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SIMPLEX OPTIMIZATION FOR THE 
SIMULTANEOUS HPLC ASSAY OF THE 
ACTIVITIES OF PURINE-NUCLEOSIDE 

PHOSPHORYLASE AND HYPOXANTHINE- 
GUANINE PHOSPHOR IBOSY L TRANSF ERASE 

Anne P. Halfpenny and Phyllis R. Brown* 
Department of Chemistry 
University of R hode Island 

Kingston, Rhode Island 02881 

ABSTRACT 

The mod l f ied  sequentlal simplex procedure is shown t o  be 
e f f e c t i v e  f o r  maxlmizlng a complex enzyme assay. The optimum 
leve ls  f o r  two fac to rs ,  pH and subs t ra te  concentrat lon,  f o r  a 
coup led  enzyme assay of hypoxanthlne-guanine phosphorlbosyl- 
t rans ferase (HGPRTase) and pur ine  nucleoslde phosphorylase (PNPase) 
were found by searchlng a f a c t o r  space made up o f  these var lables.  
The performance Index or response t o  be opt lmlzed was a func t l on  o f  
t h e  product o f  t he  two s l n g l e  a c t i v i t i e s .  The maxlmum a c t i v i t y  
for t h l s  func t i on  was found a t  a pH o f  7.9 and a concent ra t ion  o f  
lnoslne i n  the  reac t i on  mlx o f  0.84 mM. - 

The opt imlza t fon  o f  a complex b 

t h e  ad jus tmen t  o f  a s e t  o f  con t ro l  

ochemical system requ I r e s  

i ng  var lab fes  t o  maximize 

o r  minlmlze a response. I n  the case o f  an enzyme assay, t h a t  
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2586 HALFPENNY AND BROWN 

response i s  t h e  amount o f  substrate converted per u n i t  tlme. 

Therefore, t h e  response whlch i s  o f  l n t e r e s t  f o r  m a x l m l z a t l o n  

Is the  a c t l v i t y  o f  the enzyme. For a s i t u a t i o n  where no l n t e r a c t l o n  

between the  va r lab les  ex is ts ,  t h e  t r a d l t i o n a l  experimental approach 

o f  changing one v a r l a b l e  a t  a t lme w h l l e  ho ld ing  a l l  t he  o thers  

constant Is acceptable. However, l n  cases where l n t e r a c t l o n  among 

the  va r lab les  e x i s t ,  t h l s  u n l v a r l a t e  approach w l l l  f requent ly  mlss 

the  optimum. The a c t i v i t y  o f  an enzyme f requent ly  shows l n t e r a c t l o n  

behavior. For example, t he  k l n e t l c s  o f  I-GRPTase f o r  I t s  subs t ra te  

hypoxanthlne are  h igh l y  dependent upon pH. The enzyme can r e q u i r e  

more o r  less  subs t ra te  glven a c e r t a i n  pH o f  t he  reac t l on  medium. 

Therefore, t h e  Mlchael 1s-Menten curve Is slgmodlal, l n d l c a t l v e  of 

a l l o s t e r i c  o r  cooperat ive behavior ( 1 ) .  

O p t l m l z a t l o n  techn lques  wh lch  can be used t o  deal w l t h  

v a r i a b l e  i n t e r a c t i o n  i nc lude  t h e  s o - c a l l e d  f a c t o r l a l  des lgns  

(2,3). I n  these designs the  experlment Is modeled l n  such a way 

t h a t  t he  va r iab les  are changed s imu l taneous ly  a c c o r d i n g  t o  a 

prescr ibed reclpe. A s e t  o f  comparlsons i s  then chosen whlch w l l  I 

permlt  est imates o f  t he  l n te rac t l ons  between the  var lab les .  

Whl le these deslgns are  useful,  they are  sub jec t  t o  a number 

o f  dlsadvantages. For example, an excesslve number o f  experlments 

I s  requ i red  t o  f l n d  a l l  In te rac t ions .  Fac to r la l  deslgns a re  best 

su i ted  f o r  appl l c a t l o n  on nonordered, d i s c r e t e  p o s s l b l l  l t l e s .  

