragments should
be. On the other hand, shortening the fragments introduces additional random
noise, so a compromise must be effected. Since the optimum length of test
fragments will vary in different cases, this number is set separately for each
run, depending on the anticipated relatedness of the two proteins. In order to
soften the end effect of these essentially arbitrary fragments, a weighting
function, tapering off at the ends of the fragment may be used in computing the

scores.



A first approximation to an ideal relatedness-score matrix would be
unitary, giving merely a count of amino acid identities in the two fragments.
However, the various amino acids occur with different frequencies. Finding two
matching cysteines by chance is much less likely than finding two matching
alanines, and the strength of the inference to be drawn from such a coincidence
is therefore much greater. The relatedness score should reflect this effect,
as a second approximation. An even more delicate approximation should also
contain scores for every possible pair of alleles, some negative, reflecting

all the corresponding probabilities.

With experience, we expect to be able to adjust the matrix of related-
ness scores so that unrelated sequences will score near zero. This can be
simulated with quasi-random sequences, so that the expected standard errors can
be found. Any relatedness scores which are sufficiently high can then be

interpreted with confidence as indicating some kind and degree of relatedness.

The two proteins being compared are assumed to be of completely known
sequence. Any experimental ambiguities may be ignored by substituting a

fictitious amino acid which has all zero matrix elements.



PROGRAM RELATE
Illustrative Computer Output

Relate was designed to automatically line up homoiogous polymers and insert
gaps.

The sequence of human hemoglobin alpha is compared with that for human
hemoglobin beta. All sequences 7 acids long from the first sequence are compared
with all sequences 7 long from the second, a total of 135 X 140 or 18,900 comparisons.

Each comparison accumulated a score from the matrix elements shown on the
second page. This matrix assigns a high score to identities, depending somewhat on
the frequency with which these acids occur in proteins. Negative values are sometimes
given between certain mutations, reflecting the fact that they occur less often than
by random chance.

The third page shows the five highest scoring fragments in the second polymer
(out of a possible 140) corresponding to each fragment in the first polymer. The
difference in position of the first acids of the fragments in the two polymers is given.
From this the register and positions of gaps can be deduced to be as follows:
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9 10 11 12 13 14 15 16 17 18 19 20 21
AoV T A L W G K V D V
10 11 12 13 14 15 16 17 18 19 20

<
N e <
w = o
M~ o4 wo»m
[, B v B o v
o Mmoo >
~N m o O
0 X N R
O oo

G E O G A E A L E R M F L S ¥ P T T L T 0 F
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
b E v 6 6 E A L G R L L Vv VvV O P W T E R F F
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

P H F . D L S H . . . . . G S A Q V etc No further
L L5 46 L7 48 49 50 51 52 53 54 55 gaps are
E S F G D L S T P D A \) M G D P K V  etc indicated

43 L4 L5 46 4T 48 49 50 51 52 53 54 55 56 57 58 59 €0

We are experimenting to decide upon the best algorithm to make this last step automatic.
Finally the 150 best scores are shown in numerical order.

A comparison was also made of hemoglobin alpha with myoglobin. Here only one
change in register, with the introduction of gaps is indicated.



SEQUENCES CF THE TWO PROTEINS

HEMOGLOBIN ALPHA - HUMAN

v
1
‘R

31

61

91

L

62

92

121 12¢

S

(%)

FoooA
4« 5
L s
34 15
'Y
64 65
g
94 95
s L
124 12%

3¢ 37 38 36 4C 41 42 - 43 44 45 46 47 48 49 50 51 52
L T N A v A H v D "] M P N A L S A

66 61 68 65 1C 71 12 13 14 15 T6 11 78 79 80 Bl 862
v N F K L L ) H c L L v T t A A H

9¢ 97 98 95 1CC 101 102 103 104 105 106 107 108 109 110 111 112
t K F L A S v S T v L T S K C R

12¢ 127 128 126 13C 131 132 123 134 135 136 137 138 139 140 141

HEMOGLOBIN BETA - HUMAN

v

1

L

31

61

91

121

r

é

L.

3z

122

L
2
v

33

TP
4 5
v C
34 35
€k
64 65
t K
94 95
PP
124 125

P ) T E R F F € ) F G D L S T P 0
3¢ 37 38 36 4C 41 42 43 44 45 46 41 4B 49 S50 51 52
K v L G A F S D G L A H L 0 0 L K
e¢ 671 68 65 7TC TL 12 13 74 75 76 17 18 79 80 81 82
L + v C P E D F R L L G 0 v L v C
9¢ 97 98 95 10C 101 1C2 103 104 105 106 107 108 109 110 111 112
v E A A C € K v ‘ v A G v A D A L A
12¢ 127 128 129 13C 131 132 133 134135 136 137 138 139 140 141 142

23 24 25 26 27 28 "29 3C
53 S4 S5 56 571 58 59 &0
83 84 85 86 87 88 89 9C

112 114 115 116 117 118 119 120

23 24 25 26 21 28 29 30
A vV M G € P K V¥
53 54 S5 56 51 58 59 60
6 T 'R L5 E
83 @84 85 86 87 @8 89 9C
V L A H H F 6 K

113 114 115 116 117 118 119 120
H K 0 H

142 144 145 148 7

*s



FRAGMENTS 7 ACILS LCNC ARE COMPAREC
S SCLLTICNS HAVING THE FICHEST SCCRES ARE STORED FOR EACH FRAGMENT OF THE FIRST PROTEIN
THE 15C FICHEST SCCRES ARE KEPT

CICTICAARY CF BACICS 8 C C E F G H I K L M N 0 P Q R ) T L] v L

MATRIX CF SCCRES

4 C C t F G [ I K L M N C P < R S T L] v

A 15,0 14C 544 2.4 =6.5 T4 =3.5 =2.3 =1.9 ~5.8 -1le4 1¢3 -5.6 2.6 1.2 =0.9 5.6 2.1 ~5.2 ~1.5
C 1.0 3C.C ~-1.2 -4.C 2.8 C. 0e2 5¢0 =243 2.4 148 =1.7 1le4 -1e3 lel 1.0 1-1. 2.8 1.1 3;8
C Sab =102 2Ca0 11,6 =9.9 1Ce?7 0u5 =340 2.2-14.5 =47 842 =425 65 Tol =3.4 2,6 —0e3 ~1le4-11.%
3 1,4 =4,C 1148 2C.C =8.3 €.C 0.7 =Tab6 0e7-1146 ~1a7 7.5 =3.6 5.7 5.7 —5;8 1.8 -2.6 -0.2 -9.¢
F “6.5 2ot =F49 =Fe? Z7.0-1247 0« 11.6 =0.1 14.1 3.7 =9.2 1144 =123 =322 442 9.3 -6.6 4.6 7.8
G Teh Lo 10e7 Eal=1247 154C =247 =743 =3.4~1Ce4 =2¢3 5.6 =68 5.3 6.1 =8.0 3.7 2.1 -3.4 -4.2
Lo =3.5 Ceé 05 Ca? 0o =247 270 =2.0 3.6 0.7 -1.3 1.9 1.5 -0.9 -0.7 3.3 -0.5 -3.0 1.6 -5.1
1 “2.3  5.C =9.0 -74€ 1146 =743 =240 20,0 =1.7 10.0 3.4 -8.4 5.6 —-0.3 4.0 3.4 -5.6 ~0e3 1e2 1342
K “1e9 =23 2.2 Col =0l =2,4 3,6 =147 10,0 =2.5 =2.1 1e5 049 =1ab =1eb6 TeS 1e3 0.4 2.4 41
L =548 Zeb4=14.5-114€¢ 14.1-1Ca4 047 10,0 =2,5 17.0 7.2-11.5 8.3 -3,1 -5.6 0.6 -6.7 -0.9 3.1 10.7
v “1e6 1.8 =4.7 =147 3.7 =2.2 =1.3 3.4 -2.1 7.2 300 =3.8 6.9 -19 0,2 -0.2 ~4.7 0.3 2.§ 3.4
N 1ed =17 Be2 745 =942 5.6 1.9 =8.4 145-11.5 =3.8 20.0 =3.8 15 6.0 =1.5 6.4 0.2 0.7 -T.4
C “5.6 leh =4,5 =2.6 lle4 =€.8 1.5 546 0.9 8e3 6.9 -3.8 27.0 0.9 0.4 2.5 ~5.4 ~4.5 6.8 3.2
P 2.6 ~1.3 6.5 5.7 =1.3 5.2 -0,9 =043 =1s6 =3.1 ~1e9 1.5 0.9 20.0 3.6 =5.2 0ol =5.6 ~2+2 —2.4
C 12 1ol Tal 847 =3.2 €l =0.7 =440 =1eb =5.6 0.2 6.0 0e4 3.6 20.0 =3.9 =17 =19 1.7 -4.2
R 0.9 1.C =344 =S.8 4.2 =8.C 3.2 3.4 7.9 0.6 -0e2 -1.5 2.5 =5.2 =3.9 27.0 3.9 2.4 2.9 1.2
) 5¢6 Jal 2.6 1.8 =9.3 3.7 =0a5 =5.6 1.3 =6.7 4.7 6.4 5.4 0.1 -1.7 3.9 17.0 4.2 -0.3 -2.2
T 2el  Z.8 =003 =Z.€ =606 2¢1 =340 =043 Qeé =0.9 0.3 0.2 ~4¢5 =-5.6 -1.9 2.4 4.2 17.0 =-1.2 3.2
L] “942 lal =1e4 =Ce? 406 =304 1lab 1e2 2.4 3ol 206 0e7 608 =2.2 1e7 2.9 =063 =1.2 30,0 0.l

