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ABSTRACT. LFA-1 (alf2) is constitutively expressed on leukocytes, but its activity is rapidly regulated.
This rapid activation has been proposed to be associated with conformation changes in the inserted (*1”)
domain within the headpiece of LFA-1 as well as conversion of the molecules from bent to extended
forms. To study these molecular changes as they relate to affinity regulation of LFA-1, we developed and
synthesized a fluorescent derivative of BIRT-377 [Kelly et al. (2QD2nmunol} to examine changes in
LFA-1 affinity in a flow cytometer with live cells. BIRT-377 binds to the ligand-binding or “I” domain

of LFA-1. Structure-activity relationships studies indicated that an aminoalkyl group could be added to
the central hydantoin group without significantly affecting binding. Using this modified derivativid-{1-(
fluoresceinylthioureidobutyl)-[B]-(4-bromobenzyl)-3-(3,5-dichlorophenyl)-5-methyl-imidazolidine-2,4-
dione (FBABIRT)], we analyzed the affinity of FBABIRT binding to LFA-1 on live cells. The binding
affinity increases, and the dissociation rate decreases with divalent catidr)(stimulation. We then

used FBABIRT with fluorescent resonance energy transfer (FRET) to show that LFA-1 changes its height
relative to the cell surface when cells were treated with dithiothreitol (DTT) but nét MBompetition
assays among FBABIRT and BIRT derivatives defined struetafénity relationships that refine the
current model of BIRT-377 binding to the | domain. Our data supports the model in which BIRT-377
binds to the | domain and stabilizes the bent structure of LFA-1, while divalent cation activation results
in a small conformational change in the | domain without significant extension of LFA-1. DTT, in contrast,
induces a conversion to the extended form of LFA-1 in the presence of BIRT-377 on live cells. The
structure-activity studies suggest that BIRT-377 is a fully optimized inhibitor.

Integrins are a family of cell-surface receptors composed subunit that prevents or markedly reduces expression of
of covalently associateds heterodimers that contribute to  leukocyte integrins, leukocyte adhesion deficiency (LAD),
embryogenesis, organ formation, immune function, and leads to a potentially life-threatening immunodeficien8y (

angiogenesisl 2). The leukocyte integrin, LFA-10(52), As a result, LFA-1 has gained considerable attention as a
is a member of the leukocyte integrin subfamily that shares molecular target for attenuation of overactive immune
a common32 subunit among four members, LFA-4I(2), responses and inflammatory diseases. Recent publications

Mac-1 @mg32), p150 (xB32), ando d (0dB2). LFA-1 is have reported positive results in animal models of trans-
exclusively expressed on leukocytes and is important in a plantation 7—9) and in human trials of psoriasid¢@ 11).
variety of cell-cell adhesion events including leukocyte Each of the leukocyte integrins has an inserted (“I")
binding to endothelium during extravasation and in the domain in thex subunit and an I-like domain in thsubunit
formatiqn of the immunologic synapse betwc_aen antigen (12). Each domain forms a Rossmann fold with a metal-
presenting and T cells3{-5). A genetic defect in thes2 ion-dependent adhesion site (MIDAS). In this class of

: integrins, the affinity of the | domain is regulated by a 10 A
5 ;Tl_h)'s ’\Vl"lﬂthF?lS 42?%“(5‘1?9:?)(’ bNBI’ rﬁég 0%'82‘32‘0(?'08%081')'-?\'%“0 downward displacement of the C-terminal7) helix, which
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a bent to an extended form in a “switchbladelike” process fragments of TS1/22 were produced using a commercial kit
(16, 17). In this transition from a bent to an extended form, based on ficin digestion (ImmunoPure IgG1 Fab and F(ab)
the | domain of thex subunit of LFA-1 shifts from a closed  Preparation Kit, Pierce Biotechnology, Rockford, IL) per
to an open conformation. Thus, with activation, the receptor recommendations of the manufacturer. Purity of the Fab
extends upward exposing an | domain in the open conforma-fragment was verified by SDSPAGE analysis. TS1/22 Fab
tion that can bind ligand with higher affinity. fragments were labeled with fluorescein isothiocyanate