These deslgns f requent ly  f a i l  w l t h  va r lab les  t h a t  a re  continuous 

and ordered. Therefore, t he  correctness of a f a c t o r l a l  model w l l l  

be h l g h l y  dependent upon t h e  l e v e l s  chosen f o r  t he  l n l t l a l  

exper lments. 
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SIMPLEX OPTIMIZATION FOR HPLC ASSAY 2581 

Simplex search techniques a re  we1 I-known methods f o r  f l n d l n g  

the  optimum areas o f  response on an experimental surface (4-11). 

There a re  a number o f  v a r i a t i o n s  of t he  slmplex algorl thm, such as 

sequent la l ,  modif led, and super modlf ied. These v a r i a t l o n s  occcur 

i n  t h e  steps t h e  slmplex takes t o  f i n d  an optlmum. However, a l l  

these methods are s l m l l a r  l n  s t ruc tu re  and experimental approach. 

A s imp lex  Is by d e f i n i t l o n  t h e  s implest  geometric f i g u r e  

which d e s c r i b e s  a f a c t o r  space. The f a c t o r  i s  made up o f  

experimental var lables.  The d imens lona l l t y  o f  a simplex f o r  a 

glven fac to r  space I s  the  number o f  experimental va r iab les  p lus  

one. Thus, t he  geometry of a two-var lable simplex i s  a t r l ang le ,  

a t h r e e  v a r i a b l e  slmplex a tetrahedron, and so on. The slmplex 

method ac ts  as an op t lm iza t l on  procedure through i t s  evo lu t ionary  

nature and uses a number o f  r u l e s  t o  d i c t a t e  which experlments 

should be performed I n  t h e  search f o r  t he  optlmum. Thus, each 

experiment both d i c t a t e s  the  cond l t lons  f o r  t he  next and uses t h e  

acquired data to  de f ine  the  optlmum. 

The so-cal led mod i f led  simplex i s  a method whlch a l lows t h e  

s l z e  of the  slmplex t o  change dur ing  t h e  search (9,lO). Therefore, 

t h e  search can move more qu ick l y  t o  an area o f  h igher response, 

and once there, qu l ck l y  Ithome Intt on t h e  optimum. The speed and 

s l m p i i c i t y  o f  t h i s  techn ique make t h e  s l m p l e x  method h i g h l y  

a t t r a c t i v e  f o r  op t lm lz lng  a complex procedure such as a coupled 

enzyme assay. Therefore, we r e p o r t  on the  op t lm lza t l on  o f  t he  

s imu l taneous  measurement o f  a c t i v i t i e s  o f  p u r i n e  nucleoslde 

phosphorylase (PNPase) and hypoxanthine-guanlne phosphor ibo lsy -  

t ransferase (I-GPRTase) us ing  t h e  simplex search technique. I n  t h i s  
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2588 HALFPENNY AND BROWN 

assay, PNPase converts the  nucleoside, l nos ine ,  t o  t h e  base, 

hypoxanthine. The hypoxanthine Is then used as a substrate f o r  

t h e  HGPRTase. Th is  reac t i on  converts the  hypoxanthine t o  t h e  

n u c l e o t l d e ,  inosine-5-monophosphate ( IMP).  Th is  coupled assay 

requ i res  t h a t  t he  product from t h e  PNPase react ion,  hypoxanthl ne, 

be present i n  s u f f i c i e n t  q u a n t i t i e s  t o  sa tura te  the  second enzyme 

HGPRTase. The pH optima and behavior o f  these enzymes are v a s t l y  

d i f f e r e n t  and compl i c a t e  t h e  s u b s t r a t e  requTrment r  of both 

react ions.  Therefore, these f a c t o r s  which w i l l  predominate i n  the  

assay make up t h e  f a c t o r  space i n  which the  combined enzyme 

a c t i v i t i e s  were maximized. 
~ 

EXPERlMENTAL 

h i c  Condi t ions 

The l i q u i d  chromatographic system consisted o f  an M6000 pump, 

a model 440 absorbance d e t e c t o r ,  and U6K i n j e c t o r  (Wate rs  

Associates, MI I ford, MA), and a Hewlett-Packard 3380A In tegra tor  

(Avondale, PA). Separations were performed on a 4 mm x 25 cm 

P a r t l s l l  5-ODS a n a l y t i c a l  column preceded by a guard column 

conta in ing  Co-Pel I-ODs (Whatman, Inco rpo ra ted ,  C I  i f t o n ,  N J ) .  

Separations were performed i s o c r a t l c a l l y  a t  ambient temperature. 