v ~1e5 2,8=11.5 =6.€ 7.8 4.2 =5.1 13.2 ~4.7 10.7 3.4 ~Tebd 302 =2.4 ~4e3 1e2 ~2.2 3.2 0.1 17,0



NUMBERS CF FIRST ACID CF FRAGMENT IMN FIRST AND SECOND POLYMERS ANC SCORES
SCORES

POSITICNS
1 2 -1
2 3 -1
3 4 -1
4 5 -1
5 63 -¢8
6 7 -1
7 le3-11¢
8 9 -1
9 10 -1

10 11 -1

11 12 -1

12 13 -1

13 14 -1
4 15 -1
15 €8 -43
16 £98 -43
17 ¢ -3
18 129-1ci
19 176 -¢£7
20 11 -57
21 20 1
22 21 1
23 22 1
26 23 1
25 24 1
26 2% 1
27 26 1
28 27 1
29 28 -9
30 29 -g
31 40 -9
32 41 -9
33 22 1
34 48 -4
35 1171 -¢€2
36 118 -¢2
31 2e 1
38 2¢C 8
39 110 -171
40 29 1
41 4C 1
42 41 1
43 115 -12
44 Sl -47
45 1171 =72
46  4¢ [o]
47 47 0
48 71 -23
49 ¢2 -13
50 ¢3 ~13
51 t6 -5
52 S1 -5
53 t8 -5
54 %9 -5
55 ¢€éC -5
56 ¢1 -5
ST ¢2 =5
58 €3 -5

SCCRES
61.30
70.€0
54.90
61.70
51.20
59.70
44.C0
62.10
72.90
81.€0
81.60
91.90
7540
81.70
7€.30
69.€0
68,40
€€.40
63.60
5¢.C0O
T4.80
91.20
97.60
85.€0
1¢9.40
101.€0
10€.20
59,00
Bz2.20
11C.10
95.40
6L.10
65.80
56.50
6C.70
€2.10
€5.C0
5¢.30
55.50
¢l.40
£2,170
€L B0
56 .60
64450
te.10
46,20
12,90
54.20
53.40
44,40
52,00
65.00
71.40
84,80
96.40
96.40
8C.60
83.90

PCSITIONS
1 97 -9¢
¢ 98 -9¢
2 44 -4]
4 92 -8¢
g 6 -1
€ 1¢ -1¢C
117 ~-1C
t 124-11¢
S 125-11¢

1C 12¢é-11¢e

11 127-11¢

1l 128-11¢

12 129-11¢

14 571 ~42

1£ 21 -¢

1¢ 67 ~51

17 68 -51

16 69 -51

1§ 70 -51

2C 1§ 1

21 115 -964

22 4€ -24

22 97 -74

24 136-~112
€ 137-11¢

2¢ 13g-112

21 3¢ -8

28 31 -S

25 2¢ 1

3¢ 25 1

31 3cC 1

32 131 1

22 42 ~S

34 11¢ -82

3¢ 44 -9

3¢ 71 -3¢

37 10C -62
3e 37 1

3s 31 8

4C 112 -72

41 713 -32

42 114 =72

42 7Y ~-32

44 116 -172

4% 92 -41

4¢ 13 -27

47 71¢ -22

48 48 C

4 72 -23

SC 55 -S

51 16 3%

5¢ 137 -85

52 138 -85

54 112 -58

55 98 ~43

5¢ 90 -34

51 12§ ~72

58 130 -72

SCORES
51.50
59.00
45.C0
48.10
48410
£4.70
42.50
€0.40
€4.00
12.50
72.50
€7.50
€7.50
€9.50
€6.50
52,30
€5.00
€2.60
£5.00
55.30
57.50
52.C0
56.70
51.1C
€1.20
€3.4C
17.30
€C.00
€1.80C
76.20
£€8.20
€C.00
€3.50
44.,4C
58.4C
49.50
£€.00C
50.70
55.50
€0.50
10.70
€3.10
56460
€3.10C
¢3.30
42.60
€0.30
49.60
50.80
44,30
50.30
49.10
47.20
43.70
40.20
54,20
57.50

POSITIONS
1 134-133
2 48 -46
3 99 -96
4 100 -96
5 15 -10
6 94 -88
1 8 -1}
8 135-127

"9 136-127

10 137-127

11 25 ~-14

12 73 -6l

13 19 -6

14 20 -6

15 16 -1

16 19 -3

17 60 -43

18 75 -57

19 140-121

20 4 16

21 119 -98

22 16 6

23 90 -67

24 98 -74

25 126~101

26 127-101

27 128-101

28 129-101

29 118 -89

30 65 -35

31 66 -35

32 81 -49

313 45 ~-12

34 33 1|

35 70 -35

36 35 1}

37 85 -48

38 86 -48

39 38 1|

40 111 -71

41 113 ~72

42 14 28

43 15 28

44 96 ~52

45 77 -32

46 18 28

471 164 ~27

48 116 -66

49 131 -82

50 15 35

51 19 32

52 110 -58

53 21 32

sS4 53 1

55 113 -58

s6 26 30

57 136 ~-79

58 118 -60

45.60
52.30
36.80
44,90
46. lo
52.80
42.10
46.30
51.60
49.60
51.70
48.30
56430
51.60
55.10
50.60
60.30
56460
53.00
47.20
45.80
43.30
53.50
50.20
53.70
61.40
65.80
56.60
54.50
48.30
47.70
47.50
44.80
44,10
53.60
49.40
49.50
49.90
51.40
60.40
68.80
60.30
54.60
50.90
58.50
41.20
57.90
43.40
37.00
42.70
48.20
41.80
47.80
46.90

42.70.