Two classes of allosteric LFA-1 inhibitors have been (FITC) using Quick tag FITC Conjugation kit (Roche
described to date. Direct competitive inhibitors have not been Diagnostics Corp, Indianopolis, IN).
described. The first LFA-1 small molecule inhibitor to be ~ Synthesis of BIRT-377 and BIRT Detives.BIRT-377
described was BIRT-377 and represents the first class ofwas a gift of T. Kelly (Boehringer Ingelheim)Lg) or was
antagonists that bind the | domain of thesubunit and  Synthesizedle nao (Wagner et al., manuscript in prepara-
stabilizes a low-affinity state 18—22). This class also  tion). Compoundd —VI were prepared and shown to be
includes a number of statin-derived molecules. The seconddreater than 99% pure by HPLC and optically pure by
class of compounds has only recently been developed andPolarimetry (Table 1; Wagner et al., manuscript in prepara-
binds the I-like domain of thg2 subunit and prevents its  tion). The product, FBABIRT was isolated by chromatog-
conformational signals to the | domai@3-26). Thus, the ~ raphy on a 10 g bed RP-18 gravity column.
second class inhibits all four members of the leukocyte — 1-(4-Aminobutyl)-5-(4-bromobenzyl)-3-(3,5-dichlorophe-
integrin family. Integrated studies using immunochemical, Nnyl)-5-methyl-imidazolidine-2,4-dione (Compouhyl Com-
chemical, and molecular-modeling approaches have indicatedpound! was converted to 24-[5-(4-bromo-benzyl)-3-(3,5-
that BIRT-377 binds at and forms close contacts with the dichloro-phenyl)-5-methyl-2,4-dioxo-imidazolidin-1-yl]-buyl
C-terminalo7 helix of the | domain within a 30 A cubic  phthalimide by the method of ré8 followed by aminolysis
area with the center defined in the proximity of proline 281 to compound! by the method of rel8 (Scheme 1).
(18, 27). This site is located on the protein surface opposite  1-(N-Fluoresceinylthioureidobutyl)-[SR]-(4-bromobenzyl)-
to the ICAM-binding site, which is located near the MIDAS  3-(3,5-dichlorophenyl)-5-methyl-imidazolidine-2,4-dione, Tri-
domain. Structureactivity studies to date suggest that BIRT- ethylammonium salt (FBABIRTJo 75 mg (0.150 mmol)
377 binds to LFA-1 solely through nonionic interactiofs)( of aminobutylhydantoini() in 1 mL of dry tetrahydrofuran
Two hydrophobic pockets in the | domain interact with the (THF) was added 1.05 eq of 58.5 mg of fluorescein
aromatic rings of BIRT-377 in an edge to face aromatic/ isothiocyanate (isomef, Aldrich Chemical Co., catalog
aromatic orientation. This binding presumably prevents F250-2, Milwaukee, WI) in 1 mL of abs alcohol (Scheme
displacement of thex7 helix and overall conformational 1). To this was added, dropwise, a 50-fold excess of
changes of the whole protein stabilizing it in the bent, low- triethylamine (TEA, 1 mL, 7.17 mmol). The reaction was
affinity state. stirred at room temperature for 4 h, and then the solvent

Because of the key role of LFA-1 and ICAM-1 interaction Was removed by evaporation [TLC (RP-18, 20%G#
in immune and inflammatory diseases, there is great interestM&OH,1 drop TEA/0.10 mL, vis detxn) FITC reagei,
in understanding the structural basis of LFA-1 activation and 0-80; productR; 0.20]. Applied to 10 g bed RP-18 Sep-Pak
inhibitors of that activation. We have previously used (Supelco Co., Bellefonte, PA), fluoresceinthiourea TEA salt
fluorochrome-labeled small molecules to probe the strueture Was eluted by 20% y0/MeOH and 0.2 mL TEA/100 mL,
affinity relationships of thex481 integrin @8, 29). In this ~ and then the product was eluted by 10%VieOH to give
study, we wished to determine whether a fluorescein-labeled 120 mg (80% yield) of FBABIRT as a chromatographically
BIRT-377 derivative could be used to refine our understand- Pure, red-orange glass. The product could be crystallized
ing of the structural features and conformational changes of from MeOH to give orange needles, mp 280 (dec).'H
LFA-1 in the presence and absence of pharmaceutical NMR (CD;0D): 7.94, s 1H; 7.64, 1s, dd (= 8.1, 2.3 Hz);
inhibitors on live cells. Using a series of structural and 7-41,2H, dd, § = 8.1, 2.3 Hz); 7.35, 1H, tX= 1.8 Hz);
pharmacologic manipulations, we show that the conforma- /-1, 1H, d § = 8.2 Hz); 7.10, 2H, ddX= 9.0, 3.8 Hz);
tional change in the | domain can occur independently of 7-00, 2H, dd § = 8.4, 1.8 Hz); 6.84, 2H, d,J(= 1.8 Hz);
the conversion from a bent to an extended form. In addition, 6-99-6.56, 4H, m; 3.75, 2H, M; 3.70, 1H, m; 3.52, 1H, m;
our structure-affinity studies using derivatives of BIRT ~ 3-23, 1H,d =17 Hz); 3.00, 1H, d,J= 17 Hz) (presence

refine previously proposed models of BIRT binding. under TEA peaks disclosed by GCOSY and HMQC); 3.00,
6H, q @ = 7.3 Hz); 1.86, 1H, m; 1.77, 3H, m; 1.67, 3H, s;
EXPERIMENTAL PROCEDURES 1.12, 15H, t § = 7.3 Hz). MS: (positive ion mode)

(C42H34N4BrCl,07S, calculated 887.070, observed 887.068,
Cell Lines.U937AST was a kind gift of Dr. E. Prossnitz  error 3.96 ppm; (M+ Na): CiHa:N4BrCl,0,SNa, calculated
(UNM, Albuquerque, NM). HL60 cells were purchased from 909.052, observed 909.051, error 1.38 ppm. Observed
American Tissue Culture Corporation (Manassas, VA). Cells isotopic peaks are consistent with the Composi’[ion‘
were cultured at 37C in a humidified atmosphere of 5% Equilibrium Binding of FBABIRTFor equilibrium binding
CO; and 95% air. Cells were grown in RPMI 1640 studies of FBABIRT, HL60 cells were treated with a range

supplemented with 2 mM-glutamine, 100 units/mL penicil-  of concentrations (2500 nM) of the fluorescent peptide in
lin, 1004g/mL streptomycin, 10 mM HEPES at pH 7.4, and  the presence or absence of 1 mM MaGhcubations were
10% heat-inactivated fetal bovine serum. performed for short times at room temperature and on ice

