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Abstract: Chemoenzymatic parallel synthesis and high-throughput screening were employed to develop
a multivalent aminoglycoside—polyamine library for use as high-affinity cation-exchange displacers and
DNA-binding ligands. Regioselective lipase-catalyzed acylation, followed by chemical aminolysis, was used
to generate vinyl carbonate and vinyl carbamate linkers, respectively, of the aminoglycosidic cores. These
were further derivatized with polyamines, leading to library generation. A parallel batch-displacement assay
was employed to identify the efficacy of the library candidates as potential displacers for protein purification.
Using this approach, low-molecular-mass displacers with affinities higher than those previously observed
have been identified. The aminoglycoside—polyamine library was also screened for DNA binding efficacy
using an ethidium bromide displacement assay. These highly cationic molecules exhibited strong DNA-
binding properties and may have potential for enhanced gene delivery.

Introduction appropriate high-affinity and selective displacers that are ap-
plicable across a wide spectrum of bioseparation demands.

The identification of appropriate displacer candidates has
traditionally relied on estimation of the steric mass action (SMA)
parameterd-11 of potential candidates. Shukla et'&f3used a
dynamic affinity analysis to assess the effectiveness of displacers
as a function of key structural characteristics, including spacing
of the charged moieties, number of charges, types of charged
functional groups, presence of aromatic groups, and overall
K geometry. While these approaches yielded important information

of a sufficient diversity of appropriate displacer candidates. Low- on actual column performance of the displacer candidates, they

molecular-weight displacers employed to date possess moderate yere time-consuming. They also involved a number of linear
to high affinities, yet are unable to displace highly retained gradient experiments. Furthermore, this approach does not allow

proteins on a variety of hydrophilic and hydrophobic resins. for the a priori prediction of displacer efficacy for new displacer
. . lead compounds.
Thus, there is an urgent need to develop a wide range of B ) ) ) o
Empirical screening of chemical compound libraries is of
growing importance for the identification of chemical leads in

Displacement chromatography has attracted significant at-
tention as a powerful technique for the purification of biothera-
peutic proteins and oligonucleotide®. In particular, low-
molecular-weight (MW< 2000) displacers have been shown
to have significant advantages for high-resolution protein
purifications. Displacement chromatography enables simulta-
neous concentration and purification in a single step, which is
significant in the purification of biopharmaceuticals. However,
the major obstacle in implementing this technique is the lac
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raphy from combinatorial libraries. Although the earliest Previous work on parallel screening of commercially available
reports on the use of combinatorial synthesis of affinity ligands displacer candidates in our laboratory resulted in the identifica-
involved screening of epitope peptide librari€s?? small- tion of aminoglycosides and linear polyamines as moderate- to
molecule ligands have been identified for a variety of targets, high-affinity displacers in cation-exchange systef&.It was
including kallikrien23 19G,2* and elastasé3 from focused therefore hypothesized that the derivatization of aminoglycosidic
libraries. core molecules with multiple copies of linear polyamines at

We have recently developed a batch-displacement assay aglifferent positions on the core would result in multivalent
a high-throughput screening technique for the rapid identification derivatives. Consequently, chemoenzymatic synthesis was used
of potential displacer molecul@$.The screening results indi-  to generate libraries based on polyamine derivatives of ami-
cated that a variety of aminoglycosides and linear polyamines noglycosides. Enzymes were used to regioselectively acylate
show moderate to high affinities as displacers in cation exchangeaminoglycoside-linker derivatives, which were further modified
systems. The high-throughput screening technique is a powerfulby linear polyamines at the selected positions. This enabled a
route for the rapid identification of efficient displacer molecules multivalent approach whereby linear polyamines were grafted
in ion-exchange systems, and it has been recently extended t@nto an aminoglycosidic core to generate multivalent cationic
identify selective and high-affinity displacers for protein molecules. The components of the library were screened for
mixtures?” These HTS results have also been used to developtheir displacement efficacy using a batch displacement &ssay
guantitative structureefficacy relationship (QSER) models, and for their DNA-binding efficacy using an ethidium bromide
and they have been employed in concert with the multicom- displacement ass&p:3¢ The results presented in this paper
ponent steric mass action (SMA) formalism for the prediction demonstrate that this approach can be successfully employed
of chromatographic behavior of selected displacer |8&ds. to identify several powerful multivalent ligands for both protein

The complexation of DNA by polyamines has been investi- purification and DNA condensation.
gated in great detaf?—3* The addition of multivalent cations . .

- . . Experimental Section
with a charge greater than three in each molecule induces the
condensation of DNA in aqueous solutions. Multivalent cations ~ Materials. Candida antarcticadipase B (CAL-B, Novozyme 435)
effectively reduce the electrostatic repulsion between DNA Was obtained from Novozymes North America, (Franklinton, NC) as
molecules by charge neutralization, ultimately leading to DNA nggtﬁop(sn?:dgrgogzs afLL;OEaS;:teEg)TS‘See(EZII’_(ES\gaSSPp(LII:rISI"]Saese:aIf’rOOSrg )
collapse or Conde.nsaltlon, which is an important TI.rSt step for High Perfor?ngnce STD Sepharose (HP gepharose SP), ancfl) Source 15S
gene therapy applications. Measurement of the ability of a drug

. L . . . . < stationary phase materials were donated by Amersham Pharmacia
to displace ethidium bromide from DNA is established as a valid (Uppsala, Sweden). (Note that while the Sepharose materials are

measurement of its DNA binding ability. It is hypothesized that  4gar0se-based, the Source resins consist of hydrophilized poly(styrene-
DNA binding induced by polyamine binding above a critical gjvinylbenzene.) The HTS experiments were carried out using 96-well
concentration causes conformational changes within the doublemultiscreen, 0.45:m Durapore membrane-bottomed plates donated by
helix leading, to the release of bound ethidium bron#. Millipore. The 2-deoxyadenosine, glucosamine, mannosamine, kana-
In this paper, we describe the development of a small- mycin A & B, neomycin sulfate, spermine, calf-thymus DNA, chicken
molecule library for potential use as both high-affinity displacers €99 lysozyme, horse heart cytochrome-C, ammonium bicarbonate,

in ion-exchange chromatography and as DNA-binding ligands. sodium phosphate (dibasic), and sodium phosphate (monobasic) were
purchased from Sigma (Saint Louis, MO). Ethylenediamine, diethyl-

