NATURAL ENZYMES WERE NOr DESIGNED
THEY AROSE BY EVOLUTION

ENZYMATIC BEHAVIORS REFLECT 3 PROCESSES:

1. NATURAL SELCTION. The behavior assists the
host organism struggling to survive and reproduce

2. NEUTRAL DRIFT. Struactural and behavioral variation with
no impact on survival accumulates during divergent evolution

3. CONSERVATION. A behavior may serve no direct function
but nevertheless he conserved because there is no easy way
for it to drift. 3uca traits are vestiges of ancestral enzymes
synthesized by orgamisms that lived in earlier times.

HOW WE INTERPRET A PARTICULAR ENZYMATIC

BEHAVIOR DEPENDS ON THE PROCESS ‘HAT
PRODUCED IT

AN EVOLUTIONARY STATUS CAN NOW BE ASSIGNED
TO MOST ENZYMATIC TRAITS, AND A UNIFIED PICTURE
OF BIOCHEMISTRY IN TERMS OF EVOLUTION IS
AVAILABLE FOR EXPERIMENTAL INVESTIGATION

Benner, Redesigning the Mojecules of Life. (1988)
Heideiberg, Springer-Verlag, 115-175

Benner, Zllington, CRC Crit, Rev, Biochem, (1988) in press

Benner, Glasfeld, Piccirilli, Top, Stereochem, (1988) 19,

in press
Benner, Chem, Rev, (1988) submitted.

WE WILL DISCUSS HOW ONE MIGHT USE THIS
PICTURE TO DIRECT EXPERIMENTS WITH
BIOLOGICAL MACROMOLECULES
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THE DES!6N OF POLYPEPTIDES THAT FOLD IN SOLUTION
AND CATALYZE REACTIONS

PREDICTION OF TERTIARY STRUCTURE OF NATURAL
PROTEINS FROM SEQUENCE DATA

MANIPULATION OF THE STRUCTURE OF NATURAL PROTEINS
TO ALTER THEIR BEHAVIORS

UNDERSTANDING THE STRUCTURAL BASIS FOR THE
BIOLOGICAL ACTIVITY OF TUMOR GROWTH
PROMOTERS AND INHIBITORS

RECONSTRUCTION OF EVENTS OCCURRING EARLY IN
THE EVOLUTION OF LIFE

SELECTED AND NEUTRAL BEHAVI h
BETA-DECARBOXYLASES ORS IN

ACETOACETATE DECARBOXYLASE PRODUCES RACEMIC PRODUCT

VERY REACTIVE ENAMINE

pKa=é6.3 PROTONATION FROM SOLUTION 3000 sec!
/&:\
Ny N, En Enz Enz
. N
I P
— ° :
L~ - C —_— '
HC "
E, O e 2 O e cor H
& e . HC .
0 w 0T
DAVID ROZZELL Ca. 50%
a, retension
J. Am. Chem. Soc. 106, 49374941 (1984) 50% invertion

2 OXALOACETATE DECARBOXYLASES USING METALS
AS ELECTROPHILES HAVE OPPOSITE STEREOSPECIFICITIES

Q
" Malic Eazyme
'M“Cf 0 Mg ‘occ %, Mostly Retention
AL — 6 < o
A o coT \
T o} Oxaloacetate
° D o g decarboxylase
JOSEPH PICCIRILLI “ooc %, [Pseudomonas putida
J. Am. Chem. Soc. 109, 8083-8085 (1987) H T Mostly Inversion
CONCLUSIONS:

STEREOSPECIFICITY IN BETA-DECARBOXYLASES IS NOT
A SELECTED TRAIT

THE PROTONATION STEP IS NOT VERY IMPORTAMT

IN DESIGNING A CATALYST

HOWEVER, AN AMINE THAT IS UNPROTONATED AT LOW
pH IS IMPORTANT IF ONE WANTS TO USE A SCHIFF'S
BASE AS AN ELECTRON SINK.