Monoclonal Antibodies.R7.1 was a kind gift of R.  with qualitatively similar results. Because the equilibration
Rothlein (Boenhringer Ingelheim, Torrence, CT). TS1/22 was time of high-affinity molecules is typically a function of their
produced from hybridomas as previously descrilZ). Fab dissociation rate, we have found it experimentally convenient



4324 Biochemistry, Vol. 44, No. 11, 2005 Larson et al.

Table 1: Activity of BIRT-377 and Its Derivatives ar_1a|yzed for 36-240 s to establish a baseline, qn_d_ then the
stimulus (Mri#") was added and FACS acquisition was
compound  structure  ECso(nM?) IC5,(uM®) immediately re-established (losing-30 s of the total time
: course). For dissociation kinetic measurements, cell samples
preincubated with FBABIRT were treated with 500-fold
%_N,é excess (5Q:M) unlabeled Butylamino-Nor BIRT, and the
BIRT-37 7 L AhNo “ 137 4 0.3 dissociation of the fluorescent peptide was followed. The
3% resulting data were converted to mean channel fluorescence
Br over time using Tru-Rate software developed by Seamer and
|

Sklar or using FACSQuery software developed by B.
Edwards 28). Curve fits and statistics were performed using
GraphPad Prism 6.0 (San Diego, CA).
Calibration of Surface Marker&xpression of LFA-1 was
Br measured by fluorescent mAb’s and quantified by compari-
son with standard curves generated with Quantum Simply
Cellular microspheres (Flow Cytometry Standards, San Juan,

17.5+5 >10

o’_ 35.6 418 0.3 Puerto Rico) stained in parallel with the same mAb. This
I a o ' produces an estimate of the total mAb-binding sites/cells
HN A~ X0 (30).
Br Calibration of FBABIRT BindingQuantum 24 Premix

Microbeads (Flow Cytometry Standards Corp.) were used
to quantify the fluorescence intensity of cells bearing
FBABIRT. One or two drops of beads were added to 0.5
402 + 66 4.2 mL of isotonic phosphate-buffered saline (pH 7.2), and the
mean channel numbers of all calibrated microbeads were
collected. The number of molecules of equivalent soluble
fluorochromes was plotted versus the mean channel numbers
for the four fluorescent microbeads. The graph was used to
estimate the total number of molecules of equivalent soluble
o) fluorochromesi/cell.
v Mo a 1708 + 409 >10 Fluorescence Resonance Energy Transfer (FRET) Studies.
’ﬂ FRET is a distance-dependent interaction between the
electronic states of two chromophores in which excitation
is transferred from an excited donor molecule (e.g., fluores-
cein) to an acceptor (A) molecule (e.g., rhodamine) without
emission of a photon. In these experiments, the final
guenching curves generated characterize the distance of the
closest approach between the integuirsubunit | domain
where FBABIRT binds and the surface lipid membrane. In
the FRET assay performed here, the excited state donors in
a this work are FBABIRT (or FITC-labeled FAB TS1/22)
bound to LFA-1 and the acceptor R18 is a rhodamine-
529 + 50 4.5 containing lipid that is incorporated into the cell membrane.
For FRET experiments, HL60 cells were incubated with 100
nM FBABIRT, 100 nM LDV—FITC (a4 or VLA-4 specific
peptide), or FITGC-Fab TS1/22 in HHB buffer (30 mM
_ — — HEPES buffer containing 0.1% human serum albumin
: *ECso, concentration necessary to _|nh|b|t 50% blndlr_lg to LFA-1. supplemented with 1.5 mM CaCand 1 mM MgC$) for 1
ICso, concentration necessary to inhibit cellular homotypic aggregation h s .
by 50%. at room te_mperature. Specific fluorescence was de}ermmed
by subtracting the background fluorescence, which was
to perform eithe 1 h orovernight incubations. Nonspecific determined at each concentration of R18 with FBABIRT in
binding was determined using a 500-fold excess of unlabeledthe presence of blocking TS1/22 mAb. The donor intensities
Butylamino-NorBIRT (I, Table 1). Analysis was performed of different concentrations of R18 (up to &M) were
on a FACScan (BectorDickinson), and 10 000 events were determined after equilibrating for 1 min and were also
acquired. Because instrument sensitivity was varied betweensubtracted from the specific fluorescence intensity on a point
experiments, the mean channel fluorescence values are noby point basis. The specific fluorescent intensity was then
comparable. normalized by dividing the fluorescence intensity at each
Kinetic Analysis of FBABIRT Binding and Dissociation fixed concentration of R18 by the fluorescence intensity
by FACS AnalysisHL60 cells (1 x 10° mL™Y) were without R18. The normalized intensity is graphed as a
preincubated with 106200 nM FBABIRT for 30 min on function of the R18 concentration. The details of the analysis
ice and 500 rpm stirring. Flow cytometric analysis was of FRET fora4 integrins on cell surfaces has been described
performed continuously for up to 1000 s. The samples were elsewhere as well3().