3%.90
43.30
42.10

.29

POSITIONS
1 34 -33
2 15 =13
3 50 ~47
4 127-123
5 16 =71
6 56 =50
T 134-127
8 65 -57
9 80 -T71

10 67 =57

11 82 -71

12 18 =6

13 56 =43

14 130-116

15 136-121

16 133-117

17 134-117

18 90 -72

19 136-117

20 92 -72

21 123~102

22 69 =47

23 135-112

24 125-101

25 99 -74

26 72 -~4¢

27 139-112

28 62 =34

106 =17

30 131-101

31 104 73

32 44 -12

33 103 -70

34 8 26

35 80 =45

36 85 -49

37 82 -45

38 83 —=45

39 140-101

40 15 -35

41 13 28

42 14 -32

43 95 =52

44 16 28

45 45 0

46 4] 5

47 80 -33

48 715 =27

49 49 0

50 73 =23

S1 74 -23

52 134 -82

53 111 -S8

54 19 35

55 54 1

56 99 =43

57 21 30

58 717 ~19

SCORES
T 45.00
37.20
36.20
42.90
41.60
50.80
38.50
43,40
50.40
47.40
42.60
47.40
49.90
49,80

50.20 .

47.70
5%.80
49.90
47.10
- 43.50
42.70
41.10
51.10
46.70
47.60
55.70
59.80
54430
50.90
44.80
45.20
45.70
43.20
41.70
50.4C

44,70 .

43.30
45.C0
5050
55.80
51.70
56.50
50.30
50.70
43.60
40.10
43.40
41.60
36.00
36.00
46,20
41.20
45.80
40.80
41.00
37.40
37.70
40.50

POSITIONS
1 133-132
2 54 -%2
3 136-133
4 14 -10
5 138-132
6 19 -13
7 51 -S0
8 719 -71
3 66 -57

10 133-123
11 17 -6

12 43 -31

13 74 -61

14 110 -96

15 43 -28

16 113 -97

17 23 -6

18 135-1117

19 125-1C6

20 971 =717

21 138-117

22 89 -67

23 127-104

24 18 6

25 34 -9

26 42 -16

21 19 -%2

28 117 -89

29 130-101

30 108 ~78

31 45 -14

32 61 =35

313 82 -49

34 103 ~-69

35 40 -5

36 28 8

37 65 -28

38 66 -28

39 B7 -48

40 42 -2

41 913 =52

42 94 -52

43 42 1

44 71 =27

45 102 =57

46 103 =57

47 136 -89

48 &1 ~13

49 5 44

50 6 44

51 T 44

52 178 =26

53 18 135

54 22 32

55 3 852

56 128 =72

57 718 ~19

58 133 ~71%

SCCRES
44.70
36.40
34.€0
4C.EQ
38.40.
43.50
3¢.60
42.70
“€.70
44240
42.40
*5.20
48.20
45.10
43.80
45.40
52.170
47.10
4¢.70
42.%0
42.C0
4C.20
45.00
‘e.!o
3£.10
45.€0
54.20
5€.S0
45.20
42.20
35.40
36.50
35.40
41.50
47440
44.20
42.50
44,20
©8.C0
$2.C0
45.50
44.00
48.70
48,60
42.40
36.70
43.20
4C.20
33.90
34.20
4C.90
36.50
42.70
36.90
36.40
37.30
37.20
37.30



ta
125
126
127
128

127

=11

f1.9¢C
Te.T0
82,74
£6.C0
65.10
7C.30
74.60
8,70
83,20
56.CO
11C.80
11C.€0
98,320
EEL.SO
£€,50
67.40
62.50
6C.17C
71.10
7C. 20
35,70
Bq,E0
97,50
92.90
S1l.30
84,20
B4,320
7%.80
75.80
68,80
87.80
17.70
75.60
85,90
3C.50
9C.50
27.50
71.20
81,20
7c '90
12.30
69,70
71.10
49,60
60,80
70.50
67.40
3,70
76.60
78.10
73.00
Té.co
£8.C0
108.50
101.50
90.00
101.70
104,30
$9.,30
17.%0

111
112
112
114
115
11¢
117
118

134

138

112
(-9}
115
l¢
17
1¢
122
2C
139
27
83
84
111
104
113
10¢

92
3C
11¢C
111
111
136
T4
95
16
66
67
100
&89
70

57

-5
-5
-5

-

12
-71
-1

-3C

-45
6t
12
12

-13
-5

-13
-
14
11
T4
-5
=5
-4

-2¢
K}
15
3
4¢
4¢
14
4¢
46

114
&l

STe4(
11.C0
€5.20
€3.4C
59.60
59.50
€9.1C
86.6C
13.30
€6.70
70.20
7C. 30
€9.50
€€.1C
€4,0C
€2.30
544,20
57.4C
€6.7C
€8.CC
72.30
1€.4C
7C.9C
71.4C
€3.40
72.50
15.20
€3.,10
€4.6C
58.8C
57.30
17.C0
72.6C
£1.90
$3.30
52.90
48.30
54,10
59,10
¢6.00
€€.90
64.20
56450
45.80
58.40
€6.1C
€3.20
73.20
67.40
49.30
54.70
59.10
59.20
53.20
%56.10
ss.70
66460
55.70
54.10
52.90

118

131

135
112
113
15
19

al
138

Tl
3

-217
-54
-12

54.50
59.00
58.00
61.80
53.80
58.30
59.00
69.70
56.70
57.20
66490
59.80
56.50
63.60
62.30
52.50
53.C0
56.90
64.60
€€.80
69.70
76.30
62.30
64.10
73.20
66.80
69.90
58.50
57.80
52.60
51.50
53.90
55.10
49.20
45.80
50.90
48.10
44,30
57.70
6l1.30
52.00
50.50
55.10
43,70
56.00
55.10
59.90
56.30
45.20
49. 10

53,70

53.50
33.10
53.10
$3.60

$2.80
.6’(10

49.20
40.80
50.00

17
118

122

140
92
93

12
-9
~-56

-56
~56
52
-67
59
~64
-25
-25
~20
~20
24
69
26
-61
-23
~5

38
38
-27
26

26
24
~14
-12
~14
59
75

68
=13
68
~13
4Q
-9
73
-4
-5
-4

o 21

24
58
21
35
-13
30
T2
12
109
-20
3
-24
25
25

50.30
52.50

55,50

57.40
48.20
57.80
56.90
55.10
48.10
51.70
65.40
58.30
53.50
51.90
“B.bo
47.10
52.10
48.30

62.10.

63.50
66.10

-15.70

61.70
62.00
67.00
55.20
55.10
58.30
55.00
h6.60
45450
49.50
51.C0
46.30
44.80
49.40
45.20

43.50

54,30
49.50
48.70
48.30
51.10
42,70
54.30
51.30
58.4C
44,00
42.90
49.C0
49.30
48.00
51.70
50.40
49.20
$2.00
46.90
47.00
43.60
46.20

105
1cé
107
108
109
110
139
112
113
114
118
191 ]

- 17

1te

108

110
82
108

82
104
84
68
114

L X
133

136
41

-6C
12
-44
-44
-9
~75
-15
-56
~44
50
-71
28

10

-50
32
69
-8
-8
a5
72
12
12

-27
26
-12
~-21
26
37
-30
15

18
15
33
33
53
56
40
-8
-13
-8
21
-4

21.

