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ABSTRACT. We incorporated a phosphonate irreversible inhibitor of neutrophil elastase into a randomized
DNA library and, using the SELEX process, iteratively selected these assemblies for the most potent
elastase inhibitors. The inhibitors were selected against purified elastase and against secreted elastase in
the presence of activated neutrophils. Very active aptamer inhibitors were obtained by both methods,
with second-order rate constants for inactivation of human neutrophil elastase rangBjg(1L.C® M1

min~1. These rates exceed those of any reported irreversible inhibitor of elastase and exceed the previous
best phosphonate inhibitors by 80-fold. The selected inhibitors are also significantly more potent than
o-1 proteinase inhibitor in blocking degradation of elastin by activated neutrophils. In contrast to a previous
experiment [Smith et al. (199%)hem. Biol. 2741—-750], a single-enantiomer form of the valyl phosphonate

was used rather than a racemic mixture. Our analysis shows that this use of a chirally resolved valyl
phosphonate results in selection of much more potent inhibitors and that these inhibitors specifically
potentiate a single enantiomeric form of the phosphonate.

Neutrophil elastase (NEjs a highly active serine protease the synthesis and screening of smaller organic molecules
that is capable of degrading a variety of proteins. Stored in (Edwards & Bernstein, 1994). The synthetic inhibitors
azurophilic granules, it is secreted into the extracellular spaceinclude mechanism-based irreversible inhibitors. Serine
in response to inflammatory stimuli. NE is thought to proteases form a transient covalent complex between the
participate in disease resistance by facilitating the degradationactive-site serine and the substrate peptide acyl carbon (hNE
and phagocytosis of pathogenic bacteria (Birrer, 1993). prefers valine at this site). Mechanism-based inhibitors form
Because of its ability to also degrade host proteins, including a stable version of this complex, thereby inactivating the
fibronectin and lung elastin, NE activity normally is tightly enzyme. The development of irreversible inhibitors as
controlled in order to avoid injury to host connective tissue therapeutics has been limited by concerns over their specific-
(Doring, 1994; Gadek, 1992; Kramps et al., 1991; Umeki et ity: highly active inhibitors tend to be more chemically
al., 1988). One level of control is mediated through the reactive, causing them to cross-react with other nucleophilic
endogenous serine protease inhibitet P, which is present ~ compounds, which of course are at much higher aggregate
in normal plasma at concentrations of car3iM. concentration than the target enzyme. These potential cross-

The escape of NE from this regu|ati0n has been imp"cated reactions would act to lower the potency of the inhibitor and
in a number of pathological states and diseases, includingcould also induce toxic side effects.
emphysema, cystic fibrosis, idiopathic pulmonary fibrosis, = We recently reported the identification and characterization
ARDS, ischemia-reperfusion injury, and rheumatoid arthritis of RNA-based irreversible inhibitors of human NE, by a
(Doring, 1994; Jochum et al., 1993; Powers et al., 1993; process we term “blended SELEX” (Smith et al., 1995).
Repine, 1992). Changes in the proteaastiprotease bal- SELEX is a method of identifying nucleic acid sequences
ance, on both the micro- and macroscopic scales have beeithat have desirable properties by using a process of iterative
invoked to account for the destructive effects of NE activity enrichment and amplification (Ellington, 1994; Gold, 1995)
(Birrer, 1993; Donnelly et al., 1995; Hubbard et al., 1991; (Figure 1). SELEX has been shown to be a general method
Kramps et al., 1991; Ossanna et al., 1986). for generating ligands to a wide variety of targets, including

The development of NE inhibitors as therapeutic agents Small molecules, peptides, and proteins. Blended SELEX
has been pursued by a variety of strategies, including theis the process of incorporating an extraneous molecule into
identification and production of endogenous inhibitors and @ nucleic acid library and then selecting the most active of

these composite assemblies. These extraneous small mol-
To whom correspondence should be addressed ecules extend the chemical power of the nucleic acid library.

* wi u . . . .

® Abstract published ildvance ACS Abstract§ebruary 15, 1997. LOOk,ed G}t anOt,her Way_’ each nucleic acid sequence .m the

1 Abbreviations: valP, diphenyR)-1-amino-2-methylpropanephos- ~ Starting library is a variant of the small molecule moiety;
phonate; NE, neutrophil elastase; hNE, human neutrophil elastelse;  blended SELEX allows up to 1®variants of the small

Pl, alpha-1 proteinase inhibitor; ARDS, acute respiratory distress molecule to be screened for the most active variant
syndrome; SELEX, Systematic Evolution of Ligands by Exponential . . i )
enrichment; NHSN-hydroxysuccinimide; SDS, sodium dodecyl sulfate; The inhibitors recovered in the previous blended SELEX
TEA, triethylamine; HBSS, Hank's balanced saline solution; hSA, experiment showed good activity, with second-order rate

human serum albgmin; TBE, Tris/borate/EDTA; _EDTA, ethylenedi- constants for human NE inactivation o8 x 106 M~ min—t
aminetetraacetate; PCR, polymerase chain reaction; AAPV, Ala-Ala- i - .
Pro-Val; pNA, paranitroanilide; AMC, 7-aminomethylcoumarin; ~ @nd excellent specificity for NE as opposed to similar serine