%— Cl 245 + 42 3.2
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a2a: LIHMDS, 4-BrBuphthalimide, 80%. b: MeN4185%. c: fluorescein isothiocyanate sHf 80%.

Competitve Binding of BIRT Detiatives with FBABIRT.
Competitive binding followed approaches described above.
For competitive analysis, HL60 cells were mixed with a
range of concentrations of nonlabeled BIRT derivatives in
the presence of 50 nM FBABIRT. Incubations were per-
formed at room temperaturerft h orovernight on ice with
qualitatively the same results.

Modeling MethodsThe docking experiments were per-
formed with the Autodock package version 332) using
modified coordinates from a previously published X-ray
crystal structure of LFA-1 | domain docked with BIRT-377
in Insightll (available from Accelrys Inc., San Diego, CA,
http://www.accelrys.com/insight/). The computational pro-
cedures match those used in previous wdkg),(and the
geometry of BIRT-377 was built in a conformation identical
to that previously described on the basis of X-ray crystal-
lography data 18). The geometry was optimized using
AMBER and AM1 partial charges in Insightll. The steric

of the curves associated with specific binding were similar
to those seen in recepteligand studies using radiolabeled
small molecule ligands directed against other integra@3}. (

In addition, the nonspecific (blocked) binding curves were
identical to those generated by purified fluorescein used at
similar concentrations (data not shown). TKgfor FBA-
BIRT was 110 nM. In the presence of K a known
activator of integrin activity, a slightly higher affinity was
detected of 70 nM.

We confirmed these equilibrium binding results by study-
ing the dissociation characteristics of FBABIRT over time
(Figure 1c). The data were produced and fit with an
exponential curve as described in the Experimental Proce-
dures. Ak of 0.037 and 0.110 setwere observed in the
presence and absence of Myrespectively. The dissociation
in the presence of Mt was approximately 3-fold slower
than in the absence of Mhn, in general agreement with the
equilibrium binding studies. As it has been shown previously

grid representing the protein was computed using the defaultfor the VLA-4 integrin with a different ligand (LDV-FITC),

Autodock values with a 46 50 x 40 A grid centered on
the Go carbon of L302. The protein was transformed and
rotated to achieve better overlapping of the docking grid with
the binding site by making the orientation of tfi¢ sheet
andal anda7 helices approximately parallel to tlyeaxis.
Other ligands were built from the structure of BIRT-377 and
optimized using AMBER and AM1 partial charges in
Insightll. Autodock runs of 2.5 million genetic algorithm
steps with 50 populations were performed. Only results
consistent with the solvent accessibility for N-1 by X-ray

the heterogeneity of the population of the receptors can be
addressed using kinetic analysis of the dissociation of the
fluorescent probe (FBABIRT in our case}1). Receptors

of different affinity exhibit large differences in the dissocia-
tion rates. This difference can be used to calculate fractions
of receptors in each affinity state on live cells by fitting the
dissociation curve to the multiexponential equations. For the
case when all receptors exhibit the same affinity state,
kinetics of the dissociation is single-exponential as in this
case. Because the dissociation kinetics fit a single-exponential

crystal structure analysis and the best-energy orientationscurve (Figure 3c), LFA-1 receptors, analogous to the integrin

were selected for further analysis.

RESULTS

Equilibrium Binding and Off-Rate Analysis of FBABIRT
BIRT-377 has been previously shown to bind to the | domain
of LFA-1 and to allosterically inhibit ligand bindindgl8).
Structure-activity work with BIRT-377 had suggested that

VLA-4 receptors 81), appear homogeneous with regard to
the affinity state either in the presence of absence offMn
Specificity of FBABIRT Binding to the | Domaiffo
further investigate the capability of FBABIRT to specifically
bind to LFA-1, we examined the binding of FBABIRT to
HL60 cells in a flow cytometer (Figure 2). HL60 cells
express~300 000 LFA-1 receptors per cell (data not shown).

the hydantoin methyl group when bound to LFA-1 was We used BIRT-377 and mAb’s R7.1 and TS1/22 to specif-
oriented away from the binding site, suggesting that changesically study FBABIRT binding. Both mAb’s R7.1 and TS1/
at this site would not interfere with BIRT-377 binding. After 22 have been previously shown to bind to the | domain of
the addition of an akyl chain and fluorescein group, we LFA-1. mAb R7.1 but not TS1/22 blocks BIRT-377 binding
produced FBABIRT (Scheme 1). to LFA-1 (34). Specific binding of 200 nM FBABIRT was
Initial studies were conducted to determine whether completely blocked by BIRT-377 and mAb R7.1 but not
FBABIRT would show increasing fluorescence with increas- TS1/22 (Figure 2). Similar results were achieved at 100 nM
ing concentrations (2500 nM) when bound to HL60 cells. FBABIRT as well (data not shown).
With this range of linear fluorescence detection, we then  Structure-Activity Studies of BIRT-377 Using FBABIRT.
performed a series of experiments to determine the affinity The structure of BIRT-377 and the initial lead compound
constant of FBABIRT (parts a and b of Figure 1). The shapes suggested that the chirality of the C on the hydantoin ring
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Ficure 1: Equilibrium binding and kinetic off rate of FBABIRT in the presence of manganese. (A) Equilibrium binding experiments using
HL60 cells treated with a range of concentrations %00 nM) of FBABIRT in the presence or absence of 1 mM MnG@icubations were
performed for short times on ice. Because the equilibration time of high-affinity molecules is typically a function of their dissociation rate,
we have found it experimentally convenient to perform eithdn or overnight incubations. Nonspecific binding was determined using a
500-fold excess of unlabeled butylamino-nor-BIRT (compolirdTable 1). Analysis was performed on a FACScan (Beetditkinson).