(17) Lowe, C. RCurr. Opin. Chem. Biol2001, 5, 248-256. enetriamine, vinyl chloroformate, and dry THF were purchased from
(18) Geysen, H. M.; Meleon, R. H.; Barteling, SP¥oc. Natl. Acad. Sci. U.S.A Aldrich (Milwaukee WI). Acetoned-(vinyloxy)carbonyl)oxime was

(19) 18%%4& 8} Eggg;:i‘%ozé PSciencel99Q 249, 386-390 prepared according to a literature proto€oGlucosamine analogues

(20) Devlin, J. J.; Panganiban, L. C.; Devlin, P. $ciencel99Q 249, 404 (Scheme 1, moleculeo—1€) neamine (Figure 2, molecults) and
406. methyl neobiosamine (Figure 2, molecdi® were prepared accordin

(21) Barrett, R. W.; Cwirla, S. E.; Ackerman, M. S.; Olson, A. M.; Peters, E. l Y d e(’§*?° ’ @ prep 9
A.; Dower, W. J.Anal. Biochem1992 204, 357364, to literature procedures.

(22) Oldenburg, K. R.; Loganathan, D.; Goldstein, I. J.; Schultz, P. G.; Gallop  The'H and3C NMR spectra were recorded on a Varian spectrometer
M. A. Proc. Natl. Acad. Sci. U.S.A.992 89, 5393-5397.

(23) Burton, N. P.; Lowe, C. RJ. Mol. Recognit1992 5, 55-68. with TMS as the internal standard. Chemical shifts are reported in ppm

(24) Rongxiu, L.; Victor, D.; Stewart, D. J.; Burton S, J.; Lowe C. Rature and the coupling constantd)(are given in Hertz (Hz). The ESI-MS

(25) E}ﬁ;%culns%'hlgaa_ éﬁe}%g;ggi S.: Lowe, C. R Mol, Recognit2000 and MALDI-TOF were measured on a Varian mass spectrometer. Flash
13, 370-381. T P chromatography was performed on-6200-mesh silica gel (Sigma

(26) Mazza, C. B.; Rege, K.; Breneman, C. M.; Sukumar, N.; Dordick, J. S.; MO). Product yields, purities, and spectroscopic data are provided in

@7) %@gerks.ggwﬁgh%[. ?Logimgzﬂngr%n%%;?' C.: Cramer. S.JM the Supporting Information section. Cation-exchange chromatography

Chromatogr., A2004 1033 19-28. _ was performed on Fast Flow Sepharose SP (FF Sepharose SP) using
(28) Rege, K.; Tugeu, N.; Cramer, S. 18ep. Sci. Techno2003 38, 1499~ ammonium bicarbonate (NHCOs) as a mobile phase. Fluorescence
(29) Saminathan, M.: Antony, T.: Shirahata, A.; Sigal, L H.; Thomas, T.; and absorbance analyses were carried out using a Perkin-Elmer plate
(30) TDhomaa, TB|JBiO?_h%mi\7trX19§9 38,_382133'\%/'330T.h G, J.Nircle reader and the results were analyzed using the software HTSoft 2.0.

eng, H.; Bloomrield, V. A.; Benevides, J. Vl.; omas, G. J. eic - f . .

Acids Res200Q 28, 3379-3385. _ Procedures. . Generatlon_ of Glu_cosamlne/Mannos_amlne Deriva-
(31) Vijayanathan, V.; Thresia, T.; Sriharata, A.; Thomas, TBidchemistry tives (Scheme 1). Synthesis of Vinyl Carbamate Linkers, 2a2e

2001, 40, 13644-13651. i
(32) Pelta, J.; Livolant, F.; Sikorav, J. U. Biol. Chem 1996 271, 5656~ (Procedure 1).Vinyl chloroformate (426uL, 5.0 mmol) was added

5662.

(33) Basu, H. S. and Marton, L. Biochem. J1987, 244, 243—246. (37) Garca-Alles, L. F.; Magdalena, J.; Gotor. J. Org. Chem1996 61, 6980~
(34) Raspaud, E.; Chaperon, |.; Leforestier, A.; LivolantBrphys. J1999 6986.

77, 1547-1555. (38) Shafizadeh, F.; Meshreki, M. H.; Susott, R. A.Org. Chem1973 38,
(35) Geall, A. J.; Blagbrough, I. Sl. Pharm. Biomed. AnaR00Q 22, 849— 1190-1194.

859 (39) Gross, P. H.; Jeanloz, R. W. Org. Chem1967, 32, 2759-2763.

(36) Bogér, D. L.; Brian, F. E.; Brunette, S. R.; Tse, W. C.; Hedrick, MJ.P. (40) Rinehart, K. L.; Argoudelis, A. D.; Goss, W. A.; Sohler, A.; Schaffner, C.
Am. Chem. So2001, 123 5878-5891. P.J. Am. Chem. Sod 996 82, 3938-3946.
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Scheme 1. (a) Chemoenzymatic Synthesis of Glucosamine-Based Derivatives and (b) Mannosamine Derivatives

a. OH b. OR,
H 1a R=OH (o and B anomers) H NHR4
] 1b R = 0-OCHj h —0
HO: 1¢ R = 0-OCH,Ph
NH, 1d R =[3-OPh
R 4e o

vinyl chloroformate 1e R4 = R, = H, mannosamine
pH 8.0, OOC, 5h 2e Ry =C(0)OCH=CH; Ry =H

