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An automatic peptide library synthestzer capable of random-
1zing 20 buliding blocks in 20 reaction vessels Is described. The
design is based on uniform bead distribution by gravity sedi-
mentation after thorough mixing by inert gas bubbling and stir-
ring. The instrument can be alternatively used as a multiple pep-
tide synthesizer since it can deliver any reagent to any reaction
vessel.  « 1994 Academic Press, Inc.

The synthesis of peptide libraries based on the principle
of solid-phase coupling of individual components in sep-
arate reaction vessels and subsequent mixing of the par-
ticles of the solid earrier (the “Split Synthesis methed”)
has been well described (1-3). Manual synthesis of the
libraries is simple but routine, and the possibility of care-
less operator error is significant.

Automation of this synthetic procedure is clearly de-
sirable for increasing productivity. T'wo other systems for
automated library production have heen described (4, 5).
Both utilize a robot arm for mixing and redistribution of
the resin. We have automated library synthesis in the
simnplest fashion, using gravity for uniform distribution
of solid-phase particles.

MACHINE CONSTRUCTION

The instrument APLS1 (Automatic Peptide Library
Synthesizer 1) is shown in Fig. 1. Random distribution
of beads is achieved by sedimentation in randomization
fluid (dimethylformamide) after thorough mixing by inert
gas bubbling. The apparatus comprises several interacting
parts shown in Fig. 1, the functions of which can be fol-
lowed on the scheme in Fig. 2.

The reactor box, at the top part of the machine, con-
tains the reactor (RE) with 20 glass vessels (CLn n = 1~
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20) for condensation of 20 different amino acids; & dosing
head, which can be turned and shifted up and down, that
delivers the solutions of 20 amino acids and 3 reagents
through Tefion capillaries equipped with optoelectronic
sensors of liquid flow (OSAnn = 1-20and OSRnn = 1-
3); and a motor (M2} used for stirring the reactor content
during the randomization step and for distribution of
washing solvent. The remaining components of reaction
chamber are; a positioning device for the dosing head
comprising the siepper motor (SM1}, a position sensor
{O8SP)}, and a pneumatic piston (PC1}; closing valves for
the glass reaction compartments (VOn n = 1-20); and
manifold {MN). In the bottom of the reactor box are
pneumatic and hydraulic connections for mixing and
randomizing gas and valves (VT'1-VT7) used for gas in-
troduction to the resction vessels and for the removal of
reactants and solvents.

In the bottom left part of the reactor box are a waste
solvent vessel (W1) and a randomization solution vessel
{WR). A gear pump for washing solvent delivery (GP1)
and a filtration vessel (F) are located on the left side of
the reactor. On the right side of the reactor are two re-
duction valves (PR4 and PR5) for adjustment of operating
gas pressure for stirring and randomization steps.

The bottom part of the instrument is the box with
amino acid solution storage vessels together with pres-
surizing and depressurizing three-way valves. This box
also contains reducing valves (PR2 and PR3). An IBM
PC compatible computer for instrument operation is
placed on the top part of this box.

On the back wall of both boxes power sources for elec-
tronic circuits, electromagnetic solenoid valves, a vacuum
pump, and some plumbing are located. The instrument
requires a source of compressed inert gas (min. 20 psi)
atiached to an exhaust fan. An external vacuum source
{25 Torr) may be used as an alternative to an internal
vEcuum pump.
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FIG. }. Automatic peptide library synthesizer APLS1.

DESCRIPTION OF FUNCTION

The reactor (RE) construction is the subject of a patent
application and is depicted in detail in Fig. 3. It is com-
posed of an upper glass tube {1} of internal diameter 160
mm, an upper connecting section {2) with a middle cone
{3), 20 glass chambers (CLn n = 1-20) (4) of internal
diameter 16 mm and volume 12 ml, a lower connecting
piece {5}, 20 electromagnetic valves (VOn n = 1-20), and
a connecting manifold {MN). The middle cone (3} of the
upper connecting piece (2) has a shape similar to a kitchen
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juice extractor with 20 indented segments that have a
slope of 42° and terminate at the lip of each glass cham-
her (4).