A total of 10 000 events were acquired, and mean cell fluorescence (MCF) was graphed. All samples were run in parallel. The data are
representative of three experiments. (B) Specific binding curves generated by subtracting the MCF of the blocked samples from the total
fluorescent at each respective concentration of FBABIRT. (C) Off-rate experiments using HL60 celtsfImL 1) incubated with 100

nM FBABIRT for 30 min on ice and 500 rpm stirring. Flow cytometric analysis was performed continuously for up to 1000 s. The samples
were analyzed for 39240 s to establish a baseline, and then the stimulus{Mwas added and FACS acquisition was immediately
re-established, losing-510 s of the total time course. For kinetic dissociation measurements, cell samples were preincubated with 100 nM
of FBABIRT and were treated with 500-fold excess (B@) unlabeled butyl-amino nor-BIRT (compouihdh Table 1), and the dissociation

of FBABIRT was followed. The resulting data were converted to mean channel fluorescence over time using Tru-Rate software developed
by Seamer and Sklar or using FACSQuery software developed by B. Edwards. Curve fits and statistics were performed using GraphPad
Prism 6.0 (San Diego, CAR0Q).

v

Uil it

domain (8), the ~23-fold increase in potency {ersesV)

is likely the result of the additional para-bromo benzyl moiety
as well as an alteration in conformation of the small molecule
because of the additional C-5 methyl group (see the modeling
studies below).

These binding results were compared with the ability of
the compounds to inhibit homotypic aggregation of JY cells
(Table 1). These cells have been previously shown to

FBABIRT + Ts1/22

FBABIRT + R7.1

FBABIRT

FBABIRT + COMPD (1)

0 50 100 150 200 250 300 350 aggregate in a LFA-1-dependent manner. Angl(half-
maximal inhibition of cell aggregation) was determined by
MCF measuring the degree of aggregationrav@ log concentra-

FiGURE 2: Specific binding of FBABIRT to the LFA-1 | domain.  tion range, analogous to the FBABIRT-binding studies
HL60 cells were incubated with FBABIRT (200 nM) in the performed in Figure 3. There was qualitative agreement

presence or absence of mAb’s or unlabelegd&Dbutylamino nor- e L .
BIRT (compound! in Table 1) as described in the Experimental between the affinity measurements of each derivative and it

Procedures. The mean-channel fluorescence was determined by flowability to block cellular aggregation with the exception of
cytometric analysis. As a background control, the fluorescence of compoundl, which did not inhibit homotypic aggregation.
cells treated with 200 nM fluorescein only was measured and However, the relationship of cellular and molecular inhibition
_?_l;]btracted_ from the mean channel fluorescence of each samp_leWas not linear, presumably reflecting the multivalency of
e experiment was repeated 3 times. The average values with .
standard deviations are shown. the cell aggregation assay versus the monovalency of the
and methylation at the N-l amide nitrogen could be important competition assays.
in the structure function activity of BIRT-377. Accordingly, =~ Modeling of BIRT Dewatives into the | DomainTo
we next examined structuraffinity relationships of BIRT- ~ examine the structureactivity relationships of BIRT-377
377 by examining the binding of FBABIRT ove 4 log and its derivatives, we docked each compound to the |
concentration range of several BIRT-377 derivatives (Table domain in a manner analogous to previous work based on
1). An EGy (concentration of half-maximal inhibition) was  immunologic and X-ray crystallographic findings (Figure 4)
determined using 100 nM FBABIRT. The chirality of the (18). BIRT-377 and its derivatives dock to the same site as
C-5 carbon affected the activity, with th® enantiomer  previously described1@). BIRT-377, nor-BIRT (l), and
having an affinity 2-4-fold more potent than those of tie Butyl-amino-nor-BIRT (') had very similar docked struc-
enantiomers I{l versuslV andV versusVI). Also, the tures (rmsd< 0.1 A). Other derivatives had a higher energy
presence of an N-1 methyW( andV) and N-1 pentyl amino  of docking compared to these three, but the range of their
substituent If ) modestly increased potency for each enan- predicted binding energy was too narrow to correlate with
tiomer (VI versuslV andV versuslll ). Interestingly, the affinity measurements (data not shown). Compoudifidand
addition of a second methyl group at the C-5 carbon and IV represent isomeric structuresgndR forms, respectively)
para-bromo benzyl group dramatically improved potericy ( of the lead compound from which BIRT-377 was derived
versusV). Because immunologic and crystallographic studies (Figure 4a). In the docking results, both compouridsgnd
have shown that the C-5 methyl group of BIRT-377 is IV) have a more extended conformation that inserts the free
oriented toward the solvent and does not interact with the | phenyl group inserted deeper into a hydrophobic pocket that
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Ficure 3: Representative curves of competition analysis between
FBABIRT and BIRT derivatives. Aliquots of HL-60 cells were
incubated fo 1 h on icewith 100 nM FBABIRT and increasing
concentrations of BIRT derivatives as indicated and described in
the Experimental Procedures. Lower affinity (A) and higher affinity
(B) derivatives are grouped. BIRT-377 is shown in both set of
curves for comparison purposes. The MCF was measured by flow
cytometry. The percent binding was calculated according to the
following formula: percent binding= (MCF derivative— MCF
total block)/(MCF 0 block— MCF total block). The log of the  Fgure 4: BIRT and derivatives docked to the | domain of LFA-
concentration of the BIRT derivative was plotted against the percent 1 () Compoundsil (red) andV (yellow) docked to the | domain.
binding, and the E was calculated using the Prism software. These structures represent the enantiomeric structures of the lead
Each EGo value (Table 1) presents the mearstandard deviation  compound from which BIRT-377 was derived. The hydrophobic
of at least three independent experiments. pocket composed of Y257, 11235, L298, and 1259 into which they

