only extremely high levels of human EGF
and may greatly underestimate their true
values. We have not found immuno-
reactivity in the plasma of normal adult
humans. Ances (/6), using the same anti-
serum and EGF standard as we did in our
assay but only one dilution of serum, has
reported immunoreactive EGF levels of
0.5 to 6.0 ng/ml in serum from pregnant
women. While these levels are well within
the range of detectability of our assay, we
have been unable to confirm these findings.
We have, however, detected low levels of
immunoreactivity (100 to 300 pg equiv-
alents of mouse EGF per milliliter) in
the plasma of newborn infants, suggesting
that the levels in newborns may actually be
quite high. In most of the adult urine speci-
mens we have assayed, we were able to de-
tect the equivalent of 50 to 400 pg/ml of
immunoreactive mouse EGF. Human sali-
va and extracts of human submarxillary
glands, prepared as described (7), did not
contain detectable concentrations of im-
munoreactive EGF, suggesting that the
salivary glands are probably not the source
of the hormone in humans.

Thus, we have detected in human urine a
material that is biologically and immuno-
logically similar to EGF. Once a sensitive
and specific radioimmunoassay for human
EGF is developed, it should be possible to
measure accurately minute amounts of
EGF in human tissues and fluids to eluci-
date the role of this new human hormone
in health and disease.

Addendum. Since this manuscript was
submitted for publication, highly purified
human EGF has been obtained from urine
by means of an improved extraction tech-
nique, monitored with the aid of a new
radioreceptor assay for EGF. The amino
acid composition and estimated molecular
weight of human EGF indicate that it is
similar to, but biochemically distinct from,
mouse EGF (17). On the basis of compari-
sons of radioimmunoassay and radio-
receptor assay results, we have also con-
firmed that human EGF is about three
orders of magnitude less reactive with anti-
bodies raised to mouse EGF than is mouse
EGF itself (I8). Thus, the mouse EGF
radioimmunoassay does greatly under-
estimate levels of human EGF.

RALPH H. STARKEY
STANLEY COHEN, DAVID N. ORTH
Departments of Medicine and
Biochemistry, Vanderbilt University
School of Medicine,
Nashville, Tennessee 37232
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Chemotaxis away from Uncouplers of Oxidative Phosphorylation

in Bacillus subtilis

Abstract. In a capillary assay, uncouplers of oxidative phosphorylation and inhibitors
of electron transport are repellents for Bacillus subtilis. They also cause transient tum-
bling in naturally smooth swimming strains. Tumbling strains can be made to swim
smoothly by addition of attractant and then immediately returned to tumbling by sub-
sequent addition of repellent. Arsenate does not cause transient tumbling, suggesting that
decrease in concentration of adenosine triphosphate does not cause tumbling and that
adenosine triphosphate concentration does not govern tumbling frequency. Instead, the
evidence suggests that diminution of the energized state of the membrane, or membrane
potential, causes tumbling although the level of the energized state itself does not govern

tumbling frequency.

Chemotaxis is the process by which mo-
tile bacteria swim to higher concentrations
of attractant or lower concentrations of re-
pellent. Escherichia coli, Salmonella typh-
imurium, and Bacillus subtilis normally
swim smoothly but randomly change di-
rection by tumbling (/). When headed to
higher concentrations of attractants (for
example, some amino acids and sugars) the
bacteria tumble less often than in isotropic
medium; when headed to lower concentra-
tions, they show at most a slight tendency
to tumble more often (I, 2). Behavioral
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Fig. 1. Capillary assay of the repellent FCCP.

Bars indicating standard error of each mean are

shown. Symbols are as follows: o, FCCP in

pond and buffer in capillary; e, FCCP in both

pond and capillary.

changes can be observed directly by adding
attractant or repellent to a bacterial sus-
pension and observing transient decreases
or increases in tumbling frequency (I, 3).
Chemotaxis, then, is caused by modulation
of tumbling frequency by these reagents;
the question is, How do they act? We show
here that, on the basis of capillary assays
and on direct observation, uncouplers of
oxidative phosphorylation and inhibitors
of electron transport repel Bacillus subtilis
and cause it to tumble temporarily, which
suggests that diminution of the high energy
state of the membrane or membrane po-
tential (4) affects tumbling frequency but
that the actual level of the high energy
state itself does not govern it.