PAGE, polyacrylamide gel electrophoresis. proteases, such as cathepsin G (Smith et al., 1995). The
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Ficure 1: Chemistry and SELEX. (A) The core inhibitor, MH
valP is shown. This molecule was activateid an NHS-ester
derivative and coupled to the amino linker of the splint oligo, as
described in Methods. The splint oligo is complementary to 12 nt
of the B fixed region of the randomized DNA library. The complete
inhibitor is assembled by annealing the splint oligo:valP conjugate
to the DNA library. (B) Selection: the assembled inhibitors are
incubated with a limiting amount of hNE, and the valP moiety reacts
covalently with hNE. These covalently coupled complexes are
resolved from unreacted inhibitor by SB8AGE. The shifted
DNA is extracted and amplified by PCR for the next cycle of
selection.

inactivation rates of the blended SELEX inhibitors are
comparable to the best peptide inhibitors employing the
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METHODS

Synthesis of Human Neutrophil Elastase Chiral Coligands
for Splint SELEX

(R)-(—)-1-Benzyloxycarbonylamino-2-methylpropanephos-
phonic acid?2 was obtained by oxidation of the corresponding
phosphonous acid (Baylis et al., 1984) with bromine in
agueous base (Scheme 1). Conversion to the diphenyl ester
3 was accomplished in high yield utilizing diphenylsulfite
in pyridine (Yamazaki et al., 1974). The crude diphenyl ester
3 was deprotected directly to the amine hydrobromide salt
with 30% HBr/HOAc, which was purified by trituration with
ether then converted to the amideby treatment with
ammonia gas (Oleksyszyn & Subotkowska, 1980). Subse-
guent transformation to the succinimidylcarbamatevas
performed according to the method described previously
(Smith et al., 1995).

Synthesis and Purification of Valine Phosphonate
Enantiomers

valP conjugates were synthesized as follows: the triethyl-
ammonium salt of 571sp 12/4 C6 DNA (Figure 1) was dried
under vacuum and resuspended in dry DMSO/10% TEA at
a concentration of approximately 10 mg/mL. NHS-va#p (
(15 mg) was added~30-fold molar excess) and allowed to
react at room temperature for 1 h, when the reaction was
guenched by addition of 0.1 mL 1M Tris, pH 8.1. The
modified DNA was purified by reverse-phase HPLC in a
gradient of triethylammonium acetate/acetonitrile. The
identity of the desired product was confirmed by electrospray

phosphonate chemistry. We also showed these inhibitorsionization mass spectroscopy.

to be effective in preventing lung damage inextvizo model
of ARDS.

SELEX

We have repeated the blended SELEX process with the SELEX procedures were performed largely as described
goals of (a) recovering much more potent inhibitors, (b) (Smith et al., 1995), with the difference that DNA, rather
recovering smaller and thus easier-to-synthesize ligands, andhan 2NH,-substituted RNA, libraries were used. Briefly,
(c) selecting forin vivo potency by using activated neutro- initial pools were composed of 100 pmol of chemically
phils as the source of NE and thus mimicking the physi- synthesized 40N7.1 DNA (Figure 2; high-salt SELEX) or
ological milieu. DNA amplified from 25 pmol of synthetic DNA for 12 PCR

We describe in this paper the isolation and characterizationcycles (neutrophil SELEX). DNA libraries were added to a
of DNA-based inhibitors of NE that have inactivation rate 1.1-fold excess of DNA:valP splint in the reaction buffer at
constants of up to 3 108 M~! min™?%, a rate significantly 0.1 uM (HBSS/0.01% hSA/25mM HEPES, pH 7.5, for
faster than that reported for any other irreversible inhibitor neutrophil SELEX, the same buffer plus 100 mM NaCl for
of NE. Two ligands cross-react quite well with rat NE high-salt SELEX), and annealed by heating at 85,
(inactivation rate= 108 M~ min™1), which will facilitate followed by slow cooling to 37C. Neutrophils or purified
testing in animal disease models. These ligands can behNE (Athens Research Technology, Athens, GA) and soluble
reduced in size from 71 nucleotides (nt) to-4B nt, while elastin (Elastin Products Corp., Owensville, MO) were added
retaining inactivation rate constants greater thanBBY M1 and allowed to react. DNA was recovered from the
min~L. The inhibitors are shown to be—B times more neutrophil SELEX reactions by filtration through Spin-X 0.45
potent than the endogenous NE inhibitor] PI, at inhibiting um cellulose acetate filter cartridges (Costar, Cambridge,
elastin degradation by activated human neutrophilgtro. MA), followed by a wash with 0.05% SDS to remove any
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) 1 1 T gc gt ggt atgtacaacaatgcatctcacatg
5.0 X P ce aggtgtlmgtgacaacatgecatcaggtaagatgeta
120 Y gaca ggtgtigcagggtaggt catgttactaattcat
EDS4 v ittt ie tet e aeh e e e gcoga agtgtiacatt taaaccaggggectgctcteta
DDIT ittt it e tiee e toggagg t agtgtigatcaaacttgectatttaggya

1203 s gtgagaagytgagttl agt ttlagatatatcaagtat gge

DD21 ...t e e ae tagtagggagagat tgtgtjtaggt gagecttagttt

ED13 .ieevenonn .ggcggtgtgagaacacgac acclk agt gtjctaccatetgac

DN ... ... .tggggg tgat gat agg tct aatft agt ctjtacgt gtgga

DD20 v eieeen onn tgctgecgaagcact atgatt a agtgtlac cat ttgga

2007 agg gcegt agatgac ttagaacec t atle agt gogjoacacge

DD18 ....cacgatggttaggogggcct tgagge t aatgtjftgtta

DD46 ....gtggaggtgatgtagtaagaaatatag agtgtjoc tg

ED60 .cacgacggaatttttaagtgagcaaagat tgt e}

ED1(18)cagcgtcatt taggatt cgtcaggttctacc

DDE vttt v v voeeeononnnnnee saneeas CGi tatcctataaagtctecacccttatgeca
BDAS . .. ittt e it cetgdg aggasactt ccectectatetet