The glass chambers {CLn) are equipped with glass frits
{6) and are sealed by Teflon O-rings (7). Electromagnetic
valves closing the chambers (VOn) are placed under lower
connectors. It is possible to stir (bubble N.} or empty any
chamber independently of the others. All liquid lines from
the glass chambers are connected in manifold MN for
simultaneous application (through valve V'T'5) of vacuum
during the emptying of vessels (to W1) or the addition of
compressed inert gas for stirring.

In an attempt to best simplify the solution volume
measurement and delivery, we have developed a new
principle of pressurizing and depressurizing storage bot-
tles with amino acid solutions {An n = 1-20) and reagents
{Rn n = 1-3}, which is the subject of another patent ap-
plication. Each storage bottle (An and Rn) is closed by a
stopper, and a dosing tubing is connected to a particular
position on the rotatory dosing head. Another tube is
connected with the three-way valve VAn (n = 1-20) or
VRn (n = 1-3). The three-way valve in the inactivated
stage connects the space above the liquid surface in the
hottle with atmospheric pressure. For dosing, the three-
way valve is swilched and the liquid in the bottle is pres-
surized by pressure P3 (3 PSI} regulated by reductive valve
RP3. Liquid flows through the dosing tube to a position
on the dosing head and its presence is detected by an
optoelectronic sensor {OSAn or OSRn). From this point,
the time needed for delivery of the necessary volume of
the solution is measured. Dosing is finished by switching
the three-way valve VAn or VRn to the original position,
which depressurizes the liquid in the hottle. Since outlets
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FiG. 2. Functional scheme of the instrument. Abbreviations are explained in the text.
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of all dosing tubings are 15 em higher than the liquid in
the storage bottles, liquid in the tube is sucked back to
the storage bottle by hydrostatic pressure.

The dosing system consists of: a dosing head, con-
structed from the ring (8), in which 23 stainless steel tub-
ings (9) are fixed; a leading ring (10); pneumatic piston
PC1 for verticel movement of desing head and its ac-
tuating valves VF1 and VF2; a positioning mechanism
(optoelectronic sensor of the zero position OSP, stepper
motor SM1 with mechanical transmission) for turning
the dosing head such that any amino acid (An) or reagent
(Rn} can be delivered to any reaction chamber {CLn).
The dosing head is equipped with a mechanical stirrer
{(11) and an inlet for washing solvent (12). Dosing tubes
are threaded through the stainless steel tubes (9} and ex-
tend about 10 mm over the ends, When the dosing head
is in the delivery position, i.e., when it is in the lower
position, outlets of the tubes for amino acid solutions point
to the middle of the glass reactor chambers {CLn) (4}.
The optoelectronie sensors of liguid flow O8An (n = 1-
20) and OSEn {n = 1-8) are placed just before the en-
trance of the tubing to the delivery (dosing} head. Pres-
surizing and depressurizing three-way valves (VAn and
VRn) for particular vessels containing amino acids (An}
and reagents (Rn) are placed just above each vessel.
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FIG. 3. Heactor assembly.

Mixing in each reaction chamber is realized by a mild
stream of inert gas introduced from below each chamber.
The necessary overpressure P5 {4 PSI) of inert gas is
regulated by the reducing valve PRA5, and gas flow is reg-
ulated by the regulator ST5. After activation of valve VT5,
the manifold (MN) is pressurized and subsequent stepwise
opening of the valves (VOn) stir each chamber.

Mixing the contents of the reactor during the random-
ization step or during removal of the solid support after
the synthesis is analogous to that of each individual
chamber; the only difference is the higher gas pressure
P4 (10 PSI) set by valve PR4 and regulator ST4. Acti-
vation of valve VT7 leads the pressure P4 to valve VT5.
After all valves VOn and valve VT5 are opened, the gas
enters all reaction chambers.

Removal of used reagents and washing solvents to the
“first” waste hottle is realized as follows. The vacuum
pump is activated and the waste bottle W1 is evacuated
theough valve VT1. After valve VT4 is activated, liquid
is removed from the reaction chambers through valves
VOn. The randomization liquid is removed analogously.
Valve VT8 evacuates container WR and liguid is lead
through valves VOn (all), VT3, and VT4.