3e Ry = R, = C(0)OCH=CH,

OH
4eRi=Ry= .
Hi
o) 2a R=0OH (xand B) HN\/\/ N\/\/\
H 2b R=0-OCH, H/\/\NH2
O 2¢ R =0-OCH,Ph
r 2d R=B-OPh
=/ O\\{
[¢]
CAL-B, THF
30°C, 48 h
o}
O,
Y =
o
H o 3a R=OH (cand B)
HO. 3b R=0a-OCHjy
3¢ R=0-OCH,Ph
NH -
o = 3d R=B-OPh
=7
o}
spermine
ethanol, 45°C
96 h
o) H H
YN\/\/N\/\/\H/\/\NHZ
(o}
HO
o}
HO.
NH
O R H
”\/\/N\/\/\”/\/\NHZ
4a R =OH (a and B anomers)
4b R=0-OCH;
4c R = 0-OCH,Ph
4d R=p-OPh

dropwise to a phosphate buffer solution (40 mL, pH 8.0, 50 mM) of Generation of Spermine Derivatives of Glucosamine and Man-
compoundsla—1e) (2.0 mmol) fa 1 h at 0°C. The reaction mixture nosaming 4a—4e (Procedure 3)A solution of vinyloxy linkers 8a—

was vigorously stirred and the solution was maintained at pH 8.0 by 3¢ Scheme } (0.2—0.4 mmol) and spermine (3 equiv relative to the
continuously adding 1.0 N NaOH. After 5 h, compouritsand 2d free amine group) in ethanol (10 mL) was shaken af@%and 250

were directly precipitated from the buffer solution, then they were pm for 96 h. After removal of ethanol under pressure, the residue was
washed by distilled kD and dried under vacuum with95% purity. neutralized with 1.0 N HCI at 6C. After lyophilization, the powder

For the other compounds, the reaction mixture was lyophilized for 24 was purified using cation-exchange chromatography (resin: FF Sepharose

hhto afftord crrt:de prOdELJt((:;AV\;P'\lAICfg:;Ia;furlZeglbyTilllcabgel flash SP, eluent: 0.20.5 M NH,HCQO; solution) as described subsequently.
chromatograpny using ¢/MeOH (5:1 and 2:1). The above proce- The fraction collection was monitored by TLC and detected by

dure resulted in moderate to good yiel 88%;2b, 33%;2c, 42%); . . . -
u Y ! g yields, ° 0 ° ninhydrin reagent solution after heating at 180. The NHHCO;

20, 67%, 26, 80%. luti d by lyophilization to yield desired produé
. . . . . solution was removed by lyophilization to yield desired produdts
Lipase-Catalyzed Regioselective Synthesis of 6-Vinyl Carbonate
P Y 9 y y 48 with purities in the range 85- 95% based on NMR and MS

Linkers, 3a—3e (Procedure 2)A mixture of 2a—e (0.6 mmol), acetone . . .
O-(vinyloxy) carbonyl)oxime (1.8 mmol), an@andida antarcticdipase analyses (Scheme 1) and moderate isolated yields in the rarge 10

B (CAL) in 15 mL of dry THF were shaken at 200 rpm at %G for 25% after cation-exchange chromatography (described below). It was
24—96 h. The reaction was monitored by TLC. After evaporation of Oobserved that the formation of isomers was usually lower than 20
the solvent, the residue was purified by flash chromatography using 40%. presumably due to stronger steric effects of the secondary amino
hexane/EtOAc (2:1, 1:2) to afforse—3e(Scheme ). The yields were than the primary amino groups in spermine. The mannosamine-spermine
generally good3a, 91%; 3b, 73%; 3c, 83%; 3d, 48%; 3e, 82%) and derivative @€) was synthesized in a similar manner with a 23% overall
the 6-vinyloxy derivatives were the sole products in most cases. yield.

12308 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004
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a. NHR NHR
HO (0]
HO o)
HO . HO
neamine
NHR NHR NHR NHR
HO HO om
0 NHR NHR
0~ Ho 0 HO
F{\ R\
O OH O OH
RHN, w RHN w
HO i i H
Ho\ﬁ\ neobiosamine Hogﬁ\
o o
R = linker + polyamines 12 R = H (neomycin)
b. NHR, 13R = C(O)gCH=CH2
N
14a R = ~">NH
on Mo N3 T,
14bR=_ N NH,
HO o R, \n/ \/\HN
RHN o
OH HO
O
O NHR, NHR
/ HO o]
RS HO
R = OH or NH; NHR NHR
R; = linker + polyamines m
o S NHR
- NN
SN NN NN .
Y ” NH; 15 R = H (neamine)
o] 16 R = C(O)OCH=CH,
H
HO =N
17aR = ~
HO 0] \n/ NH,
o} H H
o NH oR 17b R =\n/ \/\/N\/\/\H/\/\NHZ
H (o]
H\/\/N\/\/\N/\/\NHZ
H
= HO OMe
R = akyl or aryl o
Figure 1. Structures of the aminoglycosidic leads used for derivatization
with polyamines. (a) Neomycin, neamine, neobiosamine, and potential R
polyamine library using CO linkers. (b) Kanamycin A and B and potential RHN \NH O OH
polyamine library using CO linkers. (c) Glucosamine- and mannosamine- HO
based dispermine derivatives. HO
o

II. Generation of 2'-Deoxyadenosine Derivatives (Schemes 2 and
3). Monospermine Derivatives of “Deoxyadenosine (Scheme 2a,b).
The vinyl linker6 was readily formed using CAL-B catalyzed acylation
with high yields (87%)° Aminolysis with excess spermine gave the
desired producf. A solution of vinyloxy derivatives (0.3 mmol) and
spermine (0.9 mmol) in THF (20 mL) was shaken at°8and 250
rpm for 24 h. After removal of THF, the residue was purified by silica
gel flash chromatography using MeOH/1.0 M NaCl (10:1) to yield the
pure product7 (69% yield after flash chromatography, Scheme 2a).