The mobi le phase consisted o f  0.02 M KHzf'O4 (pH 4.70), i n  which 

the re  was 5% methanol. 

Reaoents 
I nos I ne-5 '-monophosphor i c  ac id  ( IMP), hypoxanthi ne (Hyp), 

inoslne ( Ino) ,  guanine (Gua), t r is (hydroxymethy1)amine  methane 
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SIMPLEX OPTIMIZATION FOR HPLC ASSAY 2589 

(T r l zma  base), magnesium s u l f a t e  (MgS041, and 5-phosphorlbosyl 

py rophospha te  (PRPP) w e r e  o b t a i n e d  from Sigma Chern lca l  

Co. ( S t .  Louis, MO). A l l  t h e  water f o r  p repara t ion  of the  e luents  

and standard so lu t i ons  was doubly d i s t i l l e d ,  deionized and f l l t e r e d  

through 0.45 micromembrane f l l t e r s  ( M l l l l p o r e  Corp., Meford. MA). 

D i s t i l l e d  i n  glass methanol was obtalned from Burdick and Jackson 

(Muskegon, M I ) .  Po tass lum d ihyd rogen  and disodlum hydrogen 

phosphate were HPLC grade and purchased from Fischer S c l e n t i f l c  

Co. (Waltham, MA) 

E u W d = S  

PNPase and HGPRTase a c t l v l t i e s  were measured by HPLC. The 

method Is based upon the  l nd l v idua l  op t im iza t ions  o f  these enzymes 

and i s  r e p o r t e d  i n  d e t a i l  elsewhere (12,131. The assay was 

performed on e r th rocy te  lysates. Red blood c e l l s  from 15 donors 

were pooled, washed I n  0.9% w/v sat ine, packed by c e n t r l f u g a t l o n  (20 

mlnutes a t  1154 RCF) and resuspended I n  sa l i ne  t o  a hematocr i t  of 

5%. The suspenslon o f  cel  I s  served as t h e  stock of enzymes f o r  

a1 I o f  the  op t im lza t lons  and was used throughout the  simplex search. 

For each experiment, 50 m i c r o l i t e r s  o f  t h e  c e l l  suspension 

were 

add I 

I fqu 

A t  t 

p ipe t ted  i n t o  g lass  t e s t  tubes. The c e l l s  were lysed by 

ion  of 100 micro1 l t e r s  of c o l d  water, fo l lowed by f reez ing  I n  

d ni t rogen. Lysates were preincubated a t  37OC f o r  5 mlnutes. 

me zero, t he  reac t ions  are i n i t i a t e d  by a d d l t i o n  of the  PNPase 

substrate, lnosine, i n  0.05 M phosphate so lu t ion .  The concent ra t ion  

and pH of t h e  lnos lne  s o l u t i o n  changed as the  s lmp lex  search  

d lc ta ted .  The reac t i on  was incubated f o r  exac t ly  5 mlnutes I n  a 
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2590 HALFPENNY AND BROWN 

thermostated bath. A f te r  5 minutes, the  second reac t lon ,  t h a t  o f  

HGPRTase, was l n l t l a t e d  by a d d i t i o n  of 200 mlc ro l  l t e r s  o f  a s o l u t i o n  

wh lch  con ta ined  10 mM PRPP and 20 mM MGSO4. The pH of t h l s  

s o l u t i o n  was the  same as t h a t  o f  t he  lnoslne s o l u t i o n  for a glven 

measurement. The second reac t l on  proceeded I n  t h e  temperature- 

c o n t r o l l e d  bath f o r  10 minutes. Reactlons were t e r m i n a t e d  by 

a d d i t i o n  of 25 m l c r o l l t e r s  of 3 N HCI. A f t e r  reac t l on  termlnat lon,  

t he  mix tu res  were neut ra l  ized and analyzed by HPLC. 