DESIGN OF A SMALL PROTEIN THAT FOLDS IN SOLUTION &
CATALYZES THE DECARBOXYLATION OF OXALOACETATE

L IN THE FOLDED FORM, SEVERAL LYSINES MUST COME TOGETHER
2. THE pKa OF ONE OF THE LYSINES MUST BE LOW, PERMITTIN
TO BE UNPROTONATED AT NEUTRAL pH, ALLOWING IT TO F(();Rgl.
A SCHIFF'S BASE WITH OXALOACETATE
3. THE REMAINING CHARGED LYSINES BIND THE SUBSTRATE

4. NO PROVISION NEED BE MADE FOR CATALYZING THE
PROTONATION OF THE INTERMEDIATE ENAMINE

DESIGNED POLYPEPTIDE

HyN® :NMy NHy*
. m/\K'/CQO °
o

UNDERSTANDING IS THE GOAL




DESIGNED ARTIFICIAL OXALOACETATE DECARBOXTLASE

5 10
HoN-Lys-Lys-Leu-Lau-Lys-al o= 3u~Als~-Lys-Lau-Lau-Lys-Ala- Lau-CO0H

Leu Leu

Leu

Leu

. Lys Ll'JS tys

*

* >

Should form an amontomitic helix, dnnging ail
af the lysine residues oethar

(@) 'n the Jresencs 3f 3n organic-aqueous ‘ntarfacs
(b) in the drasence of smail smounts of “structura-
rerming soivents” {a.g. ‘nflucroathanal).

Rudoif Allemann
Kai Jahnsson
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COSY IDENTIFIES 3PINS THAT ARE COUPLED
Can "walk"” down the chain of amino acids, facilitating
assignment W resonances secondary structure
a-Heiix (9= -357%) Jyy, =3.9 Hz
P-Sheet (Aatiparaile) (8 = -139%) Jyy,= 8.9 Hz,
B-Sheet (parallel) (9= -119%) Jnug= 9.7 Hz
NOESY IDENTIFIES SPINS THAT ARE CLOSE IN SPACZE
Allowing assignment of averall fotded form

Q L 200
A
-c-u“.-sl.h-.'-u,
L 2.9
L 2.30
[
L 9.%0
?'PA'S‘A‘A&-
2,315 PP R rwown,
(1o tuivm Tete)
. 10.09
2.%0 .50 1.50 030
on

-11-3-5-9-2-3.12-7-4-10-6-

HPLC-Diagram des gersimigten Peptides:
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pKa values: 7.25 9.5 10.6

Circular dicaroism suggests that helix content is
higher at high pH, and increases upon
addition of trifluroethanol

But circular dichroism provides only a crude
estimate of conformation. Il is no more
a “structure proof” for peptides than it is
for other organic molecules

e ™ 00—




The peptide has catalytic activity as an
oxaloacstate decardoxyiase, showing
ficheelis Menten kinetics

3000 I/
FP.
4 ‘ Keat (sec’h) Ky (mM) log relative
2 .w,l ‘ rate
- r 7/ 4. .2 .
i x/, 3855813+ 94104 0100 Oxaloacetate
[ / decarboxylase 1000 3.0 9
9 e ey (natural)
3 2 4 & 3 1012
1/aQl/rwrui] Oxaloacetate
Keqe * 0.4 min” ' decarboxylase 01 8.3 4
X, =83mn (designed)
The cataiytic activity incresses with incressing Spontaneous
concantration of TFE, as does the percentage decarboxylation .000001  --- 0
heiical content, suggesting that the helical
form of the polypeptide is catalytically active
The catalytic activity of lysine as an oxaloacsetate
decarboxylase goes down with increasing
TFE concentrations, suggesting that the resuit
sbove is not simply a solvent effect
CONCLUCSIONS

1. The designed oxaloacetate decarboxylase has a
helical structure in solution snd a single lysine
with a low pKa

2. 1t catalyzes the decarboxylation of oxaloacetate,
probably from the helical conformer, with
Michaelis-Menten kinetics

3. The Xm is similar to that of the natural enzyme;
the designed peptide accelerates the rate of
decarboxylation of oxaloacetats by 3 orders of
magnitude at pH 7, compared to an increase of
8 orders of magnitude sffectsd by the enzyme

EVOLUTION AND THE STABRILITY OF FOLDED PEPTIDES
Predicting tertiary structure from sequence

IT all of the “rules” for folding a protein sre followed,
the tertiary structure will be very stable

instability is a selected trait in proteins, as it
permits the turnover of proteins when no longer needed.

Therefore, natural proteins violate folding rules
to have the desired level of instability

It is relatively easy to increase the stability of
most proteins by point mutation (enzyme engineering)

Even {f we can learn perfectly the “rules” governing
protein folding, 3 sequence of a protein will
deceive the chemist trying to apply them

to predict tertiary structure

Patterns of sequence divergence within a set of

homologous proteins can provide information
about tertiary structure.