DD7 v oot ittt o gactggg tatcaacgeggt gaaacctaaccteatettgat

EDI3 ottt vietensnnnnnnene son ggcggty tgagaacacgpcacce tag tg tctaccatctgac

ED67 (2), i vvvevevoonnnnns .ccactgad cgycagg oy castaaccca

DD33 ot ittt venaneneanns tacagtcgta aatcttgtt atggttga

DD31 ¢ vt v vt v tevannnans cecatggtgtg atcaggtaagatgeta

DD13 .. ........... catctcacatg

tctatctct cec

taatcgggtatatcgacttctactetc
raattggttccagttttatcecte
ragttggttatcatctacttaccc
btatgt cggtgtg

hggtaagatgcta

) 079 R caccgtcatttaggattqgtcaggectcthcecegt agtgtg
DD16 .. ..., tgacgacatgccaatg taagaacatgecttapccectgttga
3] 1 acaggtggtgtggcagg gtaggtcatgttacpaattcat
EDS5 o4 oeveoenns e cacg taagtatctacgc gagdaacatgectetptetet cee
ED7 (3) « ... ... caggaaacaggggtgcacgg ggagatcatgettthtecate
DD12 o0 v e e e caccgec tatgcagatcttatge accaatcatgccac a
DD50 .. .... ctgcaaac tat cgcagatagageg ttagatcattcttefa

GCTACCA |ryyGGTTAY]
ED26 caggay accggt taclattgaatatc teteee
ED47., ... caggac atcgggtatjatcgacttct actcte
ED38 (3). cacggta gat ggt tatjgttacttcaa ttctg
ED16 (2). cacgt aag attggt taaltcacacactc ccca
ED39. ... ggcgagg ate gttggt tatjcatctacttacce
ED65 e e e e e caccoy aagy attggt teclagttttatecccte
DD23. ... ....caaccacaggatcaccctgtcaaa acaccta
DD20. ... .. .tgctgegaagecactatgat tagata tttgga
DD12. ..caccgetatgcagatecttatgeacocate

DD25... catgacagaatgtctgcagagetaatct t ggt cactgat

ED3(2). cctgtgt tggt tagttaacacgegaagettececgetece
ED6(3). cacgact tcaa tgy cagggat ttecggtgageececttaat
ED30(3) gcacacaaaccaytgcgaacggtagttctaatectectg

Ficure 2: Local consensus in selected sequences. Sequences from the random region are aligned on local consensus sequences, shown ir
the boxes. = purine, y= pyrimidine, n= any nucleotide. Sequences from the high-salt SELEX are denoted DD, sequences from the
neutrophil SELEX are denoted ED. Sequences studied in more detail are in bold. Parentheses following the sequence names denote the
number of clones isolated. The bottom group are sequences that did not fall into any of the groups, but were studied in more detail, or had
multiple clones.
membrane-bound DNA. In the high-salt SELEX, the reac- GCGG) and the '3fixed region primer 3N7.lbio (5
tions were quenched by addition of SDS to 0.1%, and the BBBTCCCGCTCGTCGTCTG, where “B” denotes biotin).
reactions were concentrated and desalted by ultrafiltration The three biotins at the' nd of 3N7.1 cause the comple-
through Centricon 30 kDa molecular weight cutoff cartridges ment of the ligand strand to be retarded on a denaturing gel
(Amicon). Inhibitor:hNE conjugates were resolved from and so allow the ligand strand to be resolved and purified.
unreacted DNA by electrophoresis in a 6% polyacrylamide/  As the selections progressed, the stringency of the reaction
0.05% SDS/1.5% TBE gel at 18 W constant{300 V) for conditions was increased in order to maintain selection
2 hin a #C room. The amount of shifted DNA was pressure. For the high-salt SELEX, the initial conditions
quantified using a Fujix Phosphorimager, and then the DNA were 100 nM DNA, 10 nM hNE for 10 min. The final
was cut out and eluted from the gel. conditions were 10 nM DNA, 1.5 nM hNE, 400g/mL

DNA for subsequent rounds was amplified by PCR using soluble elastin for 3 min. For the neutrophil SELEX the
the B fixed region primer 5N7.1C (5GGGAGGACGAT- initial conditions were 90 pmol of DNA, 2.3x 1P
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neutrophils in 75L for 5 min. The final conditions were The apparent second-order rate constant of inactivation,
25 pmol of DNA, 3.8x 10* neutrophils, 100@g/mL soluble (Kinac/K1)app Was obtained by replottinigs inacidS a function
elastin in 10QL for 2 min. The amount of DNA shifted in  of inhibitor concentration and determining the slope of the
each round was typically about 0.03, with a range 6.01 least-squares linear regression. To correct for competition
0.15. Soluble elastin was added as a competitor to increasebetween elastase substrate and inhibitor, the true second-
the stringency of selection; pilot experiments showed that it order rate of inactivation was calculated using a model of
inhibits hNE with aKj app & 70 ug/mL (data not shown). full competitive inhibition:

Round 15 DNA from the neutrophil SELEX and round Knact  Kinact [AAPV-X]
18 DNA from the high-salt SELEX were cloned by blunt- K~ K a p(l + )
end ligation of PCR DNA into vector “PCR-script SK ! !
(Stratagene) and transformation into “Epicurian Competent  The Ky, values for both AAPV-pNA and AAPV-AMC
SURE Cells” (Stratagene). DNA sequences were obtainedwere determined to be 1Q€M both under standard assay
by enzymatic sequencing. conditions and in the absence of Kn the absence of Rf,
Neutrophil Preparation. Blood drawn from human vol-  the AAPV-AMC Ky value rose to 16@M (not shown).
unteers (20/mL) was layered on a discontinuous gradient of  Inhibition of rat neutrophil elastase was determined using
12.5 mL each Histopaque 1077 and Histopaque 1119 (Sigma)a partially purified preparation from rat neutrophil granules
in a 50 mL conical Falcon tube and centrifuged in a swinging (Athens Research), diluted to give activity equivalent to that
bucket rotor at 409 for 30 min at room temperature. Uused inthe hNE assays. THe value of AAPV-AMC was
Neutrophils were drawn from the Histopaque 1677119 determined to be 66M (not shown). Inhibition of human
interface, and any contaminating red blood cells were cathepsin G (Calbiochem) was determined using the substrate
hypotonically lysed by 30 s of vortexing in 3 mL of ice- N-methoxysuccinyl AAPF-pNA (Calbiochem), with enzyme
cold water. Lysed cells and Histopaque were removed by at 50 nM, and substrate at 0.5 mM. TKg value for AAPF-
washing cells three times in 20 mL HBSS containing né"Ca  PNA was determined to be 1 mM, and so no correction
or Mg?*. Neutrophils were resuspended in the same buffer, was made for competition between substrate and inhibitor.
and their number and viability were determined by counting ~ Elastin Degradation AssayThe degradation of insoluble
in 0.2% Trypan Blue. elastin by neutrophils was determined using elastin-

Elastase activity of neutrophil preparations was determined fluorescein, particle size 3775 um (Elastin Products
using the AAP\V-pNA microtiter plate assay (below). COmpany), as a substrate. Assays were performed in a 96-
Typically, a series of dilutions of (0-52) x 10 cells/well ~ Well format using Multiscreen-DP 0.66m PVDF filter
was activated by addition of 02g/mL phorbol myristyl plates (Millipore). Prewashed elastin-fluorescein at a final

acetate (Sigma) plus Om/mL calcium ionophore A23187 concentration of 1 mg/mL and inhibitor were mixed in the
(Sigma). Using purified hNE as a standard, elastase activity Wells at 37°C in HBSS/25 mM HEPES pH 7.5/0.01% hSA.

was typically about 2 10-17 mol/cell, with a range 2-fold Reactions were initiated by addition of neutrophils directly

KM AAPV —X

higher or lower. following activation with 0.1ug/mL phorbol myristyl acetate
plus 0.5ug/mL calcium ionophore A23187. The number
Enzymatic Assays of neutrophils was calibrated by the AAPV-pNA assay to
yield the equivalent of 50 nM purified hNE activity per well,
Small Molecule AssayAn elastase substrakémethoxy- typically (1-2) x 1 neutrophils per well. The final volume

succinyl AAPV-pNA or N-methoxysuccinyl AAPV-AMC of the reaction was 15@L. Reactions were allowed to
(Enzyme Systems Products, Dublin, CA) at 0.5 mM was proceed for 1 h, then stopped by addition of 100of 0.02%
mixed with inhibitor at the indicated concentration in 0.3 SDS. Solubilized elastin-fluorescein peptides were recovered
mL of HBSS/25 mM Tris, pH 7.5/0.01% hSA in a microtiter by stacking the Multiscreen plate on a 96-well V-bottom plate
plate well at 37°C. The reaction was initiated by adding and centrifuging at 10@for 5 min at room temperature.
hNE at 3 nM. AAPV-pNA reactions were monitored by The filtrate (15QuL) was transferred to a 96-well flat-bottom
absorbance at 405 nm in a BioTek EL312 microtiter plate plate, and fluorescence was determined in each well. Pilot
reader. AAPV-AMC reactions were monitored by fluores- assays with purified hNE showed that the reaction was linear
cence fex = 360 nm,Aem = 460 nm) in a Cytofluor I with respect to both time and hNE concentration in the range
fluorescence microtiter plate reader (PerSeptive Biosystems,of experimental conditions used.

Framingham, MA). The data were fit (Kaleidagraph,

Synergy Software) to eq 1: RESULTS

SELEX Strategy

+ A 1) In our previous report, we described a variation of the
Kobs inact blended SELEX process which we called “splint SELEX”

for the DNA-small molecule conjugate that is annealed to
where FU is fluorescence units, is the initial rate of peptide  the nucleic acid library through complementary base-pairing,
hydrolysis,kobs inactiS the observed rate of inactivation, and thereby forming a “splint” (Figure 1A). Once annealed to
A: is a displacement factor. This equation describes the the randomized nucleic acid library, the library:splint as-
behavior of an inhibitor which initially binds the enzyme sembly is iteratively selected for the sequences that are most
rapidly and reversibly to attain a steady state, and subse-active in forming conjugates with hNE (Figure 1B). While
quently reacts with first order kinetics to inactivate the retaining this basic scheme, we made the following changes,
enzyme. The rapid steady state assumption has been testedhich resulted in the selection of much more active inhibi-
with first-generation SELEX elastase inhibitors. tors:

(1 — efkobs inact)
Ayps0r FU = v,
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Use of a Chirally Reseked PhosphonatePhosphonate  DNA were apparent in the later rounds of both SELEXes.
protease inhibitors have always been synthesized as racemi@hese levels were reduced by counter-selection: DNA pools
mixtures at the aminoacyt-carbon, forming what are the  were run on gels in the absence of hNE, and the unshifted
equivalent ofL- andp-amino acids. It is expected that the material was collected for amplification and further selection.
NE active site is selective with respect to the chirality of The background can probably be attributed to DNANA
the substrate, preferring the inhibitor which corresponds to dimer formation, as the amount of background shift was
the biologicalL-amino acid. We have subsequently con- dependent on the DNA concentration in the sample. The

firmed this expectation: theamino-acid-equivalent inhibitor  selections were terminated when no further increases in pool
is four times more potent than the R (data not ShOW-ﬁ)e activity were observed over three rounds.

first-generation blended SELEX inhibitors were selected

using a racemic mixture. We suspected that factors relatedsequence Analysis

to the use of mixed enantiomers might drive the selection

dynamic to some extent. We desired instead that potentiation  z total of 49 isolates were sequenced from the high-salt

of inhibition be the only selection factor, and therefore gp) ex. 5l of these are unique sequences. Sixty-two isolates
resolved_the more active gnannomer for gse in the select|on.Were sequenced from the neutrophil SELEX pool: 34 of these
Selection for Shorter LigandsShorter ligand sequences 416 ynique sequences. One sequence, ED1, is represented
are desirable in order to reduce the cost and difficulty of 1g {imes, accounting for 29% of all clones in the pool. All
synthe3|s. We ffound with our flrsft-gener:atmn I_|ga|n(;li that 15 clones are perfect copies, and there are no closely related
any reduction of sequence size from the original 71-mer g, 0nces, suggesting that the activity of this clone is

resulted in significant losses of activity (J.C. & D.S. G
. ; n ' strongly dependent on its intact, exact sequence.
unpublished results). Elastase has a high net positive charge, gly dep q

and nucleic acids are negatively charged, so it is expected InSpection of the Sends of the sequences reveals a
that electrostatic contributions to binding will be significant. Structural feature of the clones, one that differs between the
We found that inhibition by the first-generation ligands was high-salt and neutrophil SELEXes. The splint oligo is
extremely salt-sensitive, consistent with these expectationsdesigned to form a 12 bp duplex with thef&ed region of
(J.C. & D.S., unpublished results). In an interaction domi- the ligand DNAs, and leava 4 nt‘dangling end” that may
nated by electrostatics, a large nucleic acid might be at an0r may not form a structure with the ligand DNA random
advantage for maximizing the total number of chargearge ~ region (Figure 1). As with the first-generation ligands, a
interactions and for reaching from the active site to sites of large majority (39/62) of the neutrophil SELEX ligands
high net positive charge, such as the “arginine patch” on extend the fixed-sequence double helix by 2 bp with the
hNE. We reasoned that higher ionic strength during selectionsequence '€A; three more use wobble pairing to extend
would weaken electrostatic binding interactions, and might the helix with the sequencéTA. In contrast, the 49 high-
thereby reduce the selective disadvantage of smaller bindingsalt SELEX ligands prefer wobble pairing (% = 17, 5TA
motifs that depend primarily on hydrogen-bonding or = 9) to Watson-Crick pairing (3CA = 7) in forming the
hydrophobic interactions. extension. The functional significance of this difference is

Selection Using Actated Neutrophils.Elastase activity ~ not clear, as there is no systematic difference between the
is highly localizedn vivo and exists in a microenvironment two sets of sequences in any of our assays (below). It is
that might differ substantially from that of the purified also unlikely that the difference originates in the stabilities
enzyme in homogenous solution (Campbell & Campbell, of the splint-ligand assemblies under different salt condi-
1988; Liou & Campbell, 1995; Weiss et al., 1986). There tions, as DNAs from both SELEXes were annealed under
have also been reports that NE is expressed in a membraneidentical physiological salt concentrations. It is also notable
bound form that might be physiologically important (Allen  that two highly similar sequences emerged from the two
& Tracy, 1995; Owen et al., 1995). For these reasons we SELEXes. Ligands DD7 (high salt) and ED45 (neutrophil)
decided to include a selection that used activated neutrophilsare 70% identical (28/40 nt) overall, with a 16 nt region of
as the source of NE. perfect identity near the’ ®nd. The number of differences

In summary, two selections were performed, one against between the sequences is too large to allow the similarity to
purified NE in high salt (high-salt SELEX), and the second be plausibly explained by cross-contamination between the
selection was performed with elastase expressed fromtwo selections. Instead, the similarity argues that the SELEX
activated .neutrophils in physiological salt concentration process successfully sampled and selected the optimal
(neutrophil SELEX). sequences from large libraries.

We used a computer-assisted method of local sequence
consensus alignment (B. Javornik, unpublished results) to

Fifteen rounds of neutrophil SELEX and 18 rounds of Organize the sequence data on the basis of smaif¥ (6¥)
high-salt SELEX were performed, using the parameters sequence motifs (Figure 2). Sequences (19/49) from the high
described in Methods. The stringency of the selections wassalt SELEX, and 17/34 from the neutrophil SELEX fall into
increased in later rounds by reductions in ligand concentra-one of these groups. Several sequences belong to more than
tions and reaction times, and by addition of soluble elastin one group. The sequence motifs, with one exception, appear
as a competitor (see Methods). Roughly 12 rounds were to be distributed randomly within the randomized region and
required in the high-salt SELEX before significant increases between the high salt and neutrophil SELEXes. The
in inhibitory activity of the pool occurred, while increased exception is the sequenc6ECTACCA, which is found in
activity was apparent in the neutrophil SELEX after only a the 8 half of the randomized region only in sequences from
few rounds. Significant background levels of gel-shifted the neutrophil SELEX. In these ligands, the sequence