Pseudomonas fluorescentipase (PFL) was used to catalyze the
acylation of 2-deoxyadenosine; the vinyl carbonate linker was intro-
duced at 3hydroxyl as described above, with high regioselectivity
(>10:1, 3-OH versus 60H group) to yield the intermediate product,
8 in reasonable yield (28%4Y.The desired monospermine derivative,
9, was obtained upon aminolysis with spermine (50% vyield, 95%
purity).

Trispermine Derivatives of 2-DeoxyadenosineVinyl chlorofor-
mate (30zL, 5.4 mmol) was added dropwise 5o(Scheme 2a) (377
mg, 1.5 mmol) in pyridine (5 mL) and DMAP (122 mg, 1.0 mmol) at
0 °C. The reaction mixture was stirred at room temperature for 24 h,
after which the reaction mixture was diluted with EtOAc (20 mL) and
the mixture was washed with 1.0 N HCI, saturated NaHC@d then
saturated NaCl. The organic phase was dried over Mg3d@er

18 R =H (Me-neobioamine)
19 R =C(O)OCH=CH,

H
NH.
20a R=\n/N\/\NH/\/ 2

Oy H
N,
20b R=T \/\/N\/\/\H/\/\NHZ
o

Figure 2. Neomycin-, neamine-, and neobiosamine-based polyamine
library.

evaporation of solvent the residue was purified by flash chromatography
(hexane/EtOAc, 1:1 and 1:5) to afford the desired prodiicfyield,
28%). The trispermine derivativd,1, was synthesized in a manner
similar to that described in Procedure 3 (yield 32%, purity, 85%).

Ill. Generation of Polyamine Derivatives of Neomycin (12),
Neamine (15), and Methyl-Neobiosamine (18) (Figure 2). Synthesis
of Vinyl Carbamate Linkers (13, 16, 19).The vinyl carbamate linkers
of neomycin, neamine, and methyl-neobiosamine were synthesized as
described in Procedure 1 in moderate to good yields (13, 71%,; 16,
66%; 19, 48%, respectively).

Ethylenediamine-Based Derivatives (Procedure 4A solution of
vinyloxy linkers 13 and 16, (0.2—0.4 mmol) and ethylenediamine (2

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12309
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Scheme 2. (a) Chemoenzymatic Synthesis of 2'-Deoxyadenosine Derivative Containing a Spermine Chain at the 6'-Hydroxyl Group and (b)
Chemoenzymatic Synthesis of 2'-Deoxyadenosine Derivative Containing a Spermine Chain at the 3'-Hydroxyl Group

(@) (b) o

NH,
N N A o)j\ o N
HO ) <NI; o 5 + Y
oo l

)J\ N PFL, THF
o~ ~o” 0
Y 30°C,36h
OH CAL-B, THF /N N
5
30°C,24h  NH, HO. <
o N o N =z
N
/\o)l\o /<
N '\/J
o o\n/o\/
(o}
OH 6 _ 8
spermine
Spermine lTHF, 30°C
THF, 30°C 15h NH,
16 h NH,
o) N N
J\ N N HO. {
R Q 4 N/I N N/I
N =z o]
o)
(o} o
OH
7 Y
H R 9
R= HN N
~ TN \/\/\H/\/\NHZ H
R= HN\/\/ N\/\/\ N/\/\ NH,
mL) were shaken at 38C and 250 rpm for 2448 h. The excess Purification of Aminoglycoside—Polyamine Library. The purifica-

ethylenediamine was evaporated under pressure and the residue wason of the components of the aminoglycosig®lyamine library was
precipitated by MeOH/EtOAC; it was then washed with EtOAc to yield carried out as follows. In the case of ethylenediamine, the desired
pure productd4aand17a respectively. aminoglycoside polyamines were produced in a high yield and good

Diethylenetriamine-Based Derivatives (Procedure 5)A solution purity after the evaporation of excess ethylenediamine in vacuo and
of vinyloxy linkers 13 and 19 (0.3 mmol) and diethylenetriamine (4  simple precipitation with a mixture of ethyl acetate and methanol (for
equiv relative to the free amine group) in ethanol (10 mL) was shaken example,14aand17a >99% yield, >95% purity).

at 45°C and 250 rpm for 96 h. After removal of ethanol under vacuum, For the purification of diethylenetriamine and spermine derivatives,
the residue was precipitated and washed as described in procedure 4 parallel batch screen using resin packed in a membrane-bottomed
to afford 14b and 203, respectively. 96-well microtiter plate was used to identify the correct resin-mobile

Spermine-Based DerivativesThe spermine derivatives of neamine  phase combination for the subsequent chromatography steps. Cation-
and methyl-neobiosamin&7b and20b, respectively, were synthesized  exchange chromatography using Fast Flow Sulfopropyl Sepharose (FF
according to Procedure 3 above and were obtained in moderate to goodSepharose SP) with a multistep gradient of ammonium bicarbonate were

yields. identified as the best candidates for the stationary phase and the mobile
IV. Generation of Polyamine Derivatives of Kanamycin (Figure phase conditions, respectively (screening data not shown). The fact that

3). Synthesis of Vinyl Carbamate Linkers (22a and 22b).The ammonium bicarbonate could be removed from the final product by

carbamate linkers for kanamycin A and B were synthesized according freezedrying was also a significant factor in its selection as the mobile

to Procedure 1 and were obtained in moderate to good yields; phase.

yield 37%,22b, yield 84%. Parallel Screening of Displacerg® Protein Adsorption. The bulk
Ethylenediamine-Based DerivativesA solution of 22a or 22b stationary phase (HP Sepharose SP or Source 15S) was first washed

(0.2—0.4 mmol) and ethylenediamine (2 mL) was shaken &t@and once with deionized water and then three times with the buffer, (50