Denner, AdvEnzyme 2eg. (6. Weber, sd.) In press




ALISNMENT OF ALCOHOL DEHYOROGENASES BASED JN
COMPARISON OF SEQUENCES (OVERALL 21%)

HORSE 1
HORSE 2

HUMAN a
HUMAN 8 } 93% 82g
HUMAN

MOUSE

RAT
e

HUNMAN 11

} sex

} sox

MAIZE 1 .
MAIZE 2 } 87% },,,

PEA } a7z
ARABADCPSIS

YEAST 1

YEAST 2 ] 3% } sox

YEAST 3 } E1:3 4
ASPERBILLUS } 332
SCHIZOSACCHARQNMYCES

ALGORITHM FOR PREDICTING SURFACE RESIDUES

1. Pick subgroups of proteins that are highly similar
in sequence (>8SZ sequence identity)

2. Make 3 list of positions in the alignment where
variation that includes polar substitution is
observed in two or more of the subgroups.

3. These are assigned to be surface residues.
RATIONALE

1. Neutral variation (that having no impact on a
selectabie behavior) must occur on the surface
of proteins with high sequence identity.

2. Adeptive variation can occur virtuaily anywhere
in the structure; it is intended tJ alter behavior.

3. 1t is unliksly that the same adaptive variation
will occur in more than ons subgroup. Requirement
2 “filters” variation that might be adaptive
(at the expense of missing some variation that
might be neutral

RESULTS IN YEAST ALCOHOL DEHYDROGENASE

34 residues (10X of the alignment) are assigned
“surface residues” by this algorithm. The algorithm
is 100% successful; all residuss assigned to the
surface are found on the surface.

Analogous algorithms assign active site residues,
residues in hydrophobic cores, and the interruption
of secondery structure. With structures such as
bete barrels, predictions of tertiary structure

to medium resolution can be made from sequence
deta alone.

10-15 homolagous sequences are needed with
homologies from 90% to 25X.




TOGETHER WITH "CLASSICAL™ APPROACHES FOR
ANALYZING PROTEIN STRUCTURE, THESE APPROACHES
PERMIT THE ASSIGNMENT OF TERTIARY STRUCTURE
FROM AN ALIGNMENT OF SEQUENCES

SEQUENCES THAT CAN FORM AMPHIPHILIC HELICES
SOMETIMES ARE HELICAL IN PROTEINS. BUT THE
PREDICTIVE SUCCESS 1S NOT EXCELLENT

AN AMPHIPHILIC HELIX HAS A REASON TO FORM IF
IT IS ON THE SURFACE OF A PROTEIN

14 AMPHIPHILIC "HELICES® DETECTED BY THE
ALGORITHIM IN ADH, 6 ARE FALSE

Mammalian Adh's are dimers, with broad and varisbile
substrate specificity; variability is probably adaptive

Yeast Adh’s are tetramers, with narrow and invariant
substrate specificity

We have a crystal structurs for Horse Adh,
but not for Yeast Adh.

Patterns in the evolutionary divergence of sequence
in the two groups help us axtrapolate the structure
for feast Adh from the structure for Horse Adh.

1. Select a sudbgroup of dimeric enzymes with
sequence identities >85%X, and a subgroup of
tetrameric enzymeas with overall sequence
divergencs aof SOX. Thus, the dimers that wse

compare have diverged !ess than the tetramers
that we compare.

2. ldentify pasitions in the alignment where the
amino acid in the dimers has diverged, but where
the sequence in the tetramers is conserved.

Residues identified by *his algorithm are those
functionally constrained from drifting in the yeast
enzymes and ot in the horse enzyme:

(a) Residues in the sctive site of the mammaiian
enzZyme that bind the side chain of the substrate,
and vary to aiter the sudbstrate specificity

(b) Residues making quaternary contacts in the
tetramer that sre not made in the dimer




Stzong Hodezste
Signais Signals
220/?c0/X2 10
223 11
Deletion i§=37
?r0/STYA/?L 33
?22{A)/ 7L/ 30
222 i3
F‘--'_?.
Jelecion 32-33
Pro/220/17 35
UL