Selection of Elastase Inhibitors
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AR YY Table 1: Inactivation Rate Constants
e inhibitor KinacdKi, M~2 min-t
T NH,-valP 3.8x 100+ 3.1x 10
c A 40N7.1 1.8x 1P+ 2.0x 10P
St DD7 22x 18+ 8.1x 107
NN DD18 1.1x 18+ 2.0x 107
N-—N'} 0-3 DD25 9.2x 10/ + 1.6 x 107
IC\;T:I{{" ED1 15x 108+ 1.8 x 107
5 ° CG ED38 9.9x 10° £ 1.9x 107
199399 IcIIras EDA45 1.0x 10+ 2.1x 10/
3't:cc tgectacgccgtygy 5 yaip
Ficure 3: Neutrophil-specific structural motif. Fixed-region and NH2-valP E’ ENEZZ‘FG
splint oligo sequences are in lower case, random region sequence 40N7.1 :
is in upper case. NN' denotes covarying base pairs. ~ DD7 ‘ "
Q
£ DD18
. 4000 % DD25
£ 3000} £ ED1
2 ED38 3 f
3 20001 ED45 : ; :
c
$ 1000 10° 10" 102 10° 10*
§ OM hNE/fNE or hNE/catG
& Ly b ity Ficure 5: Inhibitor specificity. Values foki,/K; were determined
1000 — el ——a for rat NE and cathepsin G, as described in Methods, and plotted
min as the ratio of the values for human NE in Table 1. 40N7.1 is the
042 starting DNA library.

we used high concentrations of elastase substrate (0.5 mM,
equal to Ky;), which competes with inhibitor for the enzyme
active site and reduces the observed rate of inactivation.
The apparent second-order inactivation rates of the clones
ranged from 10to 2 x 10° M~* min~! (not shown). We
S chose three sequences from each selection for chemical
010° 110° 210° 310° oligonucleotide synthesis and more thorough characterization.
FiGURE 4: Fluorescence assay of hNE inactivation. (A) Progress 1hese inhibitors have rates of{8) x 10° M~* min™* (Table
curves of fluorescence intensity changes upon hydrolysis of the 1). These inactivation rates are approximately 100-fold faster
elastase substrate AAPV-AMC after subtraction from a no-enzyme than those of the starting pool. The rates also compare

control.O, no inhibitor;®, 1 nM ED1,M; 1.5 nM ED1;4, 2 M favorably with those of the best peptide phosphonate
ED1. Only every other data point is shown for clarity. (B) Replot .~ . . _ -

of inactivation rates from A. The value &f,a obsiS calculated for inhibitors (~2 x 10° M l min~* ,(O|e|,(sy_sz,yn & Powers,
each curve as described in Methods and replotted as a function 0f1991)) and the fastest irreversible inhibitors of any type
inhibitor concentration. Linear regression yields the apparent previously reported (1x 10° Mt min~! (Krantz et al.,
second-order rate of hNE inactivatiokac/Ki app The true value 1990)).

for kinac/K; is obtained by correction for competition from hNE

substrate, as described in Methods. Specificity

5’GGT_TA is found 3-ward. Computer-assisted folding Cross Reaction with Cathepsin GCathepsin G is a
analysis (Jaeger et al., 1989, 1990) shows that these tWoneyrophil serine protease that has similar substrate specificity
motifs may pair to form a hairpin wita 4 ntloop. The 4 hNE, and like hNE, has a high net positive charge. We
plausibility of this structure is supported by covariation testeqd inactivation of cathepsin G as a measure of the
analysis of the flanking sequences, which are able to extendgjscrimination of the inhibitors. The free valine phosphonate
this proposed hairpin by-36 bp (Figure 3). The restriction  ghows modest specificity, as does the random DNA:valP
of this folding motif to the neutrophil SELEX suggests that assembly; both inhibitors are 30- to 40-fold more active on
it recognizes some neutrophil-specific epitope or isoform of yNE than on cathepsin G. In contrast, the selected inhibitors
hNE or is better adapted to function in the neutrophil 4re 400- to 3000-fold more active against hNE than cathepsin
microenvironment. G (Figure 5). ED1, the dominant sequence in the neutrophil
Inhibition of hNE SELEX pool, shows the greatest_selec_tivity: T_he second-
order rate constants of cathepsin G inactivation for the
Fluorimetric Assay.Approximately 25 clones from each  selected inhibitors are roughly the same as that of the
selection were prepared and assayed for hNE inhibition. unselected random pool, indicating that they were not
These DNA:valine phosphonate complexes are irreversibleselected on the basis of generally increased chemical
inhibitors of elastase, and the rate at which they inactivate reactivity.
elastase is determined by the progress curve method (Figure Cross-Reaction with Rat NESeveral useful models of
4). Because of the potency of the inhibitors, we used a inflammatory disease have been developed in rat, so we
fluorigenic substrate to maximize assay sensitivity, and allow screened our ligands for activity against rat neutrophil
low concentrations of enzyme and inhibitor to be used. To elastase, which has substrate specificity and structure similar
further slow the inactivation reaction to measurable rates, to its human homologue (Virca et al., 1984). The free valine




3024 Biochemistry, Vol. 36, No. 10, 1997 Charlton et al.

0 |
1 (2]
o 5
=
32075 §0'75
N ]
2 3
s 0.5 = 05
] T
< 0.25 8
50.25
ol ! ! ! ! 2
0 25 50 75 100 9
mM added NaCl 0 - - - .
FIGURE 6: Salt sensitivity kiract onsvalues for each inhibitor at the 0 1107 2107 3107 410

indicated salt concentratiop) are normalized to itginact obsvalue M Inhibitor
with no added saltuo). The starting buffer, HBSS, is 142 MM in g5 0e 7: nhibition of neutrophil-mediated elastin degradation.