250 rpm for 24-48 h. The excess ethylenediamine was evaporated mM phosphate, pH 6.0) and was allowed to equilibrate for 2 h. After
under pressure, and the residue was precipitated by MeOH/EtOAC andgravity settling of the stationary phase, the supernatant was removed

then washed with EtOAc to yield pure produc8a and 24, and 3.0 mL of the remaining stationary phase slurry was equilibrated
respectively. with 36 mL containing 3 mg/mL of the protein (horse-heart cyto-
Diethylenetriamine-Based Derivatives.A solution of 22a (0.3 chrome-C or chicken egg lysozyme) in 50 mM phosphate buffer, pH

mmol) and diethylenetriamine (4 equiv relative to free amine group) 6.0, at 20°C. The protein was equilibrated with the resim ®h to

in ethanol (10 mL) was shaken at 46 and 250 rpm for 96 h. After attain complete equilibration, during which the stationary phase was

removal of ethanol in vacuo the residue was precipitated and washedallowed to gravity settle. Upon settling, the supernatant was removed

as procedure A to affor@3b (76% yield). and the protein content in the supernatant was determined using
Spermine-Based DerivativesThe spermine derivative23cand25 absorbance detection at 280 or 405 nm, using a plate reader. The mass

(structure deduction based on ESI-M$, and*C NMR data) were of the protein adsorbed on the stationary phase was determined by mass

synthesized according to Procedure 3 above and were obtained inbalance.

moderate to good yields (7% and 27%, respectively) with puriti@s% Determination of DCs. For the screening experiments, 3@0 of

after cation exchange chromatography. different initial concentrations (ranging from 0.3 to 5 mM) of a displacer

12310 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004
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solution was added to 2&k aliquots of the stationary phase slurry as an alternative synthetic approdéh’® We usedCandida

with bound protein. (Note that a different displacer molecule and antarcticalipase B (CAL-B) to incorporate the carbonate linker
concentration were employed for each vial to enable parallel screening.) gt the 6-OH using acetone-@vinyloxy)carbonyl)oxime as the

The system was equilibrated for 5 h. After eguilibrium was achieve_d, acyl donor in THFE Based on this strategy, we envisioned that
the supernatant was removed and the protein content was determlne% series of different oligosaccharide-based branched polyamines

by ?bsorbaﬂce detection at 280 or 405 nm, using a plate reader. ThISwith different orientations could be prepared, each with different
entire procedure was carried out in parallel in 96-well membrane-

bottomed plates to enable rapid screening of potential displacer efficacies as displacers |_n |Qn-exchange chromatography. To that
candidates. Thepercent protein displacedvas calculated for each ~ €nd, the acylated derivatives prepared above were further
aliquot based on protein mass balance and the data were plotted as &€rivatized with spermine, as shown in Scheme 1. The purifica-
function of the initial displacer concentration. The resulting plots were tion of the spermine-conjugated molecules was performed using
then employed to determine the initial displacer concentration required cation-exchange chromatography with FF Sepharose SP as the
to displace 50% of the adsorbed protein (i.e., the;pC stationary phase and a linear gradient of;NIBO; as the mobile
Identification of DNA-Binding Ligands. The components of the  phase. The combination of the stationary and mobile phases
aminoglycoside-polyamine library were screened for their DNA-  \ya5 pased on a microtiter-plate screen for a variety of resins
binding efficacy using an ethidium bromide displacement a¥88. 54 gjyents. Although other eluents also showed comparable

Parallel screening of DNA-binding activity was carried out in the .
following manner: 3 mL of Gig/mL double-stranded calf-thymus DNA perfprmance, NhHCO_‘” was chosen as_the mobile phz?lse,
particularly because it could be lyophilized from the final

were equilibrated with 1L of 0.5 mg/mL ethidium bromide. After
equilibration, 254L of each potential DNA-binding compound (0.3 ~ Product.

mM) were added to the DNAethidium bromide mixture and equili- The synthesis of monospermine compounds based’on 2
brated for 20 min. A portion (7%L) of the resulting solution was deoxyadenosine is described in Scheme 2. The monospermine
transferred into a 96-well microtiter plate and the percent fluorescence derivative of 2-deoxyadenosin€] (spermine incorporated on
decrease was monitored using excitation at 260 nm and emission atthe primary hydroxyl group of ‘2deoxyadenosine), was syn-
595 nm. All solutions were prepared in 20 mM Tris buffer, pH 8.0. hasized chemoenzymatically; the vinyl linkéx, was readily
Results and Discussion formed using CAL-B-catalyzed acylatidf.Aminolysis with
excess spermine resulted in desired produdtpr the synthesis

of the regioisomeB, the regioselective generation of the vinyl
carbonate linker at the '-Biydroxyl group is challenging.
NeverthelessP fluorescencdipase (PFL) did catalyze the-3
acylation with high regioselectivity>10:1, 3-OH versus5'-

OH group) to afford8 in reasonable yield (28%9. After
aminolysis of8 with spermine similar to that described above,
the desired produc®, was obtained in 50% yield and95%
purity resulting in a 14% overall yield o®. Finally, the
trispermine derivative of '2deoxy-adenosingl, 1, was synthe-
sized via chemical acylation of -2leoxyadenosine with vinyl
chloroformate, followed by the aminolysis with spermine in a