RESULTS AND DISCUSSION 

The f i r s t  requirement for the  op t im lza t l on  1s the  development 

o f  a response func t i on  o r  performance index. Generally, I n  an 

enzyme assay, t h e  a c t l v l t y  of an enzyme i s  maxlmized. In  t h l s  

case, t h e  func t i on  must represent the  combtned a c t i v i t i e s  of two 

enzymes; PNPase and HGPRTase. The response f u n c t i o n s  wh lch  

were examined were the  sum o f  t he  a c t i v i t i e s ,  t h e  product o f  t he  

a c t l v i t l e s ,  and a quadradlc b u f l t  from t h e  a c t i v l t l e s .  It was 

found t h a t  t he  add i ton  o f  t he  a c t l v l t i e s  slmply maxlmized PNPase 

a t  t he  expense o f  HGPRTase. Both the  quadradlc and the  product 

r e l a t i o n s h i p  provided a reasonable response funct ion.  The product 

was a s impler r e l a t l o n s h l p  and was chosen for the  response funct lon.  

Response Funct ion = Product of PNPase A c i t i v l t y  and HGPRTase 

Act i v i  t y .  

A c t l v l  t y  = Unlts/mi packed ce l  Is. 

One U n l t  = One micranole of subs t ra te  converted per mlnute. 

Once the  response func t i on  has been chosen, t h e  op t im iza t l on  
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SIMPLEX OPTIMIZATION FOR HPLC ASSAY 2591 

uslng the  mod l f led  simplex a lgo r i t hm can proceed. The technfque 

requ i res  t h a t  experlments be performed based upon a se t  o f  ru les.  

The a p p l f c a t l o n  o f  these moves forms the  slmplex. The moves a r e  

made as fo l lows: 

1.  The l n l t l a l  s t a r t i n g  c o o r d l n a t e s  o f  pH and inos ins  

concent ra t lon  are chosen. 

2. A move Is made a f t e r  each experlment i s  performed and 

By move we mean the  d e f t n i t l o n  o f  new a c t i v i t y  determlned. 

f a c t o r  l eve l s  t o  be t r i e d  I n  t h e  next a c t i v i t y  

determfnatlon. 

3. A simplex moves by removlng t h e  po ln t  I n  t h e  cu r ren t  

simplex of lowest response and rep lac lng  It by I t s  mlrror 

lmage across t h e  p l a l n  of t h e  f igure .  

4. I f  the  new ve r tex  Ifes ou ts lde  any boundary es tab l l shed 

a t  t he  beglnnlng o f  t he  experlment, t h e  response func t l on  

w l  I I be asslgned an 8) 

t h e  actual  response a t  

f o rce  the  simplex back 

experlmental l y  deslreab 

.remely low value, regard less  of 

tha t  point .  Th l s  assignment w l l l  

n to  an area which Is 

e. For example, HGPRTase has an 

optimum pH a t  approximately 9.2 and PNPase has I f t t l e  

a c t i v i t y  there. Thus, l f  the  search over the  cmb lned  

a c t l v i t y  sur face  were t o  extend i n t o  t h a t  reglon, t h e  

response func t i on  would be ass lgned  t h e  w o r s t  v a l u e  

possible. Thfs technique w l l l  make the  slmplex c l r c l e  

the  optlmum, provided t h a t  t he  simplex Is no t  so small  

as t o  approxfmate t h e  indeterminate error.  
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2592 HALFPENNY AND BROWN 

The simplex search was s t a r t e d  a t  pH 8.5 and .33 mM 
Ino. The search was r e s t r l c t e d  t o  the  bounds l i s t e d .  

Factor Lower Upper S t a r t  

PH 7.0 9.0 8.50 

mM IN0 0.1 3.0 0.30 

T a b l e  1 l l s t s  t h e  I n i t i a l  c o o r d i n a t e s  and b o u n d a r l e s  

establ  [shed for t h i s  search. 

The values are chosen by cons ldera t lon  of the  behavior o f  t h e  

i nd l v ldua l  enzymes. The pH optlmum of HGPRTase i s  9.2, w h i l e  t h a t  

o f  PNPase Is 7.5. Add i t i ona l l y ,  the  o v e r a l l  behavior I s  d i f f e r e n t  

f o r  these enzymes. PNPase has very l i t t l e  a c t t v i t y  above pH 8.5; 

therefore,  t h l s  pH was used as an upper bound I n  the  search. 

Likewise, HGPRTase has very l i t t l e  a c t i v i t y  below pH 7.0. Th is  

va lue  was used as the  lower boundary. The upper and lower boundary 

f o r  t he  concent ra t ion  of inoslne were chosen t o  f a l l  i n  t h e  range 

o f  t he  two Mlchae l is  constants (Km) o f  the  substrates. A f te r  a 

f i v e - m i n u t e  i ncuba t ion  o f  t h e  l ysa te  w l t h  inoslne, s u f f i c i e n t  

hypoxanthine i s  produced to  r e a c t  w i t h  HGPRTase. 