Na*, and 6 mM in K. x, 40N7.1 starting library®, DD7; W, : : h : ; ;
DD 4, 00250, EDL, ED38;2, OIS Acivaled nutophls e Incubeted i fuoresceinaled clastr,
fluorescence. Data were normalized to solubilized fluorescence with
phosphonate and the random DNA:valP assembly haveno inhibitor, minus solubilized fluorescence released in the absence
essentially the same reactivity against rat NE as againstof neutrophils. Data from two DNA-based inhibitors are shown,
human NE (Figure 5). In contrast to cathepsin G, the representing the lowest and highesidalues @, o-1PI; O, DD7,;
selection process increased selectivity with respect to rat NED:
%r;:l)/biggl':gyEDqS vwvgrcﬁaéhgp?gnf f;lzego?zt 25@2”232}:{3 tivation rate constants shows that the closely related se-
human NE than rat NE. Other ligands, notably DD7, and quences DD7 and EDA45 show modest (3- to+ 4-fold)
the closely related sequence ED45, are nearly as reactiverecjUCtlonS in activity in the absence of Cand Mg".

against rat NE as against human NE, with inactivation rate Inhibition of PMN Degradation of ElastinDetermination

constants approaching &M~ min—L of rate constants by use of small molecule substrate assays
is useful in the kinetic characterization of inhibitors, but may
lonic Requirements be misleading with respect to evaluating their therapeutic

potential (Padrines & Bieth, 1991). In contrast to the
homogenous solution conditions of small molecule substrate
assays, neutrophils in pathological conditions create a
complex microscopic milieu of oxygen radicals and high
enzyme concentration and adhere to an insoluble substrate.
We developed am uitro assay system which more closely
resembles this milieu. Fresh, activated human neutrophils
are incubated with fluoresceinated insoluble elastin, and
elastinolysis is measured by the amount of soluble fluores-
cence produced. We measured the ability of our inhibitors
to prevent elastinolysis over the course of an hour, in the
presence of (#2) x 10° activated human neutrophils.
Inhibition is quite efficient in this system for all the inhibitors,
with 1Csg values of 26-40 nM (Figure 7). It appears that
all, or nearly all, of the neutrophil elastinolysis activity can
be suppressed at higher (200 nM) concentrations of inhibitor.
In contrast, the endogenous protease inhikitdrPI is much
less effective (16 ~ 200 nM), and it is not clear if-1 Pl

can completely suppress elastinolysis.

Salt Sensitiity. Our first-generation elastase inhibitors
proved to be extremely sensitive to increases in ionic
strength, as most of their inhibitory activity was lost upon
addition of =50 mM NacCl to a physiological ionic strength
buffer. As part of our strategy to recover smaller core
sequences in inhibitors, we performed one selection at
elevated ionic strength, adding 100 mM NaCl to a physi-
ological buffer (HBSS). We tested the sensitivity of inhibi-
tors from elevated- and physiological-ionic strength selections
and found 3/6 have reduced sensitivity to increased ionic
strength, while the others have similar sensitivity to that of
randomized DNA (Figure 6). Two of these three are from
the high-salt selection. Sequence ED1, from the neutrophil
(i.e., physiological ionic strength) selection, shows almost
no sensitivity to increased ionic strength. The most sensitive
inhibitor from the high-salt selection, DD7, is closely related
to an inhibitor from the neutrophil selection, ED45.

K* Dependence We further characterized the inhibitors
with respect to K dependence, which is diagnostic for the
formation of G-quartet motifs in nucleic acid structures. Ty ncation Analysis
Previously selected elastase-binding ligands were proposed
to form G-quartets. The selection buffer containedl mM One of the goals of the second-generation SELEX was to
K*; this was replaced by Nain the assays in order to obtain potent elastase inhibitors of shorter length to facilitate
maintain ionic strength. The inactivation rate constants of large-scale synthesis. We chose a set of inhibitors for
the free valyl phosphonate and of the randomized DNA:splint truncation based on high activity, favorable location of local
assembly show no significant change in the absence'of K consensus sequence, and analysis of potential secondary
Of the selected ligands, only DD18 and DD25 show structure. The three'Berminal nucleotides were removed
significant &2 SEM) decreases in their inactivation rate from all truncates, leaving intact the full 12 bp splint-fixed
constants in the absence oftK However, since the region double helix. No more nucleotides were removed
magnitude of the decrease is relatively small, 2- to 3-fold, from the 5 end, and progressively shorter inhibitors were
this result suggests that the rate decrease is due to simpleynthesized by omission of 3erminal nucleotides. All
ionic selectivity, or that G-quartet structures are not critical sequences were initially synthesized with thé&x3d region
to the inhibitors. removed, yielding inhibitors of length 51 or 52. The activity

M2t Dependence Divalent cation binding sites are com-  of all the inhibitors was reduced somewhat, with a range of
mon in nucleic acid structures, commonly acting to stabilize 2- to 40-fold. Further truncation results in patterns of a sharp
tertiary interactions (Smith, 1995). Determination of inac- drop-off in activity,e.g.,DD7 and ED45, or a more gradual
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10° pr preference for this enantiomer, ranging in magnitude from
: ] 60- to 500-fold.