24

24
41
-4
110

~20
111}
110
-28

114

44,70
5C.30
54.30
5%.,10
48,20/
$7.30
%2.30
52.10
47.60
48,.E0
59.00
5¢.40
53.320
49.40
4€.20
4¢.70
S5C.E0
48.C0
5€.50
57.30
62.50
6¢€.80
60.10
61.30
64.60
53.¢0
52460
57.80
47.70
4€¢.50
44.80
49.30
4¢.90
4%.90
44,40
4C.50
4C.70
41.80
41.70
48.30
42.10
48.80
41.40
49.130
51.20
54.70
42.10
42.C0
47.%0
46.£0
43.70
51.20
50.30
47.70
48.60
46.00
46.60
42.20

4%.60



119
120
121
122
123
124
125
126

a7

128
129
130
131
132
133
134
135

-5 ) 69.20

1C7T  €6.70
-5 ) 68.40
471  68.50
97 75.70
$7  70.80
€7 8C.30
€7  85.00
€7 B8C.S0
g7 72.70
44  65.10
-5 § 5¢.50
1C4 532,30
26 52.40
€8 42,20
-5 Q1 53.80
-5 ] 57.40

119
120
121
122
123
124
12¢
12¢
127
12¢
126
13C
131
132
122
134
138

69 50
125 -5
41 ac
97 25
128 -5
129 -5
13¢ -5
131 -5
6¢ 61
61 61
45 84
8¢ 44
44 87
11 22
11 122
112 22
34 101

53.7¢0
61.00
55.20
66,00
69.20
69.20

6730

76.00
72.60
62.30
€6.4C
55.70
‘.9.20
46.90
42.80
53.40
43,20

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

79
136

42
76
37
28
65

132
44
42

128

109
28
89
12
36

40
-16
120

80

47

87

97

&1

-5

84

a7

22
104

122
99

51.90
54.30
51.80
61.50
65.30
63.00
63.00
57.80
69.80
59.50
56.40
53.70
45.20
45.50
41.20
48.20
43.00

119

. 120

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

135 -16
70 50
137 -16
127 -5
36 87

51.50
53.80

*50.50

59.20
62.20
57.70
62.4C
56.10
59.30
59.50
55.20
53.50
44.90
43.70
40.4C
41.60

42.60

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

39
73
14
2%
43
44
68
107
83
105
28
69
10
88
111

L]

109

80
417
47
917
80
80
57
19
44
23

101
61

121
44
22

125
26

47410
53,20
5C. 10
56.C0
54.€0
53.50
55.20
54.30
51.C0
54.60
52.50
5C.20
44,80
41.90
36.€0
4C.120
41.C0



NUMEBERS OF FIRST ACIC OF FRAGMENT IN FIRST AND SECOND POLYMERS AND SCORES

POSITICNS SCCRES PCSITIONS SCORES POSITIONS SCDRES
69 14 11C.80 15 %8 78.30 16 59 69.60
15 11C.&0 108 113 7€.10 71 Sé 65,50
30 19 11C. 10 118 123 17.90 14 £7 69.%0
25 24 109.40 90 S5 .70 119 124 © 69420

12 117 108.50 53 S8 77,40 123 1z8 65.20
21 6 108.30 21 26 77.30 124 129 69.20

116 121 104,30 90 17 77.C0 65 126 69.10

115. 120 101.70 98 1(3 7€.50 63 128 69.10 .
26 25 101.¢0 107 112 1€.€0 129 €5 69.10

113 118 101.50 80 ¢8 7€.40 41 113 68.80

117 1:z2 96,20 80 42 7¢.20 88 63 68.80
68 73 96.C0 30 9 T6.20 122 15 68.50

28 27 §9.C0 126 121 7¢.00 121 1z6 6€.40
71 16 98.30 110 115 7¢.C0 17 20 68,40
23 22 97.¢€0 91 S& 75.90 32 41 68.10
81 g6 97.50 86 s1 75.80 78 9 6€.C0 .
s¢ €1 9¢€ .40 81 S2 75.80 4 5 61.170
55  ¢0 9¢ .40 80 15 75.70 132 129 67.50
31 40 95.40 123 26 75.70 12 128 67.50
82 €7 92.90 13 14 75.40 107 111 ¢1.40
12 13 $1.90 85 1129 75.20 ~T4 19 67.40
22 z1 $1.30 21 20 74.80 105 1C9 67.40
83 es $1.30 65 70 74.60 125 120 €7.30
94 69 9C.50 41 417 72.90 ‘42 110 67.C0
93 8 9C.50 67 128 73,20 69 19 £€.90

114 119 9C.CO 106 111 73.20 99 1C4 €€.90

126 29 85.C0 83 127 72,20 8C 8 €€.80
72 17 €8.90 109 114 - 73.CO 78 &6 €E.EQ
66 127 £EE.70 9 10 72.90 84 - 12 &£€.80
31 20 EE.20 12¢ 41 72.70 42 41 66,80
62 127 E8.CO 91 18 72.€0 17 8 €¢.70

111 116 €8.C0 127 €6 72.60 120 13 €€.70
89 64 87.80 84 128 72.50 68 129 €€.70
95 1C€0 817.50 11 127 72.%0 115 €9 6€.60
66 71 BE.EOD 16 1zé6 72.50
92 §7 85.50 79 10 72.30
24 23 58,60 99 112 72.20
7% €7 85,20 59 ¢4 71.90
54 <9 84,80 82 10 71.40
80 £s 84,60 96 1C1 71.20
85 <O 84,30 101 z8 71.10
84 t9 84.30 N 5 71.10
58 ¢3 213,90 6C €5 71.00

106 110 2,170 81 9 7€.50
41 40 22,170 124 27 7C.80
83 71 €3.40 41 13 70.70
617 12 £83,20 2 3 7C.60
61 126 82.70 104 1C9 7¢.50
29 28 82.20 78 43 70.20
29 8 B1.80 64 &9 70.30
14 15 81.70 7C 124 70.30
10 11 8l.60 69 133 70.20
11 12 8l.60 8% 112 69.90
97 1c2 "81.30 33 32 69.80

127 40 80.90 127 132 69,80
57 €2 8C.60 19 1] 6%.70

125 38 80,30 100 1¢S5 69.70

60 125 78.70 64 _110 69,70



SEQUENCES CF THE TwO PROTEINS

HEMOGLOBIN ALPHA - HUMAN

v LS P A ¢
1z 3 4 5 ¢
‘R ¢ F L S F
31 3z 32 34 35 3¢
K v & € A 0
61 62 62 64 65 &€
L " v £ P v
91 9z 92 94 95 9¢
v 8 S LT
121 122 122 124 125 12¢
MYOGLOBIN - SPERM WHALE
v LS E € &
1 2 2 4 5 ¢
R L F K S F
31 3z 33 34 35 3¢
L K kK F € v
61 62 62 64 65 66
C S F & T K
91 9z 92 94 95 9¢
6 N F € A
121 122 122 124 125 12¢
0 <
151 152

37

67

917

127

37

61

97

127

T N VvV K A A W 6 K-V 6 A H A 6 E O 6 A E & //L E
8 S 1C 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27. 28 .29 3C
T 1 L T 0o F P H F D L. S H 6 S A @ V K G + €6 K
38 35 4C 41 42° 43 44 45 46 47 48 49 S0 S1 52 53 54 S5 56 S1 S8 59 6C

68 6S 7C TY 12 73 74 715 16 17 78 79 80 81 82 B3 B4 B85 86 B87 ee 89 9C
98 99 1CC 101 iC? 103 104 105 1C6 107 108 109 110 111 112 113 114 115 116 117 118 119 12¢C

128 125 13C 131 132 133 134 135 136 137 138 139 140 141' B

E T L E K F O R F K H L K T E A E M K & S E €
38 35S 4C 41 42 43 44 45 46 47 4B 49 S50 51 52 53 54 55 S 57 S8 SS9 6C
V L T A L 6 A I L K K K G ¥ K E A E L K .P L A
68 &5 7C T1 12 73 T4 75 76 11 78 19 80 81 82 83 84 85 86 871 88 89 90
K I P I KX © t E £ 1 S E A 1 1 ¥ V¥V L H s‘ R W
98 99 1CC 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120
@ 6 A M N K A L E L F R K € I A A K ©O K E L 6
128 129 13C 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 145 15C