Three related strains of B. subtilis were
used in this study: (i) OI 1, which swims
mostly, tumbles little; (ii) OI 8, which tum-
bles slightly more than OI 1; and (iii)
OI 151, which swims little and tumbles
mostly (5). The capillary assay, using OI 8,
was performed by the “repellent in pond”
method of Tso and Adler (6). The test sub-
stance in the bacterial suspension diffuses
into a capillary containing buffer to form a
gradient; bacteria flee down this gradient
into the capillary. In the control experi-
ment, the test substance is present in both
capillary and pond from the beginning. If
more bacteria collect in the capillary con-
taining originally only buffer, the reagent
is a repellent.
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The response of OI 8 to different con-
centrations of FCCP (7) (Fig. 1) indicates
that this uncoupler of oxidative phospho-
rylation repels B. subtilis. Other uncou-
plers of oxidative phosphorylation and
some inhibitors of electn transport repel
B. subtilis in the capillary assay (Table 1),
significance of the results based on the t-
test is also shown. Motility is always satis-
factory at assay concentrations, based on
comparisons of accumulations in the pres-
ence or absence of reagent in both capil-
lary and pond (Table 1), and also on mi-
croscopic observation. High concentra-
tions abolish motility.

Strain OI 1 swims smoothly in chemo-
taxis buffer (Fig. 2a) (8). Administration of
repellent makes these bacteria tumble,
then later resume smooth swimming
shown in Fig. 2, b and c. Strain OI 151,
by contrast, tumbles (Fig. 2d). However, as
in the case of tumbling mutants of wild-
type E. coli and S. typhimurium (9), ad-
ministration of attractant causes smooth
swimming (Fig. 2e). If repellent is now
added, the bacteria immediately return to
tumbling. By this method, OI 151 can be
used to assay repellents.

Smooth swimming by OI 151 when giv-
en 107M proline lasts 51 +8 seconds
(mean and standard deviation for determi-
nations over 10 days), but the uncoupler
and repellent FCCP at 107'M given 25 sec-
onds after proline restores tumbling at
once. Prior incubation in 10”7M FCCP for
30 seconds has no effect on duration of
proline-induced swimming.

FCCP can promote transient tumbling
in OI 1; hence the bacteria can adapt. The
time required for adaptation is greater at
higher FCCP concentrations. In one ex-
periment the time for adaptation was 40
seconds at 1077M, but it was 90 seconds at
6 x 107"M FCCP. The bacteria were much
slower at 10°M FCCP, but even for these
cells the frequency of smooth swimmers
compared with tumblers was not much dif-
ferent after about 8 minutes compared
with untreated cells.

Other uncouplers of oxidative phospho-
rylation and inhibitors of electron trans-
port were tested and found to be repellents
in similar microscope experiments (Table
2). The threshold concentration is the min-
imum required to make OI 1 tumble or to
make OI 151 return to tumbling when giv-
en 25 seconds after 10™*M proline. The
concentrations are generally similar to
those that uncouple oxidative phosphory-
lation in mitochondria and similar to or
lower than those used in bacteria. Table 2
includes references to work in mito-
chondria, bacteria, or artificial membranes
for éach reagent.

To investigate the possible role of
bacterial ATP concentration in tumble
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Table 1. Capillary assays of repellents. Reagents marked with superscript « are uncouplers; those
marked 8 are inhibitors of electron transport. The level of significance P of the difference between
experimental and control values was calculated by the z-test.

Number of cells in capillary

Concen-
Compound (7) : . P
P tration Experimental* Controlt ?gg:;gg

FCCP" 3x 10°M 1221 + 273 278 + 69 277 + 46 .02
ccee” 3Ix 10'M 683 + 182 171 + 20 214 + 18 .05
ccp* 5x 107°M 1892 + 113 432 + 94 288 + 22 .01
PCP* 10°M 1594 + 201 429 + 102 496 + 101 .001
TCSA“ 10°M 624 + 78 321 + 80 396 + 108 .02
DBP* 3x 10°M 4742 + 484 1260 + 267 1336 + 275 .001
DNP* S x 10°M 1116 + 131 400 + 60 604 + 63 .001
Quinacrine *# 10°M 7320 + 540 1843 + 755 1047 + 243 .001
HOQNO" 1 ug/ml 947 + 182 321 £ 117 430 + 98 025