2c0/329/%7 31

220/Gly/Asn 35
Deleticn 35-36

deak
Signals

Gly/Gly/SA 34

SL3/ALT 35

ODelecion 111-112

220/GAAZ 112

,.‘.pvaa ‘7.-“.2

Gly($)/Gly 42

Sec/Ser/Gly 144

Sez/Sec/Q 147G

2t0(Q)/Asp/asn

61
P/QZ/GA 162

Pro/P(N)/2(D) 163

Oeletion 136

Residues
in guestion

32-43

15-33

56-42

37-110

113-i2

140-331

135-146

148-160

161-164
166-13%

Comments Prediczi

Sucs 13,24
Consecved 2 35 3Z7A

Anphiphil i5-33 SELIT
AS 35.47,48.50

Sur? 36
AS 36,37
18 33 3805
AS 37.69 3ETA
Zaze T2 3ETA
Suzd 32,34  3ETA =il 30
Cace 30 Loc?
Cons 2 30 ITTA
SuzZ 39..01
Cons C Lee?
vezy ;olua
Suzs 115,117, L00?
113
TR
we
Cace 146 3ETA
Sucr? 156 UNCIXTAIS
Core 160 2 382
Not amphi
Too long for
single 3eta
Polaz o
Aophi 169-138
Suzs 135 SELIX
Core 166 pezaaps
/u/VT 171 izsequlac
187-188 UNCERTAIN
2t0/VAL 189
QU/PR/2A 191 189-192 Surf 190,191 TURN
s/sQ/Qupe 193 192-i3) TURN
194-198 Corze 196 3ETA
Glz 229
Jeletion 200-301
Sz 21
- - 1 -t
a1z 204 Sly/G/a 202 199-204 Lo0?
S/G/T 210 205-214 Asghi, 30 surd 2CSSIBLE
As 107 ALLIX
(distorsed?)
4lzfa) s 213-227 TURN
Delezion 217
SA/GA/G 231 213-221 3ETA (CT)
222-335 Amphi 226-22% HELIX
Surs 227,231,233
2iz 21§
237=242 3LTA
?z3/220/2%e 243
244=243 3ur? 247 SURN
2t0/273/721 249
i80-255 Corze 153 3z7a
Jelesion 53
257-283 As 233 ONCIRTAIN
folloving segoent
is certainly a loops =aking
anlikely that 253 s =zuly
at the active site
aly 290
U
Deletion 26i-262 260-282 Loo?
263-269 Splics 3IETA
G/G/vT 270
271-233 3ec? 217 3ELIX
Aspai 267-33
Selezion I84
2SM/G 288 284-287 AS 203,284 TURN
Deletion nakes
assignoent =0 active site
. likely S0 Se incocrect
Glz aa1
. 280-292 Coce 290.292 SETA
Gz 2
293-29¢ TORN
2za(A) 2

Prola)/asa 296

Pzo/Pzo/Phe 303

delezion 311-313
Q/G/3L 16

.

297304 AS 298
Surf 297,300,103
3 tugns in a ctow is unlikely
3:3ddle is assigned 3eta

306-)10 Sucrf 107,310
314-313 As 113

TON
8ETA




Gly/Asn/Ser 1121

320-124 TORN
Sez/?2a/Gly 324
325328 3urcf 327 UNCERTAIN
could Se part of
Selix that follows
?re/?co/GTT3 329
329-338 Amphi 325-19 IELIX
Surcs 127
AS 12§
Deletion 1319-340 339-341 as 341 Loe?
Gly/?NSA/2 141
3J42-380 Core 142 L00P =il 146
AS 144 3ETA =1 :S3
220 in 344.35.46
2z0/?te/3G 351
2to/N/N 356 3151-358 ONCIRTAIY
337-364 Aopai Jelix
Sus? 363
REICIRST Y
Jeletion 363§-167 363-367 0¢2?
CONCLUSIONS

1. The patterns of sequence divergence in proteins
provides a method for reliably oredicting the
tertiary structure of proteins with unknown
structure, given an slignment of 10-15

homologous proteins with a range of sequence
divergence.

2. Given the desire of avolution to praduce unstable

proteins, it is unlikely that predictions can be
made with much less informatiaon.

3. Patterns of sequence divergence also help

extrape.ate a cnown structure to the structure
af a distant homolog.