NUMBERS OF FIRST ACID OF FRAGMENT IN FIRST AND SECOND- POLYMERS AND SCORES

POSITICNS  SCORES PCSITIONS  SCORES POSITIONS  SCORES . POSITIONS  SCORES = POSITIONS  SCORES
1 1 o} re.30 1 106-105  44.80 1 68 -67 43,80 1 49 -48  '42.80 1 75 -74  42.20
2 2 0§ 59.40 2 89 -87  47.40 2 86 -84  40.50 2 118-116  37.70 2 61 =59  36.20
3 17 -14  41.50 3 92 -89 39.30 3 119-116  38.40 3 20 -17  37.60 3 35 -32  37.%50
4 83 =79 42.60 4 124-12C  40.60 4 143-139  39.30 4 18 -14 38,60 4 93 -89 3%.%0
5 €4 =79  35.00 € 90 -85  34.90 S 94 -89  34.80 5 144-139 33,30 5 125-120  13.20
6 €5 -59  41.70 € 115-113  40.4C 6 51 -45 38.40 6 82 =76  34.10 6 138-132  32.90
7 120-113  45.30 1 52 -45  44.30 7 14 -7  44.10 7 139-132  40.90 7 69.-62 35.80
8 53 -45 43,40 e 15 =1 41.80 8 121-113  41.70 8 70 =62  41.40 8 140-132 35.80
9 £4 -45 = 52.00 § 61 =58  49.90 "9 16 =T  47.10 9 122-113  '45.70 9 12 -3 42.50

10 10 ol se.90 1C 68 -58  47.80 10 3 7 42.90 10 17 -7  42.20 10 55 ~45  42.C0

11 4 1 62.10 11 11 ¢l s6.90 11 69 ~58  44.00 11 93 -82  43.60 11 128-117  37.50
12 12 o] 67.40 12 5 1 51.00 12 94 -82  45.30 12 38 =26  45.10 12 126-114  44.20
13 13 0] 85.90 12 119-10¢ 48,60 13 68 -55  42.50 13 39 -26  40.80 13 6 1 4C.10
14 14 ol g7.90 14 18 -4  €8.20 14 120~106  52.60 14 76 =62  43.50 14 87 =73  42.40
15 19 -4 75.80 15 121-10¢  €9.80 15 15 0} 56.40 15 88 =73  55.00 . . 15 59 -44  50.C0
16 20 =4  74.50 16 122-10€  €0.90 16 16 0] 56.40 16 78 =62  54.60 16 89 -73  51.80
17 21 -4 84.10 17 123-10¢ €7.40 17 79 -62 64.60 17 90 ~73 55.00 . 17 17 0 . 54.40
18 €0 -€2  77.60 1€ 22 -4 12.70 18 117 =99  66.30 18 91 ~73  58.C0 18 124-1C6  54.00
19 118 -9  77.60 19 81 -62  59.20 19 35 =16  56.90 19 23 -4  54.90 19 144-125 52.90
20 119 -99 93,50 2C 82 -e62 €5.30 20 124-104 56.80 20 36 ~16 49.40 20 142-122 48.10
21 120 =99  7€.30 21 79 -58 58430 21 125-104 57.80 21 53 -32  55.20 21 52 -31  S1.10
22 121 ~-99  9C.170 22 8C -58  54.40 22 104 -82 54,30 22 53 =31 S51.10 22 54 -32  45.60
23 1C5 -82 T4.70 2 122 -99 70410 23 55 -32 54.60 23 23 0 52.20 23 132-1C9 38.30°
24 123 =59 7C.€0 24 56 =32  57.00 264 35 =11 53.60 24 106 -82  47.10 24 130-106  4€.10
25 29 -14  67.30 25 36 ~11  €6.90 25 57 =32 64.00 25 25 0 62.10 25 124 =99 5€.120
26 125 -99 _ 73.30 2¢ 37 -11  73.30 26 40 -14  68.90 - 26 132-106 = 58.30 26 58 -32 55.20
21 21 o | sc.10 27 41 =14 74.60 27 133-106  61.20 27 38 =11  60.80C 27 129-102  58.30
28 28 o | es.80 26 134-10€  58.00 28 42 -14  55.30 28 71 -43  54.10 28 98 -10 42.50
29 29 0| 85.10 29 43 -14  50.50 29 99 -70 47.20 29 102 -73  46.80 29 135-106  45.€0
30 30 0| 68.10 3C 1CC -7C  €4.20 30 27 3 54.90 30 117 -87  49.20 30 26 4 47.60
31 21 o] 95.70 31 101 -7C  58.20 31 118 =87  52.70 31 104 =73 47.20 31 67 =36  44.C0
32 22 0| ¢6.10 32 102 -7C  59.00 32 45 -13  53.30 32 105 =73 46430 32 28 4 44.60
33 23 o | 75.50 13 103 -7C  S8.50 33 46 -13  50.90 33 106 ~73  47.70 33 29 4 45.40
3« 34 0} 65.90 34 66 -32  55.70 36 70 =36  42.90 34 97 ~63  42.00 34 104 ~70  41.30
35 35 o} e5.80 38 67 =32 47.10 35 71 =36 44,20 35 118 =83  42.40 35 98 -63  4C.40
36 36 . 0| 49.70 3¢ 145-109  44.70 36 72 =36 39.50 36 68 =32  37.30 . 36 99 -63  35.50
37 27 o | 76.70 371 66 -25  €0.30 37 132 -95  53.70 37 27 10 53.00 37 100 -63  5C.90
38 €7 -29  68.C0 38 38 o | ¢3.20 38 99 -61  51.30 38 133 95 47.00 38 94 -56  4€.10
39 42 -3 69.10 35 35 ¢} 69.10 39 100 ~61  51.60 39 75 =36  50.20 39 134 =95 5C.20
40 43 -3  82.80 ac 40 C ] 79.10 40 101 -61  68.80 40 69 -29  55.90 40 76 -36 5C.50
41 44 -3 7C.90 41 41 | 64.30 41 38 3 63.30 41 102 -61  61.40 41 67 -26  5C.CO
42 45 -3 70,30 42 42 | 67.60 42 39 3 66450 42 100 =58  52.40 42 103 ~61  45.40

43 46 -3 69.60 43 40 3. €1.70 43 43 0| 60.00 43 137 ~94  51.60 43 111 -68  45.30
a6 B7 -43 55,40 44 41 3 81.20 44 30 14 48.70 44 110 -66  43.70 44 112 -68  41.00
45 88 -43 64,40 45 31 14  54.30 45 48 -3 48.70 45 111 =66  44.80 45 103 -58 43,40
46 89 -43  69.50 4¢ 32 14 52.80 46 112 66 50,70 46 115 ~69  47.80 46 104 58  47.%0
47 90 -43  53.50 . 47 88 -41  46.60 47 78 -31  44.50 47 60 ~13  41.40 47 33 14 4C.80
48 2 46 6€.30 48 19 =31 48.00 48 91 -43 47.40 48 34 14 45.10 48 138 ~-9¢ 42.90
49 ec -3l 61.20 49 3 4¢ 60.CO 49 23 26  56.10 49 63 -14  49.60 49 92 ~43  #8.30
80 €! -31  67.5C s¢ 56 -e| 59.20 50 12 38  53.50 S0 26 26 50.70 50 64 -14  48.70
51 t7 -6 ' 52.26 s1 17 34 49,70 51 82 -3 45.80 S1 51 Q 45440 51 88 ~37 42.40
82 1L 34 81.C) 52 58 =& 71.8C 52 83 -31  49.20 52 52 0 42.80 52 143 =91  4C.50
53 19 34 94.20 53 59 -6[ 69.8C 53 84 =31  54.80 53 146 ~91  50.30 53 853 0] 4s.cc
84 0 34 17.c0 54 60 -¢} 61.70 S4 32 22 48.90 Sa 77 23 43.70 54 8 46 4C(.70
88 21 34 72.7%0 ss 61 =-¢] 55.00 55 33 22 34.90 S5 90 =35 45,40 55 78 =23 41,40
% 27 34 x.u 56 62 -e b €1.30 S6 34 22 57,40 56 91 ~35 41.60 56 79 =23 38.50
57 23 34 £5.00 57 35 22 5:.20 57 63 -5 45.50 57 92 =35  41.50 57 81 ~24  35.50