In this paper, we describe the parallel synthesis and high-
throughput evaluation of a multivalent cationic library designed
as high efficacy displacers for protein purification and high-
affinity DNA-binding ligands. Previous work on parallel screen-
ing of commercially available displacer candidates in our
laboratory resulted in the identification of aminoglycosides and
linear polyamines as moderate- to high-affinity displacers in
cation-exchange systerffs2’ Furthermore, structure-efficacy
relationship modeling results in concert with the screening data
indicated that charge content and spacing, inclusion of aromatic
moieties in the molecule, and molecular flexibility resulted in
increased affinity qf displacer capdldate moIecGPe@.Ba§ed 9% overall yield for the two steps (Scheme 3).
on these results, it was determined that the generation of a ) . i . )
multivalent library based on the derivatization of aminoglyco- Neomypm-, neamine-, methyl-qeoplosam!ne- (Figure 2) and
sides by linear polyamines would result in candidates with kanamycin-based polyamine derivatives (Figure 3) were syn-

increased displacement affinities. Further, the availability of a tEeS|lzed using e; procedure_sm:jnar to_that Iused in g(_anera]}tlﬂg
large number of reactive sites for functionalization makes the glucosamine/mannosamine derivatives. Incorporation of the

aminoglycosides (Figure 1) promising lead candidates for vinyl carbamate Iinker on the Qmino groups of these molecules
chemoenzymatic syntheses of these libraries. As will be shown was perforlrner(]il chefmlcally in ylerllds ranglgg fronsohto 70%;' q
later in this paper, it turns out that the high cationic content of USING Vinyl chloroformate as the acyl donor. The acylate

these library candidates also make them promising candidatesd_erivatives were further deriyatized .With ethylenediamine,
for DNA binding/complexation. Accordingly, the library was diethylenetriamine, and spermine to yidlda, 14b, 17a 17b,

screened for both displacer efficacy and DNA-binding affinity. 203 20b, 233 23b, 236 24, and25in yields ranging from~40

The yields, purities, and spectroscopic data of the library to 85%. ) _ _ ) _
candidates are described in the Supporting Information. Evaluation of the Aminoglycoside-Polyamine Library.
Chemoenzymatic Synthesis of the Aminoglycoside Identification of High-Affinity Cation-Exchange Displacers.

Polyamine Library. The structural and functional diversity of ~ As described in the Introduction, we have recently developed
aminoglycosides was expanded using chemoenzymatic synthe@n efficient technique for the high-throughput screening of
ses. Selective incorporation of a vinyl carbamate linker on amino displacer molecule¥.In this approach, small-scale parallel batch
groups in a molecule containing multiple hydroxyl groups was displacement experiments are used for rapidly screening a large
readily achieved through chemical means in yields in the range Number of potential displacer candidates. The technique can be
35—-90%. A vinyl carbamate linker was initially introduced on
the Zx-amino group of glucosamind4) and its analoguedh— (41) SR(i)vcé,lgééCFféJiggigB%Q.Kieboom, A. P. G.; Klibanov, A-MAm. Chem.
1d (Scheme 1) using vinyl chloroformate as the acyl donor. (42) Hennen, W. J.; Sweers, H. M.; Wang, Y.-F.; Wong, CJHOrg. Chem
However, regioselective introduction of a vinyl carbonate linker 1988 53, 4939-4945.

. . X . R (43) Ferreira, L.; Ramos, M. A.; Gil, M. H.; Dordick, J. 8iotechnol. Prog.
is very challenging and led us to consider enzymatic acylation 2002 18, 986-993.
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Scheme 3. Synthesis of a 2'-Deoxyadenosine Derivative Having a.
Three Spermine Chains NHR;
o}
o}
5 + /\o)]\m OH H%O
l ﬂyg\c\AP RHN RH g Q Ri
2
o <”j©“ oA
o I O NHR,
RY
OR 10
R = C(0)OCH=CH, 21 R4 =0H, Ry =H (Kanamycin A)
spermine R 22a R1 = OH, Rg = C(O)OCH=CH2
thanol
o 22b Ry =NH,, Ry =C(O)OCH=CH;
N
R0 ¢ f“ 23a Ry =OH, Rp= N~y
TS o
H
O\er 23b Ry =OH, Ry = YN\/\H/\/NHZ
° 23c Ry =OH, ;’
H
H
R= HN A~ N A~~~ R, =\I1/N\/\/N\/\/\H/\/\NH2
H 0 H

N
applied to screen a diverse library of molecules and can be used 24 R{=NHy Ry= \(r)l/ ~NH,

for different modes of interactions, such as ion exchange,

hydrophobic interaction, and reversed phase, and presents a b
significant advantage over previous column based tech- ) 0
niquest213 v NH<H

In the present work, we used a modified batch-displacement ,t,‘f“ o
assay to investigate displacer efficacy over a wide range of n—""" M "o
concentrations. Different initial concentrations of the displacer HO 0 OH
candidates were employed to determine thePD@lue that is o=? 3 HO o
the initial displacer concentration required to displace 50% of NH OMNH)LH
the initially bound protein; clearly, the lower the BJvalue, H\ O=<
the more efficacious the displacer. Figure 4 presents representa- NH NH

tive data for the displacement of cytochrome-C by various initial
concentrations of neamine and its derivatives on HP Sepharose
SP. The resulting plots were then employed to determine the N
DCsg values of neamine (Dg, 5.6 mM),17a(DCsp 2.1 mM),
and17b (DCso, 0.7 mM). N o

The above approach was employed to determine thegDC  Figure 3. (a) Kanamycir-polyamine library. (b) Proposed structure of
values of the library candidates (Table 1) for the displacement one of the major isomers of kanamyeitrispermine derivatives.
of horse cytochrome-C on HP Sepharose SP and Source 15S
cation-exchange resins at pH 6.0. As seen in the table, whilewere 2.8, 1.6, and 1.1 mM, respectively, for the displacement
commercially available displacer candidates such as spermineon HP Sepharose SP. This indicates that displacer affinity
and neomycin show moderate to high affinities as displacers increases as larger polyamine homologues are conjugated to
with DCso values of 4.8 and 2.8 mM, respectively, compounds neomycin. We hypothesize that the derivatization of neomycin
17b (neamine tetraspermine, Figure 2) &8t (kanamycin A with ethylenediaminel(4b) serves to increase the flexibility of
tetraspermine, Figure 3) showed submillimolar p@alues.  the primary amines on the resulting molecule as compared to
Furthermore, 11 displacers from the library exhibited higher the parent neomycin. The greater flexibility of the cationic
affinities than neomycin, while the others had comparable charge results in an increased affinity of the molecule, a result
affinities. In previous work, spermine and neomycin were among consistent with previous observatictig/Neomycin derivatized
the highest-affinity displacers identified by our laboratéty3-26 with diethylenetriamine {4a) was found to have the highest
These results are important in that they demonstrate thataffinity among the neomycin derivatives, the increased affinity
individual displacers with moderate affinities can be conjugated due to an increase in charge on the molecules as well as added
to generate a new class of high-affinity displacers. This flexibility of the charged groups. It turns out that the displacer
represents a novel approach for the design of high-affinity affinity for the molecules, as well as for their derivatives,
displacers for biomolecule purification by displacement chro- followed the trend neomycir> neamine > neobiosamine.
matography. The D& values of neomycin and its derivatives Glucosamine and mannosamine derivati¢ese (Scheme 1)
14a(neomycin derivatized with ethylenediamine, Figure 2) and show interesting trends in their R§values on HP Sepharose
14b (neomycin derivatized with diethylenetriamine, Figure 2) SP (Table 1). The D& values of4a, 4d, and4e are similar
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% Cytochrome-C displaced on HP Sepharose SP by
Neamine derivatives
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paragraphs, indicate that the affinity of the resulting multivalent
displacers can be significantly improved by the conjugation of
appropriate moieties.