The movement and progress of the  simplex on t h e  comblned 

enzyme surface Is graphed I n  F lgure  1. The data for t h f s  search 

Is compiled I n  Table 2. The I n i t i a l  slmplex Is mldslze. The size 

Is Increased through expansions as the  sfmplex moves t o  higher 

numbers, from slmplex 1 t o  slmplex 4. A t  slmplex 4, t h e  f i g u r e  

s t a r t s  to  cont rac t .  Th is  con t rac t i on  cont lnues u n t l i  t he  change 
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Vertex 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11  

12 

13 

14 

15 

16 

17 

18 

19 

20 

on Combined Enzvme Surfacs 

Data from a simplex search on the  coupled enzyme response 
surface. The u n i t s  o f  f a c t o r  1 a re  mM inoslne. The 
u n i t s  o f  f a c t o r s  2 a r e  pH. The u n i t s  o f  response 
a re  a c t i v i t y  un i ts ,  Llnft/ml of RBC. 

Factor 1 

0.300 

0.397 

0.321 

0.370 

0.393 

0.483 

0.584 

0.581 

0.670 

0.860 

1 . loo  

0.953 

0.676 

0.868 

1.056 

0.961 

0.957 

0.890 

0.794 

0.835 

Factor 2 

8.50 

8.52 

8.52 

8.42 

8.34 

8.37 

8.30 

8.1 2 

7.92 

7.88 

7.66 

7.51 

8.10 

8.06 

7.85 

7.91 

7.73 

7.98 

7.95 

7.94 

Response 

0.68 

1.32 

0.22 

1.87 

2.64 

3.25 

4.29 

5.26 

5.99 

6.48 

5.18 

4.19 

5.83 

6.24 

6.05 

6.38 

5.93 

6.44 

6.44 

6.49 
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2594 HALFPENNY AND BROWN 

I 

3 

8.5. 

83. 

4 

bt HGPRTAsE 

z 
0:2 Oh d6 d8 LO 1:2 1A 

INOSINE (111) 

-re 1: Simplex search on the  surface o f  t he  coupled enzyme 
The search was s t a r t e d  a t  t h e  coordlnates l i s t e d  assay. 

i n  Table 1 and continued u n t i l  t he  values converged. 

I n  response w i t h  change i n  simplex s l z e  becomes too small t o  

measure. Thus, t he  change i n  t h e  response func t i on  1s a t  t h e  

leve l  of experfmental error.  The l a s t  few slmplex f i g u r e s  show 

l i t t l e  change, thus  the  cen t ro id  of simplex 10 1s the  optimum. 

The centroid,  which i s  t h e  midpolnt  o f  t he  f igure,  1s a convenient 

est lmate of the  best po ln t  l n  the  best simplex. The coordlnates 

o f  t h l s  po ln t  w l l  I be used i n  f u t u r e  assays. The coordinates a re  

0.84 mM lnos lne  a t  pH 7.9. Th ls  optlmum was ach ieved  l n  20 

experimental t r l a l s ;  however, a f t e r  9 moves t h e  response func t i on  

took values greater than 99% of the  optlmum. These data I I l u s t r a t e  
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t h e  a p p l i c a t i o n  o f  the  simplex algor l thm. I n  reg ions  f a r  from 

optimum, the  expansion and cont rac t lons  o f  t he  f i g u r e  ar8  f a i r l y  

large. However, as the  optimum Is approached, t h e  simplex makes 

smal ler  and smal ler  moves. Thus, as expected, the  s i z e  of the  

slmplex cont rac ts  around t h e  optimum. Table 3 shows the  c o n t r l -  

bu t i on  of t he  l nd l v idua l  enzymes to  the  response funct ion.  These 

data I I  l u s t r a t e  t h a t  t he  optlmum found Is a combined optimum and 

not unduly welghted toward e i t h e r  enzyme. 

One o f  t he  advantages o f  t h e  technique 1s t h a t  It i s  func t i ona l  

I n  the  presence o f  lndetermlnate er ro r .  Therefore, r e p l l c a t i o n  o f  

t h e  data Is not  requlred. The search can be s t a r t e d  i n  v l r t u a l l y  

any place i n  f a c t o r  space and s t l l l  converge upon the  optimum. 