. . extend is shown. BIRT-377 is shown in violet for the purpose of

interacts with Y257, 1259, L298, and 1235. CompouMd  ¢5yparison to emphasize its relative bent conformat?onpand the

which shows the lowest affinity, is inserted deepest into this extension of compound$l andIV into the hydrophobic pocket.

hydrophobic pocket, presumably causing steric clashes andB) Compounds/ (red) andVl (yellow) docked to the | domain.

hence lower affiny. The addion of e -1 methl group 1 B ooes, O L o Cogi st
P ; ; i at i u i imi u i

on the central hydantoin ring leads to '.Som?”.c derivatives amino acid interfaces. Compouitdoes not show the interaction

(V andV1) that have a docked conformation similar to BIRT- it Y166 that is present for BIRT-377, which likely leads to higher

377 (Figure 4b). The conformation of compouidSform) affinity. Docking was performed as described in the Experimental

overlays well with BIRT-377, but the unsubstituted phenyl Procedures.

ring appears to interact with the solvent not with Y166. We

hypothesize that this explains the lower affinity interaction of BIRT-377. Although this is a dramatic rotation, the

of this compound. In contrast, compou¥t is rotated 180 conformation of compoun¥| and its interactions with the

in comparison to BIRT-377 and compouM so that the putative binding site amino acid residues remain similar to

dichlorophenyl group overlaps with the para-bromo group those of BIRT-377 (Figure 4b).
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Ficure 5: FRET experiments. (A) Energy-transfer measurements using FBABIRT. HL-60 cells were incubated with 200 nM FBABIRT
for 30 min at 37°C, in the presence or absence of DTT or s described in the Experimental Procedures. Fluorescent intensity is
measured as a function of the R18 concentration. (B) Energy-transfer experiments using FITC-labeled TS1/22 Fab fragments (anti-LFA-1
o subunit | domain). HL60 cells were incubated with 50 nM FITC-labeled TS1/22 Fab overnightGiirtthe presence of absence of

Mn?™ as described in the Experimental Procedures. Samples were warmed@f8i7 30 min prior to evaluation. (C) Energy-transfer
measurements using the FITC-LDV peptide. The same process as in A is repeated for detecting VLA-4 height changes us8i U937
cells and 4 nM LDV-FITC. Representative data of four experiments is shown.

FRET ExperimentdDynamic changes in the height (i.e., 500
conversion from bent to extended forms) of the LFA-1
molecule were examined using FRET. Using a FITC-labeled 4004
peptide bound to VLA-4 and rhodamine lipid incorporated 3R
into the cell membranes, we have previously shown that we & 30%1 EmTs122
can detect changes in the vertical distance between the™
integrin head and surface of the plasma membrane as they
convert from the bent to extended forms in the presence of 44,4
dithiothreitol (DTT) or divalent cation28, 29). DTT has
been thought to promote the extension of the integrin by 0
reducing cysteine disulfide bound32j. With an analogous 0 Mn DTT
approach, we examined the height changes in LFA-1 on STIMULI
HL60 cells, and in parallel, the height change of VLA-4 was Ficure 6: Binding of FBABIRT to HL60 cells in the presence of
measured with identical stimuli (Figure 5). A decrease in }Vln%:g and DtT?TY-O"C'Lﬁotﬁe“S are incubateg with 20? &M(;BSF%RT

H 5~ H H or min a In the presence or absence O
guenching efficiency, corresponding to the extension of the as described in the Experi?nental Procedures. Unlabgled nor-BIRT
molecule, was detected on VLA-4 when Mp@F DTT was (1) or mAb directed against the LFA-1 | domain (R7.1 and TS1/
used as previously described (Figure 56),(32). An 22) were added as indicated. For experiments performed in the
extension of BIRT-bound LFA-1 was detected in the presence of DTT, all samples (DTT treated as well as samples
presence of DTT (Figure 5a). However, an increase in subjected to other conditions) were incubated at@7or 60 min.