The influence of the stationary phase on displacer affinity
was investigated using a second strong cation-exchange resin,
Source 158, and the resulting displacement data are also shown
in Table 1. As seen in the table, the performance of the
displacers on Source 15S (backbone matrix: crosslinked hy-
drophilized poly(styrene-divinyl benzene)) is significantly dif-
ferent from that observed on HP Sepharose SP (backbone
matrix: crosslinked agarose), with as many as eight displacers
exhibiting submillimolar affinities on the Source resin. Although
neamine-tetrasperminel{b, Figure 2) and kanamycin A-
tetraspermine 23¢ Figure 3) were still among the highest-
affinity displacers, with D values of 0.6 and 0.9 mM,
respectively, other displacers (includiddp, 4c, 4d, 4a, 14b,

Figure 4. Determination of D& values from percentage protein displaced and20b) had comparable submillimolar affinities. Furthermore,
data for cytochrome-C displaced on HP Sepharose SP by neamine and itghe affinities of the glucosamine/mannosamine derivati¢as (

derivatives. The lines in the graph are for visualization only s@lues:

neamine, 5.6 mMi17a 2.1 mM; 17b, 0.7 mM.

Table 1. Performance of the Novel Aminoglycoside Library: DCsg
(mM) Values of Horse Cytochrome C Displaced on HP Sepharose
SP and Source 15 S (Data Arranged in Increasing Order of DCsg

on HP Sepharose SP)

DCso-cytochrome C on

DCso-cytochrome C on

displacer HP Sepharose SP (mM) source 15S (mM)
17b 0.7+ na 0.6+ 0.03
23c 1.0+ na 0.9+ 0.08
25 1.0+ 0.02 2.4+ 0.13
14b 1.1+ 0.06 0.9+ 0.12
20b 1.1+ na 0.8+ 0.04
4c 1.3+ 0.08 0.8+ 0.02
l4a 1.6+ 0.01 1.3+ 0.09
24 1.9+ 0.01 1.9+ 0.06
23a 2.0+0.15 1.7+ 0.02
17a 2.1+ 0.06 2.3+ 0.04
11 23+ na 1.1+ 0.14
de 2.7+ 0.68 1.1+ 0.00
4a 2.8+ na 0.9+ 0.07
4d 2.8+ 0.20 0.8+ 0.00
neomycin 2.8+ 0.87 1.7+ 0.02
4ab 3.6+ 0.25 0.8+ 0.04
23b 4.1+0.29 2.4+ 0.13
spermine 4.8-1.04 4.3+ 0.64
neamine 5.6t 1.99 4.9+ 1.67
bekanamycin 6.2 0.37 3.1+ 2.29
spermidine 7% 1.44 5.8+ 0.44
20a 9.4+ 2.65 4.8+ 0.03
diethylenetriamine 10.80.19 14.44+ 3.67
7 11.7+0.10 6.2+ 0.46
9 12.3+0.25 12.94+ 1.46
ethylenediamine 20.2 2.67 17.6£ 2.15

(~2.7-2.8 mM). However,4c and 4b show very different
affinities. While 4c (DCsp = 1.3 mM) has the highest affinity
among this family of moleculeglb (DCso = 3.6 mM) has the
lowest affinity. These results indicate that the introduction of
the benzyl glycoside moiety in molecude increases displacer
efficacy, while the introduction of a methyl grougt)) decreases
the affinity. This may be due to greater van der Waals
interactions of the benzyl moiety dt with the stationary phase

e, Scheme 1) on the Source 15S resin showed significant
differences when compared to their affinities on HP Sepharose
SP. The DGy values of these molecules ranged between 0.8
and 1.1 mM for the Source resin. This indicated that these were
among the highest-affinity molecules on that resin. The glu-
cosamine/mannosamine derivativéds-e) follow the affinity
trend4b ~ 4c ~ 4d > 4a > 4e (DCsp values: 0.8, 0.8, 0.8,
0.9, and 1.1 mM, respectively). It is also interesting to note
that4b (DCso, 3.6 mM), the least-effective displacer among this
family of molecules on the HP Sepharose SP resin, was the
most effective on the Source resin (B0.8 mM). The trend
described above indicates that displacer efficacy on the Source
resin increased with the introduction of hydrophobic/aromatic
moieties in the molecule. This is probably due to the fact that
the backbone of the Source resin is based on poly(styrene-divinyl
benzene) and that displacers with hydrophobic/aromatic moieties
may be able to exploit secondary interactions with the resin
backboné213 These results indicate that although this library
was designed for generic high-affinity displacers, unique
selectivities can be observed on different resins.