The washing solvent is pumped from container R4 that
is placed outside of the instrument. The gear pump GP1
feeds the liguid into the middle of the dosing head, where
it flows freely onto the rotating blades of the stirrer (11)
above the dividing cone {3). Liquid is sprayed onto the
sides of the reactor {1} and onto the dividing cone (3) and
is divided equally into reaction chambers CLn (4},

The first filling of the reactor with randomization liguid
may be performed in the same way as that with washing
solvent {e.g., DMF). For subsequent randomizations the
liquid is pumped from the container WR. Valves VT3,
VT9, VT8, and (after pressurization of container WR)
VT2 are activated and the conients of vessel WR are
transported into the reactor.

Emptying of the “first” waste container is realized by
subsequent activation of valves VT8, VT'7, and VT6
(pressurization of vessel W1) and opening of valve VT'11.
In this arrangement the contents of container W1 are
moved to the “final” waste container W2 that is located
outside of the instrument.

Removal of the solid carrier from the reactor after syn-
thesis is completed is achieved with the suspension di-
lution technique. The tubing connected with the top of
glass filtration chamber F is placed into the reactor. Valve
MK is manually turned to connect the filtration chamber
with gear pump GP1. The reactor is filled with random-
ization liquid, and pump GP1 then pumps the liguid
through the filtration chamber back to the reactor through
the middle of the dosing head (as in the case of the washing
step). After 15 min of pumping, more than 99.9% of the
solid particles are retained in the filtration chamber.

The above-described processes are computer controlled.
The computer connection was designed to be compatible
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FIG. 4. Electronic block scheme of the instrument.

with any standard IBM PC type computer. This was the
reason for the selection of an otherwise uncommon
method of instrument control ({CENTRONICS), which
is normally used for the connection of printers. A sim-
plified block diagram is given in Fig. 4.

TABLE 1
Basic Commands of the Metalanguage for APLS-1

The board DCEN contains combinatory logic circuits
that decode computer-originated numerical signals arriv-
ing via a standard CENTRONICS cable. This cable uses
the usual wiring for this type of connection. The voltage
values are also standard. The difference is only in the
protocol used for the connection. The DCEN board

TABLE 2

Command Comments Initialization of the Synthesis
DISPL/[v}/{(CR) Delivery from container 1 (BASE) Command Comments
DISP2/[v)/(CR) Delivery from container 2 (CREA)

DISF3/[v}/(CR) Delivery from container 3 (BLUE) INIT/
DISP4/|v]/({CR) Delivery from container 4 {(WASH) DRAIN/S/20/ Drain all reactor chambers
DISPx/{+]/IACG...]{CR) Delivery of amino acid solutions RDMF/1 Introduce randomization liquid
RADMEF/1{0/{CR} Raondomization liguid (DMF) (I = STIRR/H Stirr at high speed

in, O = vut) MIX/A/30 Bubble gas through all chambers
DRAIN/S|A{I/L/{CR) Move liguid to the “first” waste STIRR/O Stop the stirrer
WASTE/1/{CR) Tranaler to waste WAIT/20 Wait 20 seconds
STIRR/HI|L|Q/CR} Stirrer (High, Low, Off) RDMF/O Transfer randomization liquid
MIX/SIATF/L/(CR) Mixing by inert gas (S = single—one into container AW

chamber at a time, A = gll DRAIN/S/15 Drain all chambers separately

chambers simultaneously, 1 = STIRR/H Start of the first washing

geeording to initialization DISP4/20 Deliver washing solvent (DMF)

command consecutively, F = ane STIRR/C

at a time, but with higher gas DRAIN/A/20

pressure)} STIRR/H Start of the second washing
INIT/[..ooc--. J(CRD initialization of reaction chamber DISP4/20

(the chamber with “-" mark is not STIRR/O

initialized DRAIN/A/20
STOP(CR} Interruption of synthesis STIRR/H Start of the third washing
WAIT/H/{CRY Whiting for t seconds DISP4/20
@ [1ext}{CR} any comment STIRR/O