. As a background control, the fluorescence of cells treated with 200
fluorescence was not detected in the presence of MnCl nM fluorescein only was measured and subtracted from the mean

indicating that BIRT-bound LFA-1 does not extend in the channel fluorescence of each sample. The experiment was repeated
presence of MnGl To demonstrate that LFA-1 in the 6 times, and the standard deviation is shown. An asterisk indicates
absence of BIRT-377 could extend with activation, we P < 0.05 between the quorescence. of FBABIRT bound LFA-1 in
examined the ability of LFA-1 to extend in the presence of g]besepr:ce:eol}cha??f Mit compared with FBABIRT bound in the
MnCl, using FITC-labeled TS1/22 Fab fragments (Figure '

5b). These Fab fragments bind to the | domain of ¢he  was specifically blocked by unlabeled nor-BIR) 6r the
subunit of LFA-1. In the presence of MnCILFA-1 was mAb R7.1.

extended away from the rhodamine-labeled cell surface in

comparison to LFA-1 in the absence of MaCl DISCUSSION

Examination of FBABIRT Binding in the Presence ofMn Integrins exist in distinct conformations that generate
and DTT.Because our data suggested that BIRT-bound varying affinity for the ligand. Integrins have a switchbl-
LFA-1 would convert from a bent form to an extended form adelike opening that corresponds to a conversion from a bent
in the presence of DTT but not Mnglwe wished to  form of lower affinity to an extended form of higher affinity
determine whether the binding of FBABIRT to LFA-1 in  for the native ligand (Figure 7). The subunit of integrins
the presence of DTT and Mngalso changed (Figure 6).  has 2 structural forms; those that contain | domains and those
FBABIRT binding to unstimulated cells was specifically that do not. Recently, we and others have used small
blocked by unlabeled BIRT and the mAb R7.1. TS1/22, a molecules to probe these conformational changes in a non-
mAb directed against the | domain of thesubunit that does  |-domain-containing integrin, VLA-448, 29). In this study,
not compete with BIRT binding, did not block FBABIRT we use a small molecule allosteric inhibitor to examine
binding. Exposure of cells to Mngbut not DTT leads to  conformational changes in the I-domain-containing integrin
increased FBABIRT binding in comparison to untreated cells. LFA-1. We also perform a series of structuactivity
Binding of FBABIRT in the presence of DTT and MnCl  relationship and computational docking studies that indicate
was comparable to Mnghlone. In all cases, the binding BIRT-377 is likely a fully optimized inhibitor. We show that

no Block
EZ2Nor-BIRT (1)

H %
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A) Previous work has indicated that at least three states exist

LDgumsi Mn* Promotes for LFA-1, a bent conformer with closed | domain (receptor
i l : BIRT Blocks w@th low affinity for na'give Iig_and), an .extend(.ad_ conformer
binding site” “CHT with a closed headpiece (intermediate affinity), and an
_ TIRY Ty Pt extended conformer with an open | domain (high affinity)
Li}‘rﬁn Bent form Extended form (1_2, _16, 37). Mn?* activates all integr_ins, appgrently by
Closed I domain Open I domain binding to the MIDAS domain of the I-like domain of tife
Lo aftinity: for TCAM-1 High affinty for ICAM-1 subunit 7). It has been postulated that the binding ofa¥in
to theS subunit leads to a shift of the molecule from a bent
conformer with a closed subunit | domain to an extended
‘—’\ conformer with an open | domair81). Our FRET results
B) e R demonstrate that this switchblade opening of LFA-1 does
{%?@%‘ R occur in the presence of Mh Although Mr?* binds to the
; W I domain conformation change extracellular segment of integrins, it appears in many respects
6‘% L Higher affinity for FBABIRT to mimic inside-out signaling, both by activating in the
LN A y absence of bound ligand and by exposing a similar array of
Bentform activation epitopes3g, 39). In this study, we also provide
HloacaTdonug indirect evidence that M binding to thep subunit leads
to a conformational shift in the | domain of tleesubunit.
IO N ST, A small affinity and off-rate change in FBABIRT binding
An extended form can be detected in the presence off¥rsuggesting that the
Hoxilimorichbnge S HBGEIRT conformational change in the | domain is modest. Because

Ficure 7: Schematic of LFA-1 conformational changes in the FBABIRT stabilizes the bent form as indicated by our FRET

presence of FBABIRT, DTT, and Mngl(A) LFA-1 extends in
the presence of Mnghnd LFA-1 extension blocked by FBABIRT [ﬁsults a;nd Sutggeslte(?] by the. W?I:k Olf gthdj&: ﬂ-%kZ:lL 22),
consistent with the findings of other investigators. (B) FBABIRT € coniormational change In the omain fikely occurs

prevents the extension of LFA-1 induced by MpQbut MnClh without the molecule extending.

increases the affinity of LFA-1 for FBABIRT. DTT promotes the BIRT-377 stabilization of the bent conformer can be
extension of LFA-1 in the presence of FBABIRT, but an increase gyercome by DTT treatment, which extends the molecule.
in binding of FBABIRT is not detected. Although the magnitude of the FRET signal will correspond
to the height change, there is considerable uncertainty in the
precise distances using this technology. Our previous studies
on VLA-4 have estimated that there ar&0 A between the
headpiece of the integrin and the cell membrane witFMn

: stimulation, while MA* plus DTT leads to further extension
suggests that the | domain may undergo a modest confor—With <100 A separating the headpiece from the cell

mational change in the bent form in the presence of MnClI : .