To evaluate this displacer library with another protein,
experiments were carried out with chicken-egg lysozyme
adsorbed on HP Sepharose SP. Figure 5 shows a comparison
of the percent protein displaced for both lysozyme and cyto-
chrome-C at displacer concentrations of 2.5 mM; the data are
arranged in increasing order of percent lysozyme displaced. As
seen in the figure, a large number of library compounds had
significantly higher affinities than those of the previously
identified commercial compounds neomycin and spermine. In
addition, molecules such as kanamycin A tetraspern23d,
Figure 3) and neamine tetraspermit@lg, Figure 2) were found
to be particularly effective at displacing lysozyme with values
of 67.8 and 52.8% protein displaced, respectively. It may be
noted further that while these molecules demonstrated differ-
ences in affinities for displacing lysozyme, they resulted in
almost 100% displacement of cytochrome-C from the resin. This
is indicative of the fact that the relative efficacies of these high-

resin, a phenomenon known to enhance displacer affinity in ion- affinity displacers were strongly influenced by both the displacer

exchange systemd.13.26|n addition, the increased flexibility

chemistry and the protein being displaced.

of the benzyl group as compared to the phenyl group could As seen in Figure 5, the displacer candidates exhibited a wide

contribute to the increased affinity € over4d. These results,

range of efficacies for displacing lysozyme on HP Sepharose

along with the general trends observed in the preceding SP. Consequently, interesting structure-efficacy information may
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Comparison of % Lysozyme and % Cytochrome-C
Displaced on HP Sepharose SP
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Figure 5. Comparison of percent lysozyme and percent cytochrome-C displaced on HP Sepharose SP at input displacer coreehfatibh Data
increased in increasing order of percent cytochrome-C displaced.

DNA Binding Efficacy of the Polyamine-Aminoglycoside Library

5 3
DNA Binding Ligand

Figure 6. DNA-binding performance of the aminoglycosidpolyamine library: percent fluorescence decreased using ethidium bromide displacement
assay. Ligand concentration: 0.3 mM.
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be observed in this case. For example, altho2@ih(Figure 2) molecules have the potential to significantly improve the
has the same number of amines4as(Scheme 1), the latter  efficiency of ion-exchange processes ranging from large-scale
showed much lower affinity for displacing lysozyn¥a( 23%, preparative chromatography to microscale proteomic applica-

20b: ~41%). This suggests that the presence of an additional tions.

1-methoxyribose unit may be responsible for the enhanced Evaluation of the Aminoglycoside-Polyamine Library.

affinity of 20b. Furthermore, an increase in the aromatic Identification of High-Affinity DNA-Binding Ligands. We

character of the substituents on glucosamiiepermine (Scheme  hypothesized that the constituents of the aminoglyceside

1) derivatives resulted in increased displacement affinities for polyamine library could also be employed as high-affinity DNA-

lysozyme. As seen in Figure 5, whidee and4d have the same  binding ligands due to the high cationic nature of this library.

cationic content agda, 4b, and4e due to the presence of the Accordingly, the ethidium bromide displacement ag38§was

two spermine chains on the molecules (Scheme 1), the presencemployed to evaluate the DNA-binding affinity of this library

of the benzyl group odc and the phenyl group cfd resulted in a 96-well format. Using this screen, the percent fluorescence

in high affinities of these displacers. These results are in decrease®3®was used as a parameter to rank the DNA-binding

agreement with previous reports from our group that the efficacy of the various compounds (Figure 6).

presence of terminal aromatic groups serves to enhance the As seen in the figure, commercially available polyamines such

efficacies of displacer candidates in ion exchange systéigé as spermidine, spermine, bekanamycin, and neomycin showed
As seen from these screening results, the rational design oflow efficacies (the percent fluorescence decreased values ranging

a displacer library has resulted in the identification of several from 0 to 15%). On the other hand, a large number of the library

novel high-affinity displacers for cation exchange systems. These constituents acted as effective DNA binding agents. Particularly
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significant are the results witk3c (Figure 3),17b (Figure 2), conjugated with four spermine molecules show enhanced
4a(Scheme 1)25 (Figure 3), andtb (Scheme 1), which resulted  displacer and DNA-binding activities, due primarily to an overall
in values of 82, 70, 66, 66, and 60% fluorescence decreased,ncreased cationic content of the molecules. It was found that
respectively. While the trend in Figure 6 clearly reveals that an increased charge, size, and charge spacing contributed to overall
increase in cationic charge leads to the generation of higherefficacy of the molecules. These results justify the rational,
DNA-binding affinity ligands, some interesting trends can also multivalent design of high-affinity displacers and DNA-binding
be observed. For example, an increase in the hydrophobicjigands from low- to moderate-affinity leads. Future work will
character of the substituents on glucosamiispermine (Scheme  jnvolve the use of the displacer efficacy R@ata and the DNA-

1) derivatives resulted in an overall decrease in DNA-binding binding data for the generation of predictive structupeoperty
efficacy of the molecules; the results followed the trefal  y6qels, which will then be employed to direct the a priori design
(66%) > 4b (60%) > 4c (52%) > 4e (47%). In particular,  of 5 second generation of high-affinity displacers and DNA-
differences in the position of spermine 2versus 26) led 0 pinging ligands. The identification of high-affinity displacers
significant differences in efficacy, as seen in case 4af will enable relatively low displacer concentrations to be

(glucosamlpe d'ﬁpefm',”e’ 66% fluorescence decreasedjend employed in protein separation processes, resulting in dramatic
(mannosamine-dispermine, 47% fluorescence decreased). Clearly

. Improvements in yield and purity. This will have implications
these data demonstrates that several candidates from th or orotein separation brocesses randina from large-scale
aminoglycoside-polyamine library exhibited high DNA-binding P P P ging g

oS . . : . manufacturing to microscale proteomic applications. The iden-
efficacies. Furthermore, differences in the chemistry and location tification of hiah-affinity DNA-binding liaands will set the stage
of the substituted moieties resulted in different DNA-binding 9 y 99 g

efficacies. for further evaluation of these compounds for their efficacies

as transfection agents.
Conclusions
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