*Reagent in pond, buffer in capillary.

regulation, we treated cells in tris [tris-
(hydroxymethyl)aminoethylmethane] buf-
fer with different levels of arsenate, and
the effects on tumbling frequency and on
ATP concentrations were observed. So-
dium arsenate (0.1M) alone has no repro-
ducible effect on behavior although it
sometimes evokes a brief (15 seconds)
swim from OI 151. Preliminary incubation
of OI 151 for several minutes in 0.1M arse-
nate reduces cellular ATP by two-thirds
(10), but does not shorten swims induced
by subsequent addition of 107*M proline.
Furthermore, FCCP below about 10°M
does not reduce ATP (10), though 107M is
sufficient to cause tumbling and also to in-
crease respiration, as measured with an ox-
ygen monitor (Yellow Springs Instrument
model 53) and recorded with a strip chart
recorder (Varian G2000) (/0). It should be
noted that there was no sign of any “adap-
tation” (return to normal value found in
absence of FCCP) in respiration rate or
ATP levels after several minutes in any of
the experiments in which these parameters
changed (/0). We conclude that the ATP
concentration, when at least one-third that

tReagent in pond and in capillary.

1 Buffer in pond and in capillary.

of normal, does not directly affect tum-
bling frequency.

In mitochondria, uncouplers of oxida-
tive phosphorylation and inhibitors of elec-
tron transport reduce the high energy state
of the membrane (4). Recent experiments
in bacteria indicate that this energy state
may consist in part of an electric potential
across the plasma membrane. Maloney et
al. (11) have shown that ATP may be syn-
thesized in both Streptococcus lactis, a
gram-positive organism like B. subtilis,
and in E. coli from a membrane potential
generated upon addition of valinomycin to
cells high in K*. Harold and Papineau (12)
have measured this potential for Strepto-
coccus faecalis, using the lipid-soluble ca-
tions DDAY and TPMP+, and have found
it to be collapsed by proton-conducting un-
couplers like TCSA and CCCP, with only
slight stimulation of glycolysis. Laris and
Pershadsingh (/3) have also measured the
potential across the membrane of S. faeca-
lis using the cyanine dye CC,, whose fluo-
rescence reflects membrane potential in
squid axons and red cells. The electric po-
tential was generated by adding glucose or

Table 2. Microscope assays of repellents. Reagents marked with superscript « are uncouplers;
those marked g are inhibitors of electron transport. Column 4 indicates other organisms or systems
in which these reagents have been used and gives references. Designations of letters a to i are as fol-
lows: a, mitochondria; b, Micrococcus denitrificans;, ¢, Streptococcus lactis; d, artificial membranes;
e, Escherichia coli membrane vesicles; f, Thiobacillus novellus cell-free extract; g, Streptococcus
Sfaecalis; h, chloroplasts; and i, Bacillus subtilis membrane vesicles.

Compound (7) Tft;e(s_)h[o]ld E)l;rgslhi)sl(f Organism or system
FCCP“ 1 x 107M I x 107°M a (16, 20), b (14, 20), ¢ (11), d (21)
ccep” 4 x107M 2% 107M a (16, 20), d (20), e (22), £ (23), g (12)
CcCp* 7.5 x 10°M 3 x 10°M a (l6)

PCP* 3x 10'M 10°M a(20,24),d (20), f(23)

TCSA" 2.5 x 10°*M 2 x 10*M e(22),g(12)

DBP 6.4 x 10°°M 1.6 X 10°°M £(23)

DNP* 2 x 107M 10-M a(20,25),d (16, 20),  (23)

Na azide “”? 1.5 x 102M 1.5 x 102M a (26, 27)

Quinacrine® 7.5 x 10°M 1.5 x 10°M a(25),h (28)

HOQNO’ 0.625 pg/ml 1.5 pg/ml a(29), e (30),i(31)

NaCN# 33 x 10°M 1.25 x 10M a(29), e (30,1 (31)
o-Chlorophenol >2 % 107*M >2 x 107°M

o-Nitrophenol > 10*M > 107M

p-COOH CCP >5 X% 107M >5 x 10*M a(/6)
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valinomycin to K*-loaded cells in K*-free
medium. Scholes and Mitchell (/4) have
found that incubation of Micrococcus de-
nitrificans in 5 x 10”’M FCCP makes the
membrane highly permeable to protons.