Experlmental o r  determlnate e r r o r s  do not g ross ly  i n t e r f e r e  w l t h  

t h i s  search u n t i l  they approach the  step s i z e  o f  t he  slmplex. 

I n  t h i s  coupled assay, t h e  f a c t o r s  a re  constralned due t o  t h e  

k i n e t i c  requlrements o f  t he  l nd i v ldua l  enzymes. The lnd i v ldua l  

behav io r  o f  PNPase and HGPRTase was examined independently by 

using the  same slmplex search. Figures 2 and 3 show t he  progress 

o f  the  respec t i ve  simplex f o r  t he  a c t l v i t l e s  o f  PNPase and HGPRTase 

uncoupled. The simplex f o r  t h e  HGPRTase lead the  search i n  t h e  

d l r e c t l o n  o f  h ighest pH. Th ls  search fw  hlahest pH i s  lmportant 

slnce, alone, HGPRTase a c h l e v e s  maxlmum a c t i v i t y  f a r  above 

phys lo log lca l  pH. The search o f  t he  PNPase response surface a l s o  

demonstrates the  correctness o f  the  d i rec t i on .  Thls enzyme has a 

pH optimum much closer, t o  phys io log lca l  pH, and thus  t h e  simplex was 

d f rec ted  through experlments t o  areas o f  lower pH. 
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Contr ibut ion of IndlviduaL 
t o  Resoonse Factor ( A c t l v i t v  In  U n l t w  

The indlvldual  a c t l v i t l e s  are  l i s t e d  of both HGPRTase 
and PNPase whtch were obtained a t  each vertex of  t h e  
simplex and used for t h e  c a l c u l a t l o n  of t h e  t o t a l  
response. 

Vertex PNPase 

1 1.20 

2 2.44 

HGPRTase Tota I 

0.57 0.69 

0.542 1.33 

3 0.44 0.507 0.22 

3.13 

4.14 

5.35 

6.89 

0.60 

0.64 

0.62 

0.62 

1.88 

2.65 

3.26 

1.29 

8 7.75 0.68 5.28 

9 e .57 0.70 6.00 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

9.88 

8.84 

7.05 

8.77 

9.63 

9.63 

9.94 

9.45 

9.92 

9.68 

9.85 

9.93 

0.66 

0.59 

0.66 

0.66 

0.65 

0.65 

0.64 

0.63 

0.65 

0.67 

0.66 

0.65 

6.47 

5.18 

4.19 

5.03 

6.36 

6.00 

6.24 

5.83 

6.35 

6.44 

6.49 

6.49 
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7.3 I 
d.0 012 Ol4 0.6 0.8 1.0 L2 1.4 

U r e  2: Simplex search conducted on the surface of the enzyme 
PNPase a I one. 

7.8. 

7.6 
1.'0 1:2 1:4 1:6 1.8 2.0 2.2 2.4 2.6 2.8 

I N O S I N E  (rnl\ll 

-2: Simplex search conducted on the surface of HGPRTase 
alone. 
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The d l rec t l on  of  the searches for the lndlv ldual  enzymes also 

shows that  the slmplex technlque Is sensi t ive t o  Mlchael Is-Menten 

behavior. That is, each search or iented l t s e l f  I n  the  d l rec t l on  

of hlghest substrate concentration, b u t  the behavior became less 

steep a f t e r  a ce r ta ln  polnt. Thus, once the enzyme has been 

saturated wl th  substrate and the a c t i v l t y  i s  no longer changlng 

r a d i c a l l y  w l t h  concentration, the slope of  the search I n  the 

d l rec t l on  o f  concentratlon becomes less steep. 

I n  conc lu r l on ,  t h e  s lmplex method of opt lmlzat lon Is a 

powerful and rapfd means of a t ta in ing  experimental condltlons. I n  

the  present application, the combined a c t l v l t i e s  o f  PNPase and 

HGPRTase were optlmlzed. Thls opt lmfzat ion was accompl tshed I n  

t h e  presence o f  s t rong  ln te rac t l on  among the varlables. The 

a b i l i t y  t o  search an area and determine optlma I n  the case o f  

lnteract lons,  and the  small number of experiments required, are 

lmportant character ls t lcs  of t h i s  technique. 
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