4. In tetrameric yeest Adh, the position of the
Quaternary contacts is significantly diffarent
from the position of the dimer contacts in

horse Adh.
'CTURE FOR
SIRE TO EXTRAPOLATE A STRUCTU
}?EIESDTE.\DH FROM THE STRUCTLURE OFHmISE\IORE
DISTANTLY RELATED (30%) HORSE AD h
THAN ACADEMIC
- ENGINEER THE BEHAVIOR OF
YVEA‘SVTIS.:‘D-€103Y CHANGING AMINO ACIDS I?j\VE
THE ?ROTEIN. THIS REQUIRES THAT WE_
A WORKING MODEL FOR THE STRUCTLRE
. " R
NE MEASURE OF THE QUALITY OF OLR
os ‘l RECCEAST URAL EXTRAPOLATION iS mETHAT
SUCCESS OF ENGINEERING EFFORTSD 1T
ARE GUIDED 8Y THE MIODEL DERIVED ¢ .
| T © H o
S o
Q- \M Q — nom e ?'
“:i:'} H'i':/k" w "‘cav.-'r

STEREOSPECIFICTY 'WITH RESPECT TO COFACTCS 1S A SELECTED
TRAIT (N MANY ALCOHOUL DEHYDROGENASES

L IN SOME JEHYDROGENASES (e.3. MALATE DEHYDROGENASE),
STEREOSPECIFICITY IS HIGHLY CONSERVED

= IN OTHER DEHYDROGENASES ie.e, ENOYL CoA REDUCTASE.
HMG-CoA IEDLUCTASE. ALCOHOL JEHYDROGENASEL
STEREOSPECIFICITY APPARENTLY DIVERGES.

3. THE PATTERN OF DIVERGENCE .AND CONSEXVATION 18
CONSISTENT "VITH A FUNCTIONAL MODEL THAT ASSUMES
THAT THE REDOX POTENTIAL OF THE VATURAL
IS THE STEREOCHEMIC.AL DETERMINANT.

.

M

HOWEVER. MOST $10-ORGANIC CHEMISTS SELIEVE THAT
STEREOSPE X S A NON.-FUNCTIONAL TRAIT
ANCIENT HISTORICAL ACCIDENT.

N THIS VIEWY. STEREOSPECIFICITY IS CONSIRVED JECAUSE

T 'S TIGHTLY COUPLED IO OTHER STRUCTURAL ;RATURES
THAT SERVE IMPORTANT FUNCTIONS

Dopenneimer, ot. 18, i £
P.A, Frey, ok Slsewer, .S-38 1966)




Val 203 i

(o}
cH N
/. Tew NG |
CH, z = ,4/"‘ Phe 319
Glasfeld's conjecture: — o-"” N
This side chain obstructs !
rotation H H'N'H~. . an 317
ch'», g .o
- 0 CHy N 6 kcal/mol
szntQ
NN = Val 292
N_ T
[ NH
- \/ Oppenheimer's conjecture: These ligands
obstruct rotation of ring and reversal of
stereospecificity
IF WE CAN REDUCE STEREOSPECIFICITY BY
REDUCING THE SIZE OF RESIDUE AT POSITION 182
IN YEAST Adh (an lle corresponding to Val 203
in the horse enzyme), THEN WE:
(a) Confirm our extrapolation of structure
(b) Show that it is incorrect to argue that
the side chains of critical amino acids
coordinating the active site zinc obstruct
the syn conformer of NADH
OF COURSE, STEREOSPECIFICITY WILL NOT BE
LOST COMPLETELY; THE GROUPS FORMING
HYDROGEN BONDS TO THE CARBOXAMIDE wiLL
KEMAIN
Fersht and i.s coworkers; have estimated that
each hydrogen bond of this type is worth ca.
2 «cal/mol
Enzyme K, NAD* K NADH  Beagen® Keqreds*
L182A 1.49%.14mM 7202120 pM 169116 units 5702130 units
Lis2v 223£1 pM 297463 uM  502#25 wnits  1500£320 units
WT 191212pM  130£12puM 411425 units 845270 units /4 S
CH,y
‘Table 3.3: Kinetic data for YEDH mutants and wild type enzyme. Values were calculated I ’
by plouing initial rate data on Lineweaver-Burk plots. Ermor was calculated from th %/C\a’ 7 N zlu one 319
standard deviations of slope and intercept. *K¢,0x. refers w rate of cthanol fuiduuon at — o._.ﬂ/ N\
saturating colactor concentrations when lethanot] = 330 InM. **k ., red. refers to the rate of
acetaldehyde reduction at satrating cofactor concentrations when [acetldehyde] = 10 mM. )..\ WL Ala 317
HyCoo

/
N 1 one3t9
- N by
”,;_.’@7*0,.."/ \
" L ,k.u-m
HyC o, s
ﬁ)\cu, o
za~ 7’
val

$-METHYLVICOTINAMIDE ADENINE DINUCLEOTIDE 'S NOT
- ‘A SUBSTRATE FOR NORMAL YEAST ALCOHOL DEHYDROGEN

. [T 1S A SUBSTRATE 7OR THE MUTANT

ELMAR 'VEINHOLD




CONCLUSIONS

1. Reducing the side chain at pasition 182 creates
space that can accomodate either the syn conformer
of NADH (reversing stereospecificity), or a methyl
group of S-methyl-NAD

2. The stereospecificity of the mutant is aimost
exactly that expected from hydrogen bonding alone.

3. The ligands to Zn do not prevent a reversal in
stereospecificity; when stereospecificity is
conserved, it cannot be attributed to a functional
constraint on drift involving these ligands.