Hence, it seems likely that an electric
potential lies across bacterial plasma
membranes and that uncouplers cause its
diminution by transfer of protons. The fact
that FCCP at 107"M causes increase of res-
piration, analogous to release of respira-
tory control in mitochondria (/4), and that
HOQNO at 0.625 ug/ml and NaCN at
3.3 x 10°M cause 21 and 28 percent de-
creases in respiration, respectively, in-
dicates that in all probability B. subtilis is
no different from other bacteria or mito-
chondria in basic energetics (Table 2 and
references for FCCP, HOQNO, and cy-
anide).

We think that the uncouplers are not
acting at orthodox chemoreceptors, such
as the galactose binding protein (/5), al-
though proteins may be involved in the ac-
tivity of uncouplers. The uncouplers are
active as repellents at concentrations cor-
responding to those used to produce un-
coupling in mitochondria. Furthermore,
the series of decreasing strength—FCCP,
CCCP, CCP, pCOOH CCP, the last being
ineffective—is found both for uncouplers
in mitochondria and repellents in B. sub-
tilis (16). It seems unlikely that chemore-
ceptors would by coincidence have those
specificities for these reagents if the un-
coupling property were unconnected with
behavioral change.

An interpretation of our results is as fol-
lows: Since uncouplers and inhibitors of
electron transport cause tumbling and also
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Fig. 2. Time exposures of bac-
teria in dark field. Duration of
1.5 second. Dot indicates
tumbling (or nonmotile) bac-
terium; line indicates swim-
ming bacterium. (a) Ol 1; (b)
Ol 1 about 20 seconds after
addition of 3 x 107'"M FCCP;
(c) OI 1 about 3 minutes after
addition of 3 x 10°'"M FCCP;
(d) O1 151; (e) Ol 151 about
20 seconds after addition of
10*M proline.

destroy the high energy state, de-energiza-
tion (depolarization) of the cell membrane
is assumed to cause tumbling. Membrane
potential itself—or any cell property such
as the “*high energy intermediate of oxida-
tive phosphorylation™ if that is distinct—
cannot directly determine tumbling fre-
quency since the bacteria adapt to these
reagents: after initial tumbling, Ol I or
OI 8 resume swimming normally and be-
come indistinguishable from untreated
bacteria, and OI 151 swims smoothly for
the same period of time when treated with
10*M proline in presence or absence of
uncoupler or inhibitor (/7). However, the
increase of respiration for uncouplers or
decrease for inhibitors is persistent: bac-
teria do not return to the original rate.
Internal ATP concentration does not
play any significant role since arsenate de-
creases ATP concentration without affect-
ing tumbling frequency, and ATP concen-
tration is not affected by concentrations of
FCCP which strongly affect behavior (10).
It is doubtful that rate of electron trans-
port has any effect either since uncouplers
increase it, while inhibitors decrease it al-
though both cause temporary tumbling.
How may the behavioral adaptation be
explained? When Paramecium strikes a
barrier, its membrane depolarizes some-
what, triggering substantial influx of Ca?*,
which causes the cilia to reverse orienta-
tion. In time, after the membrane has re-
turned close to normal potential, the Ca?*
is pumped back out, and Paramecium re-
sumes forward motion (/8). By analogy,
one might suppose that the initial dimin-
ution of electric potential presumed to be
caused by uncouplers or inhibitors is ac-

companied by flux of ions across the
plasma membrane and that restoration of
original internal ionic concentrations takes
longer. One of these ions may interact with
he switch that determines whether the
flagella rotate counterclockwise for
smooth swimming or clockwise for tum-
bling (19).
GEORGE W. ORDAL

DANIEL J. GOLDMAN
Department of Biochemistry and
School of Basic Medical Sciences
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Simplex Optimization of Reaction Yields

Abstract. The sequential simplex algorithm, an efficient optimization strategy, rapidly
improved reaction yield as a function of time and temperature in the synthesis of -
C,HMo(CO),CSN(CH,;),. The work demonstrates the feasibility and efficiency of the
simplex design and suggests its application and usefulness in other syntheses.