Parameters used: t time in seconds; v volume in milliliters

DRAIN/A/20
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TABLE 3
Example of One Step of Library Synthesis
Commeand Comment
NIT instrument initialization deprotection
DISP1/10 Delivery of piperidine solution
MIX /575
WAIT/E0
MIX/8/5
WAIT/60
MIX/S/5
DRAIN/S/20
Washing
STIRR/H
DISP4/10 Belivery of washing solvent
STIRR/O
MIX/S/5
BRAIN/A/20
Caupling
DiSP3/8 Delivery of an indicator
DRAIN/S/10 Solvent removatl
DISPx/25/AAADEFG- Pelivery of amino acids {alanine is
HIKKKLMNPQRST delivered 10 the {first three chambers
and lysine is delivered to the
chambers 10-12, i.e., library will he
eoriched in slanine and lysine und it
will not contain cysteine, valing,
tyrousine, and tryptophan}
DISPu/12 Belivery of condensation reagent (DIC)
MIX/S/10 The first mixing
WAIT/300
MIX/S/10
WAIT/300
Washing aftes coupling
DRAIN/S/20
STIRR/L
DISP4s15
STHRR/O
MIX/ANG
DRAIN/A/ 20
Randomization
DRAIN/S/20/ Drain ail reactor chatnbers
REMF A Introduce randomizetion liguid
STIRR/H Stirr nt high speed
MIXA 20 Bubhle gas through all chambers
STIRR/O Stap the stirrer
WAIT/20 Whait 0 seconds
RDMF/O Transier rapdamization liquid into
container HW
DRAIN/S/15 Drain sl chambers separately
STIRR/H Washing the walls of reactor
DISP4/20 Deliver washing solvent (DMF}
STIRR/Q
DRAIN/AS2G
STIRR/H . Second washing
DISP4/20
STIRR/O
DRAIN/A/20
DRAIN/A/ZD
WASTE Transfer of liguid from W1 to waste

translates the sent values of digital outputs to the regis-
ters, the outputs of which are already directly connected
with the boards DSM, DOUT1, DOUTZ, DOUTS,
DOUTY, which contain the actuating microvalves and
stepper molors. The signals coming from the aptoelec-
tronic sensors for liquid presence generated by the board
DIN are treated similarly. After their demultiplexing by
the board DCEN the signals are sent to the computer.

The board DSM contains actuators with electronic
current regulation of the particular phases of stepper mo-
tor SM1. It also contains a two-bit input and output gate,
which is used for the control of gear pump GP1 and for
the scanning of the signal from the optoelectronic sensor
for zero position of the dosing head OSP.

Microvalves VR {n = 1-3) and VA {(n = 1-20)} are con-
trolled by the board DOUT1, microvalves VO (n = 1-10)
by the board DOUTZ, microvalves VO (n = 11-20) by the
board DOUTS, and valves VT (n = 1-11), VF {n = 1 and
2}, the output socket for eventual external vacuum pump
VP1, and the direct-current motor for the stirrer M2 are
controlled by the board DOUT4.

QOutput signals from optosensors OSA (n = 1-20) and
OS8R {n = 1-4) evaluating the presence of the liquid re-
quire standardization, and they are processed to lavel TTL
by the board DIN. The board DIN contains analog circuits
of the towed comparator type, which can eliminate long-
lasting changes of capillary transparency and technical
parameters of the optoelectronic components used.

Seftware for this equipment was designed based on the
experience gained during the construction of several au-
tomatic peptide synthesizers (6, 7). Since a new task—
randomization—was added to the synthetic process, the
possibility for the operator to modify even the complicated
technological operations was added to the program.

A specific language {metalanguage) of interpretation
was created, This language contains commands that
clearly identify particular technological operations. The
synthetic program is an arrangement of these commands
together with numerical or legical values for their param-
eters. Simple editing with the possibility of creating maero
commands with repetition allows for very effective pro-
gramming.

The function of the program is illustrated below. The
comnents describe actions of the particular actuators of
the equipment in various stages of the synthesis. Basic
commands are given in Table 1.

As an example of the real synthesis, we describe here
the intreductory operations and condensation of amino
acids in one position. Synthesis of a library with fixed
positions might he slightly different.