DISCUSSION

-
Q
™
Wi

We previously reported the use of blended SELEX
] technology in the selection of elastase inhibitors. Blended
4 SELEX incorporates a small molecule lead compound into
3 a nucleic acid library and then applies the SELEX procedure
to select the most active complex of small molecule and
nucleic acid. The selections reported here were undertaken
to further this work by producing highly potent elastase
inhibitors that are especially adapted to thevivo micro-
environment of elastase activity and which could be reduced
Ficure 8: Truncation analysis. Second-order inactivation rates of t-o asize more -SUItable for Che-mlcal Sy-ntheSIS' A combina-
inhibitors are replotted as a function of their length. All truncates tion qf strgtegles were used in pursuit of these goals, as
have 3 nt removed from theif &nd (see Figure 1), and all further ~ described in Results, and evaluated below.

klnactl KI’ M'min’
3,
i

10°F

40 50 60 70
length

truncation is by removal of nucleotides from theehd. Parent Possibly the most important difference between the first-

E%”fg”ceég’ggD?;EDbﬂ,D& 4, bD18; v, DD20; ©, DD25; @, and second-generation blended SELEX elastase inhibitors
., A ' is the use of a single-enantiomer small molecule inhibitor
NH2-valP A B for incorporation into the SELEX library. Use of a racemic

mixture in the first-generation SELEX might well have
precluded the selection of sequences which interact strongly
and specifically with the inhibitor moiety. Use of a single
enantiomer in the second-generation SELEX resulted in the
selection of inhibitors which are specific for the enantiomer
used (Figure 9). It seems likely that as a consequence of
this difference, the second-generation ligands are far more
active as inhibitors, both in absolute terms %510 M1
1 v1a(I)P“ ; v1a(|)|(=)L 1000 min~t s 3 x 108 M~ min~?) and in reference to increased
activity over the starting pool (255 130-fold). There are

Ficure 9: Chiral selectivity of inhibitors. Bars represent the ratio no apparent sequence similarities between the first- and
of inactivation rate constants for inhibitors as either theor pp a

p-amino acid form of the valine phosphonate moiety, denotectvalP  S€cond-generation ligands. Although this could be the result
and valP, respectively. NivalP is the free valine phosphonate, of the different selection conditions, it could also be the result

aﬂd itshratiot 0f~4.f?PriSOe'\rl\t751th.e itnhtfinSiC C'jsele.cti\gty tOf tt'he Vlf’sgine of the different nucleic acid chemistries employed (pyrimi-
gl%??l?sn ?hi' tr:qec')sl’fc%aracter.izég inr?ibri?(?r f(r)(r)nrrllzae ?irzi-g(gnelr;z% dine 2-NHz RNA U_S DN,A)' . .
SELEX, which was performed with an unresolved mixture of the ~ The effects of using high salt to de-emphasize electrostatic
L- andp- forms of the valine phosphonate. interactions and concomitantly to reduce the length of the
ligand core sequence are unclear. Eight ligand sequences
loss in activity,e.g.,ED38 (Figure 8). The latter sequence were studied in truncated forms. All ligands lost some
has good activity at length 42 nt, with an inactivation rate degree of activity upon truncation and there appears to be

constant of+3 x 10’ M~ min~%, and is being used in further  no systematic difference between the high-salt and neutrophil

Inhibitor

studies of elastase inhibition. (physiological salt) SELEXes. Furthermore, there is not even
a clear distinction between the two selected pools with
Enantiospecificity respect to salt sensitivity (Figure 6). Although 2 of the 3

high-salt SELEX ligands tested have reduced salt sensitivity,

One of the premises of our selection strategy was that ourthe least-sensitive ligand was produced by the neutrophil
ligands would be sensitive to the chirality of the valine SELEX. It appears from this result that, despite the
phosphonate moiety. We expected that use of a singleweakening of electrostatic interactions by addition of salt,
enantiomer would result in the selection of ligands optimized these interactions were still powerful enough to contribute
to use that enantiomer. We tested this expectation by significantly to the DNA-elastase interaction and drive the
synthesizing and assaying a splint oligo which has the less-selection.
active enantiomer (valPwhich corresponds to theamino Another approach to improving the properties of our
acid) as the valine phosphonate moiety. Figure 9 shows thatelastase inhibitors was to select inhibitors for their activity
as free amine compounds, there is only a 4-fold difference against elastase expressed from activated human neutrophils.
between the enantiomers. Coupling to a splint oligo and Because elastase activity is highly localized vivo, we
annealing to randomized DNA (40N7.1) increases this hoped to obtain ligands that are intrinsically more efficacious
distinction only slightly. The most-active ligand from the in vivo than inhibitors selected for their activity against
first-generation SELEX (C10.11), which was selected using purified enzyme in homogenous solution. Sequence and
the racemic mixture, shows no more enantiospecificity than structural analysis (Figuse2 & 3) indicate that a neutrophil-
the random DNA. In contrast, all of the second-generation specific class of ligands was selected by this approach. We
ligands, which were selected using the pure ¥&Rantiomer  tested ligands from both the neutrophil and high-salt
(which corresponds to the-amino acid), show a marked SELEXes for their ability to inhibit elastin degradation by
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activated neutrophils (Figure 7). All of the ligands were quite
potent inhibitors of elastin degradation, withsk&alues in
the range 2640 nM. It appears that all, or nearly all, of

the elastin degradation activity can be suppressed by our
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