4. As alternative functional constraints are removed
one by one, it becomes more likely that the
conservation of dehydrogenase stereospecificity
observed is due to direct selection for s
functional role played by stereospecificity itself.

S. The structural mode! for yeast Adh appears to be
3 good working model.

BUT WHAT ABOUT CANCER?

IN PROTEINS WHERE STRUCTURE IS FULLY KNOWNR,
EVOLUTIONARY INFORMATION CAN BE VERY VALUABLE
IN DIRECTING MUTAGENESIS EXPERIMENTS

OFTEN, VERY COMPLEX CHEMICAL AND BIOLOGIiCAL
BEHAVIORS CAN BE INVESTIGATED

RIBONUCLEASE (RNase) IS AN EXCELLENT MODEL

9 CRYSTAL STRUCTURES
DVER 60 SEQUENCES ARE AVAILABLE

Ridcnuclezse
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THE BIOLOGICAL ACTIVITY OF TUMOR ANGIOGENESIS
FACTOR |S DESTROYED B8Y RNase
Folkman et al. J, _Exp, Med, (1971) 133 275-88

MACROMOLECULAR RNA 1S TRANSFERRED BETWEEN CELLS
Kolodny Ceall Comm, (1974) wWiley, 97-111
ANGIOTROPIN (S A RIBONUCLECPROTEIN CONTAINING

AN RNA MOLECULE 43 BASES IN LENGTH

wissier at al. Prot.Biol.Fiyjds (1986) 34 S525-36
DIMERIC RNases HAVE MORE ANTITUMOR ACTIVITY
THAN MONOMERIC RNases.

DIMERIC Nases HYDROLYZE DOUBLE STRANDED
RNA BETTER THAN MONOMERIC RNases

THIS PROVIDES A SOLID RATIONALZ FOR THE
ANTITUMOR ACTIVITY OF DIMERIC RNases

EVOLUTION HAS ZNGINEERED DIMERIC RNases FROM
MONGCMERIC RNases BY CHANGING 23 AMINO ACIDS

RNase POTENTIATES THE CYTOSTATIC EFFECT
OF ACTINORYCIN D
Sartor=11{ ¥atyrs (1964) 203 377-78

BOVINE SEMINAL RNasa HAS 3TRONG ANTI-TUMOR
ACTIVITY (N YIVQ AND (N VITRQ

DIMER ACT!NG ON DOUBLE STRAND NUCLEIC ACIDS
Matousek Exper-eatiy (:973) 29 358-859
Vaescia et 3i. Qancer Yes, (1980) 40 3740-44

ANGIOGENIN, SECRETED BY TUMORS TO ATTRACT
8L300D YESSELS, |S AN RNase HOMOLOS
Strydom at al. 3iochem, {1985) 24 5486-94

E0SINGPHILE DERIVED NEUROTOXIN: AN RNase HOMOLOG
Gleich at al. 2roc ¥at.Acad.3ci (1986) 83 3146-350

EXTRACELLULAR RNases AND RNase INHIBITORS
WITH 310LOGICAL ACTIVITY (MPLIES THE
EXISTENCE IF EXTRACELLULAR RNA

Benner £EBS Latt, (1988) 233 225-28

National institutes of Heaitd (1984)

“1f RANase had one tentd the jotential as implted
by Or. Benner, dazens of scientists would already
be bdusily investigating. This hasa't happendl”




Residues 23, 31, 32, 37, 38
conuol quaternary stucturo
Residuos 34, 35, 39, 80, 102, 103
control access W active site