Recent awareness of the finite character
of both material and energy resources has
stimulated a renewed interest in the opti-
mization of reaction yields. We report here
the successful application of an efficient
optimization strategy that could have
broad applicability in the development of
synthetic chemical methods.

The development of reliable, high-yield
chemical syntheses requires three efforts:
(i) producing some yield of the desired
compound; (ii) improving the yield; and
(iii) understanding the effects of the vari-
ous experimental factors (variables) upon
the yield. Synthetic chemists probably de-
vote most of their time to the definition
and discovery of synthetic routes that pro-
duce the desired compound in some yield.
The systematic improvement and under-
standing of yields are less frequently inves-
tigated, although both are often important.
For example, the overall yield of a multi-
step synthesis is a multiplicative function
of the yields at each step; improving inter-
mediate yields is usually necessary to pro-
duce an acceptable yield of final product.
Understanding the effects of the various
experimental factors upon the reaction
yield allows the investigator to evaluate
and specify tolerances (/) within which
each factor must be held so that the stated
yield can be reliably reproduced in other
laboratories.

A common optimization strategy is the
one-factor-at-a-time method (2) in which
each factor is optimized in turn while all
others are held constant. Although this
method is still popular (3), it has been
shown (4, 5) that by this means it is impos-
sible to find an existing optimum in many
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chemical systems because of ridges in the
response surface. Evolutionary operation
(EVOP) strategies (6) will succeed in the
presence of ridges, but the number of ex-
periments required is large: if & full facto-
rial designs for n factors at m levels are
needed to reach the optimum, a minimum
of k(m" ) experiments is required.

The sequential simplex (7) method of
Spendley et al. (8) is a pattern search tech-
nique that requires only n + | experiments
for the initial design and only one addition-
al experiment per move. Thus, if k is the
number of simplexes needed to reach the
optimum, a minimum of k 4+ n 4+ | experi-
ments is required. A modification by Nel-
der and Mead (9) of the original simplex
algorithm allows expansions along direc-
tions that are favorable and contractions
along directions that are unfavorable (10).
The logical and mathematical details of
the simplex algorithms have been dis-
cussed elsewhere (5, 9, 11).

The feasibility of reaction yield opti-
mization by the simplex method is demon-
strated here for the synthesis of the known
compound 7C,H,Mo(CO),CSN(CH,),
(12). The reaction was carried out in two
steps as follows:

THF
CsHsNa + Mo(CO)s, ¢sic ™
7-C;H;Mo(CO);Na + 3CO (1)

mCsH;Mo(CO);Na +
ClCSN(CH3)2,,7TL.,

7-CsHMo(CO),CSN(CH,), +

CO + NaCl (2)
where THF is tetrahydrofuran. We have
investigated the effects of two potentially
significant factors on reaction yield: the re-
action time ¢, of Eq. 1 and the reaction
temperature T, of Eq. 2. All other factors
were held constant (/3). The yield at each
set of reaction conditions was determined
by infrared spectroscopy.

The progress of the simplex toward im-
proved reaction yield is illustrated in Fig.
1. The initial simplex (yields of 16, 74, and
82 percent) is located in a region pre-
viously investigated (/2). Univariate map-
ping studies were carried out to investigate
the individual effects of ¢, and T, in the re-
gion of the best vertex (yield, 93 percent).
These results are shown in the inset in Fig.
l.

It is apparent from Fig. | that there is a
general trend toward improved yield with
increasing ¢,. The slight decrease in yield
above ¢, ~ 5 hours in the mapping study is
not statistically significant. A much more
dramatic effect is caused by 7,. Up to
~ 55°C, yield is improved by increasing T;
however, above this temperature as the
boiling point (b.p.) of the solvent is ap-
proached, yield decreases sharply.

This preliminary study has shown the
feasibility of using a simple optimization
algorithm to improve the yields of chem-
ical syntheses. The understanding of the
behavior of the reactions provided by these

",
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