58 1ic¢ -58 15. 40 5¢ 119 -¢1 £i.C¢C “8 36 22 49.70 58 82 -24 49.10 58 €4 -4 48.£0



109
110
111
112
113
114
115
116
117
114

-é2
-45
-45
-45
~-¢€5
-¢5
~¢5
-41
=41
-41
-4

4“8

48
~47
-55
-£€5
-55
~-£5

-26

1¢0

110
=21
29

62.10
56.20
55.20
57.20
50.80
6C.30
53.00
74.¢€0
81.€0
62.90
55.90
59.10
57.50
52.80
5G9.80
81.10
72.20
61.C0
6C.€0
£5.€0
6C.80
72.20
5¢.00
67.¢0
62.C0
64.10
72.C0
6C.10
7C.80
55.20
58.10
5Z2.10
55.90
68.20
€1.00
54.C0
60.CO
62,40
72.70
74.€0
55.70
62.80
52.¢0
S54.20
57.70
60.20
12.40
59.70
59.70
564.90
6C.20
73.90
89.90
82.90
75.90
72.00
62,20
55.80
57.90
46.90

111
112
112
i1l4
118
11¢
17
11€

18
140
16
17
125
105
137
138

3e
21
1C
35
12
21
129
12¢
119
69
7C
71
66
87
68
58
19

€l
24
G54
13¢

137
1cC
101
2¢
27
28

104
105
61
111
96
97
27

30
(1]
20
21
120
117
118
119
83
121
110
111
112

41
~-8C
45
4¢
-62
-41
-12
-2

-47

-1C

7
9¢
76
41
8e
ee
-1C
~¢
-¢
~-¢
31
-¢

47.50
§2.20
54.C0C
49.60
46440
£5.20
45.8C
48.10
€4.20
55.10
54.20
S7.10
S4.60
51.00
4«8.50
55.40
56.40
58.4C
57.80
54.20
56.20
57.C0
53.90
§444C
€0.80
€¢3.8C
$6.C0
55.4C
59.70
50.30
54.30
45,20
45,60
56.30
£9,80
51.80
58.8C
$3.60
58.50
57.60
53.50
52.60
5C. 70
46.50
53.50
51.90
55.90
55.10
54.50
53.00
58.70
$8.10
71.50
¢8.C0
£7.3C
£G..4C
SC.5C
.00
£2e.2¢

LR

16
17
52
22
18

52

-65

-47

=53

-35

-37

40.70
50.00
48.70
47.90
42.50
47.60
45.20
44,10
44.70
54.00
53.40
48,20
52.60
50.50
43.90
50.10
49.70
51.20
49.50
49.90
54.00
55.60
52.00
49.90
55.70
55.00
52.60
53.20
55.40
48.80
49.70
45.00
43.20
46.70
43.00
51.70
49.70
49.60
54.70
56.00
53.30
49.10
45.20
44.40
52.00
46430
51.20
51.90
47.90
50.00
55.50
56.60
69.60
56.70
58.40
53.00
47.30
48.50
44.30
42.40

100
102
103

136
110
107
112
113

28 |

138
15
140
32
142
46
47
12
51
103
15
105
107
20

37.20
41.50

145,40

46.30
42.10
43.50
44.90
43.80
44.30
53.10
5l.4C
45.80
51.60
48,00
42.90
41.50

40.C0.

45.20
48.30
48.20
48.20

. 48.70

47430
48.80
55.60
47.30
50.10
50.9C
50.10
44.30
49.C0
43.60
42.00
43.50
41.00
48.90
46.10

47.40

52.80
54,80
48.10
47.10
43,60
43,10
49.40
44,50
49.70
51.10
46.90
46.50
53.70
56.10
586.10
56.4C
44.50
45,30
45,90
448470
AR, 20
40.7¢

60 55 5
61 141 -80
62 124 -62
63 19 44
64 136 -72
€5 88 -23
66 68 -2
61 69 -2
68 12 56
69 20 49
70 34 36
71 144 -73
72 116 ~44
713 33 40
74 53 21
75 54 21
76 11 59
77 125 -48
78 133 -S5
79 65 14
80 104 -24
8l 110 -29
82 114 -32
83 69 14
84 113 -29
85 117 -32
86 115 -29
81 82 5
88 134 -46
89 116 -27
90 98 -8
91 102 -11
92 45 47
93 146 ~53
94 971 -3
95 132 ~37
96 133 -37
97 45 52
98 101 -3
99 109 ~10
100 45 55
101 24 17
102 6 96
103 7 96
104 8 96
105 29 76
106 113 =7
107 7 100
108 114 =6
109 78 31
110 10 100
111 11 100
112 48 64
113 142 -29
114 18 96
115 105 10
116 8% 31
117 114 3
118 115 " 3

36.¢¢
4620
42.€¢

43,50
35.1¢
42.¢0
43.2C
39.¢0
42.10
47.50
47.40
44,20
48.30
4%.30
4C.50
4C.90
38.10
36.50
4¢€.10
47.%50
47.40
4%.20
45,320
47.80
52.90
44.%0
4%.170
4%.40
5C.10
41.C0
42.C0
41.€0
4C.€0
41.70
37.20
43.50
44.C0
46.40

53,70
47.10
42.C0
42.170
36.90
48,80
42.C0
45.10
49.20
45.¢40
46.30
51.40
42.90
53,20
55.40
45,00
44.20
44.80
46.%0
42.40
38.30



119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

15 1C4
€7 5
12 1c8
40 82
41 &2
42 82
é9  S6
12¢6 -10
12 &5
1C3 25
€9 €0
70 €0
eq €1
€S &7
€6 €1
€1 &7
114 21

4€.70
£5.20
€5.50
744,40
71.20
64.30
59.20
5C.80
€2.70
50.10
54 .40
54.40
€1.C0O
67.10
68.50
64.30

52.20

5

134

129
12
92
37
70
71
43
26
12

138

109
71
111
73
113
141

-1C
108
29
85
53
53
82
10C
115
-1C
8s
21
6C
21
6C
21

46.30
$3.90
52.00
72.50
€2.10
58.10
56.30
50.20
49.60
49.20
42.30
47.60
52.70
§2.60
47.70
S4.40

-¢ ' €1.10

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

46.10
52.90
51.20
65.80
58.90
57.60
54.60
46.20
47.30
49.00
4C.20
45.50
49.10
50.50
47.30
49.10
50.60

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

113
130
115
132
133
39
72
121
16
13
66
63
110
29
30
70
68

6
-10

-10
-10
85
53

111
115
63
67
21
103
103
64
67

45.50
52.80

‘51.00

58.90
57.60
54.60
53.80
44.90
46.4C
48.10
38.30
42.10
41.20
49.70
42.60
46.80

46.4C

119
120
121
122
123
124
125
126
127
128
129
130
131
132
123
134
135

90
71
83
12%
130
86
27
31
33
106

65
72
69
140
39

29
49
82

-6
-6
39
96
95
23
125

60
64

96

45.20
51.60
5C.60
49.20
48.50
44.90
44,10
42.¢€0
4€.20
4€.C0
37.70
4C.10
4C.CO
48,40
31.80
42,60
41.20



I LLUSTRATIVE OUTPUT FROM PHYLOGENETIC TREE PROGRAM

Sequences of cytochromes C from widely diverse
species are selected to illustrate the operation of this
program. The sequences are aligned, with gaps if necessary.
The amino acids identica! in all sequences are noted. The
alternative amino acids or alleles are given at each position
in order of their frequency. A matrix of the number of amino
acid differences between each pair of species is given. A
tentative phylogenetic free is drawn. Ultimately, the com-
puter will produce the topology of this tree. In addition
quantitative aspects such as common ancestor sequences and
the number and kind of mutations between species and ancestors

will be calculated.