MUTANT 1
y Ser16-Gly Thri7-Asp Alal19-Pro Ala20-Ser
the “hinge" region in :

coroorates residues :n dimer

MUTANT 2

61n28-Leu

Hydrophobic contact as in dimer

PROTEIN IS A MONOMER

THUS, THE DISULFIDE RESIDUES SEEMT
. 0 BE
NECESSARY FOR DIMER FORMATION

_ Jerry McGeehan
Residues 3, 16, 17, 19, 20 Merianthi Keiamaraki
conuol socondary structural Germeine Seewer

arrangement of S-popude

Residues 55, 62, 64, 70, 111, 113, 115
control ceraia “biological” propertics

PARSIMONY

3738 39 40 41 2 O
ia R
Arg A-\gl. Vl_et.'l'hr‘!'c_s Asp Arg Protobovoid

_~
Argisg \_/l_e:‘l‘hr l,k',? -Asp Arg Eland /
M39L =N
D38N
E Ox ~——
Ar8 A L Toe Jz A Are I
Arg Asn Met Thr Ser Asp Arg  River
"N — - : Buffalo = K418

| Avg Ser Mot Tor Ser asp arg guint
3738 39 40 41 42 43 N38S

PARSIMONY MAKES AN
UNUSUAL PREDICTION

PROTOBOVOID RNase HAS
Met IN THIS POSITION
WITHOUT A COMPENSATING
CHANGE IN ANOTHER
POSITION NEARBY




ftodern RNase
Ala 19 -> Ser
Leu 33 -> et
Ala 19 -> Ser

Leu 35 -> Met
(Pratobaveid)

Km
(20

164 =11
195 =30

164 =368

177 33

<:::5| THE HOMOLOGY OF RNases, ANGIOGENINS,
) NEURGTOXINS, AND TUMOR-GROWTH INHIBITORS
1925 =90 SUGGESTS THAT EVOLUTION HAS USED THE RNase
STRUCTURE REPEATEDLY TO SOLVE PROBELHS
2160 = 180 PRESENTED BY A CHANGING ENVIRONMENT
2270 £ 390 DIGESTIVE RNase AROSE TO ADDRESS PROBLEMS
2200 < 570 PRESENTED BY A RUMINANT DISESTION

PARSIMONY HAS PROVIDED FULLY ACTIVE PROTEINS;
THE 3EHAVIOR OF THESE ANCIENT RNases SUGSESTS
A PATTZRN OF NEUTRAL ORIFT

FIRST ORGANISH

BUT RNase CAN NOW BE TRACED TO THE ORIGIN OF
MULTICELLULAR LIFE, 700 MILLION YEARS AGO

RECONSTRUCTION OF ANCIENT LIFE FORMS 8Y
APPLICATION OF THE "RULE OF PARSIMONY"
CAN TAKE US STILL FARTHER BACK IN TIME

HERE AGAIN, WE COMPARE BIOCHEMICAL TRAITS

IN MODERN ORGANISHS, IDENTIFY THOSE THAT

ARE THE PRODUCTS OF ADAPTIVE EVOLUTION AND
THOSE THAT ARE THE PRODUCTS OF NEUTRAL DRIFT.

WHAT REMAINS ARE TRAITS THAT ARE VESTIGES
OF EARLIER FORMS OF LIFE

THE EVOLUTION OF LIFE ON EARTH MOST PROBABLY
OCCURRED IN 3 EPI1SODES

Contsined an RNA-directed INA peiymerase that
was an RNA melecule, end no sther ganstically

encaded catsigtic mol ecules

Simole extrapeistion rom medern
biechemistry is imoossibie:

RNA ‘WORLD Deductions dased on orgentc
chemistry and the deduced metsdolism
of the Jreexthrough organism

BREAKTHROUGH ORGANIS™M

First orgenism te synthesize proteins 3y translation
First organism with genelically encsded messags
Complex metadelism, including reections degendent

on NAOH, FAD, Iyme A, S yimethiont ATP
All of the geneticaily encoded Joritens of the
catalysts ere RNA melecules

Extragelation {rom dicchemistry
of Sregenets, tegether with
assumgtions iaherent in the
RNA-werid medsl

PROGENOTE

flost r L commen ter of medern iife forms
Existence after the DPeskiireugh secure, as ail
ridesomes (Fom Medern orgenisms ore hemalegous

Extrepelstion rom
medern deghemicsel date
using the rule of
parsimen:

Animais Feng! Pleats fubecierte Archesdectertie

Piguce 33 An outline feg the 2¢igia of sedecn .ife.

-




SOME MOD(FIED RNA BASES

e X0~
fT’"‘fI} fISU

BASES CAN BITIACEDTOTH‘I
lltmﬂcﬂ OIGAN
THEY APPEAR TO S8 LATE PRODUCTS OF THE RNA WORLD
I SEEMS ALMOST AS [F THE RIBOORGANISM WAS TRYING
TO OSTADN A RANGE OF FUNCTIONAL GROUPS CHARA
OF PROTEINS, 3UT ON AN RNA BACKBONE.