At the beginning of the synthesis ail valves and other
components, including the dosing head, are in the inactive
position. The given amount of the solid carrier (1 to 20
g) suspended in the appropriate solvent is introduced into
the reactor and the liquid is drained (DRAIN/A/t). Ho-
mogeneous distribution of solid support to the single re-
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action chambers (CLn) is performed by a randomization
step: the reactor is filled with randomization solvent
(DMF, command RDMF/1} until the top of the dividing
cone is reached (3). The stirrer {11) is activated (low speed,
command STIR/L} and inert gas {pressure P4) is intro-
duced into the reaction chambers {4} {command MIX/I/
t, MIX/A t). Sedimentation (WAIT/t) follows through
stirring of the resin. The randomization solvent is trans-
ferred to container WR, the walls of the reactor and di-
viding cone are washed (STIR/H, DISP4/t, STIR/O), and
washing solvent is disposed (DRAIN/S/t). Table 2 illus-
trates the described program.

The cycle in which amino acids are attached starts with
addition of the deprotecting reagent (piperidine in DMF,
command DISP1/t), which cleaves Fmoc protecting
groups. During deprotection the reaction chambers are
mixed one at a time (MIX/S/t). After removal of the pi-
peridine solution (DRAIN/S/t), the washing solvent is
introduced (STIR/H, DISP4/t, STIR/O), resin in the
chambers is mixed (MIX/S/t) by inert gas (pressure P5)},
and liquid is drained to “first”” waste (DRAIN/A/t). This
step is repeated several times. After washing, the indicator
(bromopheno! blue) solution (8) is delivered (DISP3/t)
and the chambers are drained (DRAIN/A/t). Delivery of
amino acid solutions to the single chambers {(DISPx/t) is
followed by the delivery of coupling reagent (DISP2/t).
During condensation the chambers are mixed intermit-
tently (MIX/S5/t). After coupling is finished (resin in all
chambers should be decolorized), the solutions are re-
moved to waste W1 and resin is washed as above. The
last step in the synthesis of libraries is randomization.
This step is preformed in the same way as described above
for synthesis initislization. An example of one cycle of
synthesis is given in Table 3.

All software was written in TURBO PASCAL version
6.0 and runs under MS DOS 5.0.

CONCLUSION

The described automatic peptide library synthesizer
was successfully applied to the syntheses of peptide li-
braries on different types of solid-phase supports. The
system is effective and more efficient than manual syn-
thesis.

ACKNOWLEDGMENTS

Supported by grants CA 17094 and CA 23074 from the National In-
stitutes of Health. KSL is a scholar of the Leukemia Societly of America.

REFERENCES

1. Furka, A., Sebestyen, F., Asgedom, M., and Dibo, G. (1991} Int. J.
Peptide Protein Res. 37, 487-493.

2. Houghten, R. A, Pinilla, C., Blondelle, S. E,, Appel, J. R., Dooley,
C. T., and Cuervo, J. H. (1991) Nature 354(7), 84-86.

3. Lam, K. 5., Salmon, 8. E., Hersh, E. M., Hruby, V. J., Kazmierski,
W. M., and Knapp, R. J. {1891} Nature 354(7), 82-84.

4. Zuckermann, R. N., Kerr, J. M., Siani, M. A., and Banville, 8. C.
(1992} Int. J. Peptide Protein Res. 40, 497-506.

8. Saneii, H. H., and Shannon, J. D. (1994) in lnnovation and Per-
spectives in Solid Phese Synthesis (Epton, R., Ed.), pp. 335-348,
Mayftower Worldwide, Ltd., Birmingham.

6. Pokorng, V., Mudra, P., Jehnicka, 4., Zenifek, K., Paviik, M., Vob-
irka, Z., Rinnova, M., Stierandova, A., Lucka, A, W., Eichler, d.,
Houghten, R., and Lebl, M. (1994} in Innovation and Perspectives
in Solid Phase Synthesis {Epton, B., Ed.), pp. 643-648, Maoyflower
Worldwide, Ltd., Birmingham.

7. Lebl, M., Stierandova, A., Eichler, 1., Patek, M., Pokorn¥, V., Jehn-
i¢ka, J., Mudra, P., Zenifek, K., and Kalousek, J. (1992} in inno-
vation and Perspectives in Solid Phase Synthesis (Epton, R, Ed.},
pp. 251-257, Intercept, Andover,

8. Krehitdk, V., Vagner, J., §afaf, P., and Lebl, M. (1888) Collect, Czech,
Chem. Commun. 53, 2542-2548,