HOROLOGOUS CYTOCHROMES
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NUMBER CF AMINC ACIC TIFFERENCES BETWEEN SEQUENCES.
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PROGRAM ALLELE

R, V. Eck and M. 0. Dayhoff

Proteins which are closely related, such as hemoglobins from different
species, may be lined up and the substitutions of one amino acid for another
observed. These pairs are kpown as alleles. ‘From the chservation of s great
many such slleles, s matrix of relative deviations from random pairing is
formed by progrem ALLELE. This matrix can now be used in determining & score
of relatedness of two amino acid sequences of more distant kinship, such as myo-

; ;Here identities are not sufficient to choose positioning

globin and hemoglobin

and to irndicate where gaps should come.

;Based on the frequency of occurrence of each acid in all alleles, an
expected frequency of each pair can be computed. This would presume that the

replacements were entirely random.

QThe observed velues deviate from the éxpecte& values since the function-

al replacements depend on structures of the two acids and on the codons which

. produce them. A matrix of these deviations is deriveg;f‘ﬂigh matrix values re-

flect the relstedness of the two acids. HNegative values represent a poor
ability of the acids to substitute for each other.

Bince the amount of allele data is scanty and subject to high digital
noisé, it is desirable to smooth it. This may be done by including corrections
to the terms based on the correlation of the behavier of each pair of emino acids
with each of the others. Those of similar structure to the pair should give a
positive correlation with beth; Those of dissimilar structure should give a
negative correlation with both. There will be less noise in these wvalues since

“they are beged on many additive terms. However, there are more assumptions

involved in their validity. Therefore, the two matrices are added, giéing the

‘second one & weight so that its effect is comparable with the digital noise.

Furthes & grouping of the mecids for similerity of function can be made

on the basis of the correlations,}
From the cobserved matrix B, an expected matrix E is obtained such that
E(I,0) = JE(1,7) JE(I,J)
SRR § J

T E(T,5)
1,d

-1 -



and the sum of all non-diagonal terms is the same in E and B.
Deviations from expected are obtained by subtracting:
D=38«E

Relative deviations ars next calculated. TIf there were s large amount of data,
this would jJust involve dividing each term of D by the corresponding term of E
or B, whichever is smaller. (This alternative makes a symmetrical arrangement
from positive and negstive deviations.) Hovever, since thiz wvalue is extremely
sensitive to digitel ncise for small expected wvalues, a 1 iz added,
C(I,7) = D{I,0)/B(1,J)+1 or D(I,J)/B{I,J)+1

How, the alternative derivation of this matrix yielding $ is performed

by considering the correlations of the alleles formed with each other acid by

both ecids of & pair.
First we form Q = JC

Then S{I,J) = )Q(I,K) Q(K,J) / 18
K o

-

8 is highly correlated with C. An imprcved matrix of probable devia-
tions C' is obtained by adding these two matrices with a scale factor a making

S comparable with the digital noise in the cobservations.
C' =C + aS

From this smoothed matrix C', inverse operations may be applied to

generate improved '"observed" allele data.



=ALLELE=
Illustrative Computer Output

A table of allele frequencies was obtained by tabulating the change in
the homologous families cytochrome, hemoglobin, trypsin, etc. This input data
is shown below.

Based on random pairing of these acids, the expected allele frequencies
shown on the first page are calculated. Deviations of the observed values from
those expected are shown next. A smoothed matrix of deviations is found finally.
This has included values derived from the correlation of the behavior of each pair
of amino acids with each of the others,

From the final matrix of deviations, a smoothed table of allele freduencies

can be derived which is more correct than the original observed data. Patterns of
correlation of behavior of the acids may be derived.

OBSERVED ALLELE FREQUENCIES

P Q A S T C F I L M O W V R K H
D 10 1 1 5 6 2 1 1 1 1 5 3 1
E 10 L 11 8 6 1 1 A L 1
G 6 3 1 3 8 7 4 2 1 1 3 3 2
N 9 3 4 1 1 1 1 2 1 2
P 1 4 3 1 5 2 1 I 1 1 2 1
Q 1 11 1 2 1 1 1 2 2 1
A5 8 3 5 2 11 1 3 ° 1 9 2 2
S 6 6 A 11 1 1 1 3 3

T 2 1 1 7 1 3 1 5 1 2
cC 1 1 1 1

F 2 1 1 1 3 2 1 1
I 3 4 11 1
L 1 1 1 1 1 3 1 1 1 3 4 1 1 g8 2 2 1
M 1 1 1 2

o 1 1 1 1 1 2 .

w1 ' 1
v 5 4 3 1 2 9 3 5 1 1 11 8 2

R 2 1 2 L 2
K 3 4 3 1 31 2 4

H 1 1 2 1 2 1 1 1 1 2 1



EXPECTED ALLELE FREQUENCIES : e . —
D 5.43 5.43 4442 2453 222 2,22 T.21 5.54. 3,67 0,37 1.14 2.12 3.25 0.47 0,75 0.28 5.89 1.23 2.42 1.82

E 5.43 5.43 4,42 2.53 2,22 2422 1.21 5.54 3.67 0.37 l.l& 2.12 3.25 0.47 0.75 0.28 5.59 1.23 2.43/ 1.82

G 442 Ge42 3,60 2.06 1.8l 1,8l 5.87 4.52 2.99 0,30 0.93 1.73 2.65 0.38 0.61 0.23 4.80 1.01 1.97 1.48

N 2.53_2.53 2,06 1.17 1,03 _1.03 3,35 2.58 1.7l 0.17 0,53 0.99 1.5l .22 0.35 0.13 2.74 0.57 1.13 0.85
P 2.22 2.22 1.81 1.03 0.91 0.91 2.95 2.27 1.50 0e15 0.47 0.87 1.33 0.19 0.31 0¢ll 2.41 0.51 0.99 0.75
Q 2022 2.22 1.81 1.03 0.91 0.91 2.95 2.27 1.50 0.15 0.47 0.87 1.33 0.19 0.31 0.11 2.41 0.51 0.99 0.75

587 3235 _2.95 2.95 9¢57  T236_ 4487 0.50  1.51 2.82 4¢3l  0.62 1,00 0.37 T.82 1.64 3.22 2.42

S 5.56 5.56 4.52 2.98 2427 2.27 7T.36 5.66  3.75 0.38

(-

o16 217 3.32 0448 0.7T7 0.29 6402 1.26 2.47 1.86
T 3.67 3.67 2499 1e71 1.50 1450 4.87 3.75 2.48 0.25 0.77 1.43 2.19 0.32 0.51 0.19_ 3.98 0.83 1,64 1,23

€ 0.37 (.37 0.30 0.17  0.15 0.15 0.50 (.36 0.25 0,03 0.08 0.15 0.22 .03 0.05 2.02 0.41 0.09 0.17 0.13

F 114 1.14 0.93 0.53 0.47 0.47 1.51 1l.lo 0.77 0.08 0.24 0.4% 0.68 0.10 0.16 0.06 -1.23 0.26 0.51 0.38