HOWXVIR, THR IASB SEARING !U‘NCT!ONAL GIOUH HAVE
HYDROGEN BONDING SCEEMES JUST LIKE NORMAL BASES.
THIS MIANS TRAT THEY CANNOT BE INCORPORATED INTO A
REPLICATING GINE; THEY MUST 38 MADE POST-TRANSCRIPTIONALLY,
WHICH IS EXPENSIVE

Syuthesis of KTP

Ny
|
1) Gumeiging, 250Ma, 810N X 1.) MeONaY MOM
2) HCI/ MsCH 2700,/ (MIOWPO
3 ey 31 (Guptn, Py 1 Mn.
| ——— ————
"o o

Wit aa JACSEL g (1979
Wambe @ & JOC 42, ™¢ (1977)
Wispaa A Semun Nepnye AseSa Mung. g . 130 1901)

Alternative Base Pairing Schemes
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Synthesis of deoxy - Methyioxoformycin 3 dP

NH,
“,:\ \)\.
u’NI \/T
o= \
N W g e
2) WOH K0
\
HO o
[+ ]
"
In NH
N | 1) ZON-Recucsen: ¢ %908
HO: ° N g ) Precarswon tor 3 m—e
- ,, DNA Syntvescar:

<ACS 97, SB08 (197%)
Nucieosiaes, Nucieoues 3. 233 (1984)
4 et Chem. 21, 1085 (1984)

Transcription with T 7 RNA Polymerase

T 7 Promotor

r TAATACGACTCACTATAG|Y

¥ s
ATTATGCT GAGTGATATICETCCCACCT ONA

fenral iompiste erzyme. GTP, UTP, *ATP

pPPGG'AGGGUGG A ANA
T 7 Promotor

. Toemp

IS raaTACGACTCACTATAGI]
ty s
i ATTATGCT GAGTGATATICETCCCPCCT DNA
wwaturel ‘emplete

enzyme, GTP, KTP, ‘ATP

PPPGG'AGGGRGG A ANA

ENZYMATIC INCORPORATION OF UNNATURAL BASES

Moy
ACCEPTED BY RNA
- a POLYMERASE:
W DEMONSTRATES THAT
INZYME WILL ACCEPT
o N 4N 2 C.GLYCOSIDES, AND
N THE FORMYCIN RING
HN N SKEL.

A £TON WITH A
\/L 7 METHYL GROUP
o

" INCORPORATED BY
R "\ DNA POLYMERAST
N AND RNA POLYMERASE:
Ll R DEMONSTRATES THAT
AT THESE ENZYMES CAN
o M N ACCEPT ALTERED
1w Y HYDROGEN BONDING
(\,-- { SCHEMES
W
'.J\"/
) ]
n ]
‘ \
0
h " SYNTHESIZED;
~’ NOT YET
)\ N » INCORPORATED
" Y
7 Sy’




THE DESIGN OF POLYPEPTIDES THAT FOLD IN SOLUTION
AND CATALYZE REACTIONS

PREDICTION OF TERTIARY STRUCTURE OF NATURAL
PROTEINS FROM SEQUENCE DATA

MANIPULATION OF THE STRUCTURE OF NATURAL PROTEINS
TO ALTER THEIR BEHAVIORS

UNDERSTANDING THE STRUCTURAL BASIS FOR THE
BIOLOGICAL ACTIVITY OF TUMOR GROWTH
PROMOTERS AND INHIBITORS

RECONSTRUCTION OF EVENTS OCCURRING EARLY IN
THE EVOLUTION OF LIFE

N RIBONUCLEASE
P Danid. Rotash Jerty McGeehan
Joseph Piccirilli Joseph Stackhouse i
Rudolf Allemann Marianthi Kalamaraki
Kai Johnsson
W BASE PAIRS
"?_Lﬁ?ﬁ,?,};’.’,ﬁc NELawrence MacPherson

Joseph Piccirilli
Simon Moroney
ALCOHOL DEHYDROGENASE Tilman Krauch
Arthur Glasfeld
Andrew Ellington
Eimar Weinhold

Sandoz, Hoffmann-La Roche, Ciba-Geigy

iss National Science Foundation .
?:::gu'u in the Institute of Organic Chemistry, E.T.H.

\\\