[ 2.12 2012 1.73 0499 0a87 0487  2.82 2.17 1.43 0.15 0.44 0.83 1.27 2.18 0.29 0.11 2.30 0.48 _0.95 0.T1

L 3425 3425 2.65 _1e51 133 1e33 4,31 3.32 2.17 0.£2 0.68 1.27 1.9% J.28 0443 -D.17 3.22 Q.74 1.45 1.09

M 0.47 .67 0D.38 0,22 0.19 0.19 C.62 v.46  0.32 0.03 Q.lQ: 0.18 0.28 0.04 0.06 J.02 0.51 0.11 0.2! 0.16

0 0.75 0.75 0.61 0.35 0e31 _0.31_ 1.00 ©C.77. 0.51_ 0.05 0.16- 0.29 0.45 2,06 0,10 0.04 0.82 0.17 0.3%. 0.25

W 0.28 0428 N.23 0413 Qell Q.11 0.37 ©+29 0,19 C.02 Q.06 0.1 0,17 0.02 0.94 DJ.91 0.30 0.06 0.13 0.09

V 5.89 5.89 4.8C 2.74 2.41 2.41 T.82 6.02 3498 De4l 1,23 2.30 3,52 0.51 0,82 0.30 6.39 1,34 2.63 1.98

R 1e23 1e23 1.0l 0.57 Ue51 045} 1,64 1,26 0.83 0e09 0426 0.4B 0,74 0Dell 017 2.06 1.34 0.28 0.55 0.41
. K _2.' ‘22 __.Z_I.l_' ”. _Al_Lil_.LL.l}.___Q&__QM_Z.ﬂ_,Jﬁ,QQ QQJ-7 O. 51 Do 95 1-"5 O.Zl 0-3'0 0- 13 2063 00 55 1-08 0.81
H 1.82 1.82 1.48 0,85 0,75 0.75. 2.42 1.86 1.23 0.13 0.38 0Oe7l 1.09 0.16 _0.25 0.09 1.98 _0.41 0.81 0.61

58.43 58.43 47.60 2717 23.91 23.91 77.57 59.66 39.48 &4.03 12.2% 22.83 34.94 5,04 B8.10 3.01 63.39 13,28 26.08 19.61

GRAND TOTAL = 628,73

TOTALS OF ABSOLUTE VALUES OF CELLS

58.43 58.43 47460 27e}7 23,91 23.91 77.57 59;66 39048 4203 12.24 22,83 34.94 5,04 8,10 3.01 63.39 12,28 26.08 196} 5‘?  ]

FET I 7 mas



o~
DEVLAT LN FalM [APECTLY C

D 3ﬁ0p‘ 3J§1w“l42ﬁ,“51*1 =1022 =1ald —2.2L. De46 -1.67 332).:l;l&~:2412m:1&12“:gL£1' 025

~2467 =0.37 -1.14

9172 ~0.89 -1.23 Q.58 -D.QZ

B o4.57 0,00 ~1.62 =2.53 1.78 B8.78 0.79 fe4b ~2012 ~2.25 ~0s%7 -0.75 -0.28 -1.89 -1,23 1.5g7fggagu

G 1.58 ~1.,42 0,00 -1.06 1.19 ~1.81 2,13 2.48  1.01 =-0,30 1.07 -1,73 =1.65 -0.38

’0099

0,39 -0.23 -1.80 =1.01 _1.03 0.52

N 6447 =2453 =1.06 0400 ~1,03_=1.03_~=0,35 1,42 -0.71 -0.17 -0.53 =0.51 0,22 0,65 —0.13 -1.7% 1.43 -0.13 1.15

P-1.22 1.78

Q-1.22 8.78

-1.03 0.20 0.09

-1.03 v.09 0.00

2.05 -0.27

-0.95 -1.27

-1.50 -0.15 0.53

-0.50 -0.15 -~0.47

-0.87

-0.87

=0.33 -0.19 0.69

-1.33 D.B81 -0.31

0.89
-0.11

-0.41

-ch‘

-0.51 -0.99 0.25

1,49 0.01 -0.75

573'21:.0139.: ~0e35 2.05 =0.95 =0,00 3,64 3,13 20450 -1.5} ~1.82 =1.31 -0.62 0.00 ~9,37 1.18 -1.64 -1.22 -0.4%2 ===

€ 0.63

S 0.46 0D.46

T-1.67 =-2.67
-0.37.

F-1.14 -1l.14

1.42 -0.27

-0.71 =1.50

_m0s17 -0.15.

-0.53 0.53

0415 =0.30

-1.27 3.64

-0.50 3.13

0.00 3.25
3.25

~0.38 0.75

20.38 ~0.16

0.00 O-]S ‘0;17_

0,00 -0.08

-2. 17

-2.32 70052

=077 ~0.29 ~3.02 -1.26 0.53 -0.86

_1457 -1.19 -0.32 -0.51 =0.19 1,02 -0.83 -0.64 0.77

~0.15 0.78 ~0.03 -0.05 -0.02

0e59 -0s09 -0.17 =0.13

~0.47 ~1.51

=0.16 -0.77 -0,08 0.00 0.56 2.32 -0.10 1.84 -0.06 -0.23 =0.26 -0.51

0.62

1-2.12 -2.12 ~0e99 —UBT =087 =1.82 =2.17 1.57 =015 056 0,00 2473 -0418 -0.29 =-J2.11 8,70 0.52 =-0.95 D0.29

. .
~1065 0,51 -ue33 =1.33 -1.31 -2.32 ~1.19 0.78 2.3 73 _0.00 0.72 0,35 ~0s17 4448 1206 0455 =0.09
0.52 -0.32 -0.03 -0.10 -0.18 0,72 0.00 -0.06

L-2025 'Zoai

M-0.47 ‘0{47 ~0.22 -0Ue19 0.81 ‘01§2 ’3002 1099 ‘0111 -Q;Zl ‘0016

0.65 Je.69 "0-31, - Q,_,Q_O.,:Q,]],,_—O;il.‘_:_@_gQ5_ 1;8‘0‘7-0.29 0,55 -0.06 0.00 -0.,04 -0.82 ‘001_1_‘903_!’_ TO-ZS

0 0.25 -0.75

L] q.72 '0-28 fOoJ}_ :182_:9911 0637 ~0,29 -0.11 -0017 0.00

~0.19 ~0.02 -0,06 =%2.02 -0.0% -0.30 -0.06 -0.13 0,91

V-0.89 -1.89 -1.74 -0.41 -0.41 1.18 '3-02>,l.02 0.59 -0.23 8.70 1.49 -0.82 -0.30 ~0.00 -1.34 =2.63 ~-1.98

R-1.23 -l1l.23 1,43 =051 1449 -1.6% 1426 -0.83 ~-0.09 -0.26

0,13 ~0s99 Q.01 —1+22 0.53 0,64 ~0.17
0e25 =0.75 -0.42 ~0e86 0,77 -0.13

0.52 =0e1l =0.17 =-0.06 -1.34 0.00 3.45 1.59

K 0,58 1.58_ =0.51 -0.95 =0.21 0.19

=0.3% -9.13 -2.63 3,45 0.00

H—O.BZ ‘0082 0-52 1015 0(51 0929 ‘o;l@i‘QQZSM,OQQL“-logs 1959 ,0;19, 0.00

0 E 6 N P Q A s T ¢ F 1 L M

o- W v R K K

2

-0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 ~

GRAND TOTAL =

=-0.00 =-0.00 -0,00

TOT‘LS OF ABSOLUTE VALUES OF CELLS

22.25 14.95 22,36 25.83 25.51 22.99

‘30,49 35,90 22,77 5249 13,89 28,71 26,77 7.08 8.73 5.02 34,92 19.47 }5.79 12,55

o . . ——— [

401.48