S membrane 32). On the basis of these estimates, LFA-1 |
Furthermore, the stabilization of LFA-1 by BIRT-377 can 4o main wofld) be~25-50 A from the cell membrane after
be overcome with DTT treatment, indicating that there is stimulation.

the possibility of pharmaceutically separa_ting the | domain X-ray crystallography and computer-modeling studies
conformational changes from the global switchblade changes.; ji~ate that the | domain is accessible to native ligand in

The equilibrium binding curves generated using this the bent or extended form4§ 17, 40), although there are
fluorescent technology are comparable to curves generatedan order of magnitude off-rate and affinity differences in
using radiolabeled ligands with other integrir@3); Our ICAM-1 binding to either bent (low affinity for native ligand)
observations indicate that FBABIRT haska ~ 110 nM or extended (high affinity for native ligand) form3§, 41).
with kot ~ 0.110 sec’. The calculatedo, ~ 1 x 10°M~* Thus, it appears that ICAM-1 may bind weakly to ik |
s lis also in agreement with that observed for other small domain in the closed or intermediate conformation as well
molecule-receptor interactions3g). Because the concentra-  as the open conformation. Binding of ICAM-1 then presum-
tion of FBABIRT used in competition assays (100 nM) was ably favors a shift to the open conformatiob6( 17, 40).
similar to its affinity constant, the Egdetermined for BIRT- BIRT-377 stabilizes the bent form as shown by suppression
377 in Table 1 should also be an estimation of its affinity of epitope induction by M#i and does not directly compete
constant. Our observed value of 1374 nM is in agreement  with ICAM-1 binding. The conversion from bent to extended
with previous studies that estimatedaof 25.8+ 6.4 nM forms is presumably disrupted by BIRT-377, preventing the
(36). It is quite remarkable that flow cytometry permits the a7 helix movement of the | domain after ligand binding or
homogeneous analysis of ligand binding at concentrationsactivation. Thus, it should be possible to bind native ICAM-1
up to 500 nM FBABIRT. This situation is made possible by to low-affinity LFA-1 in the presence of BIRT-377, but
the fact that the binding signal is associated with a fluorescentphysiologic activity that requires an extended or higher
pulse above a direct current signal as each particle transit ofaffinity state of LFA-1 would be prevented. It would be of
the laser beam. The validity of the analysis requires that the interest to perform these types of studies in the future using
nonspecific (background) signal is linear over the entire BIRT-377 and LFA-1 or ICAM engineered to have a
concentration. Linearity is maintained by reducing the voltage fluorescent probe in known amino acid positions.
(500-600 V) on the photomultiplier tubes so that they do  Our structure-activity and docking studies provide an
not saturate during data acquisition. explanation for the relative affinities of BIRT-377, the lead

MnCl; induces the switchblade opening of LFA-1 (Figure
7). When the bent form of LFA-1 is stabilized by FBABIRT,
we can detect a modest change in affinity of LFA-1 for
FBABIRT in the presence of Mn@l This observation
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compound from which it was derived, and several deriva-
tives. In addition, our docking studies suggest that it is
unlikely that further optimization of the BIRT-377 scaffold
will yield an increase in binding affinity. The initial lead
compounds I{l and IV) were more extended in their
conformation and disrupted a hydrophobic pocket (defined
by Y257, 1259, 1235, and F245) between the first and seventh
a helices of the | domain. These docking studies suggest
that deeper penetration into this pocket resulted in the loss
of potency. Adding N-1 methyl or N-1 pentyl amino
substituent results in a bent conformation of the small
molecules that avoids the hydrophobic pocket into which
the lead compounds extend, resulting in increased potency.
With the addition of a methyl group to the hydantoin ring
and S form of the unsubstituted phenyl group, the small
molecule assumes a more bent conformation that interacts
with interface amino acid residues away from the hydro-
phobic pocket. ThéR form is docked with a 180rotation
in comparison to the boun8 form, while maintaining a
similar bound conformation and similar side-chain interac-
tions. The addition of a second methyl group and a para-
bromo group on BIRT-377 in comparison to compouhd
leads to further favorable bending and interaction of the
unsubstituted phenyl with Y166 instead of interacting with
the solvent. In the docked, bound conformation, additional
favorable interactions of BIRT-377 with the | domain are
not apparent, suggesting a fully optimized structure. It is
curious that nor-BIRTI() is a potent inhibitor of BIRT-377
binding but does not block cell aggregation. The absence of
the methyl group makes the compound labile to pH, and it
may have a considerably shorter half-life at pH 7.4, the pH
at which the cellular aggregation assays are performed.
LFA-1 and otherf32 integrins are much more adept at
supporting firm adhesion of leukocytes to endothelium.
However, recent observations have indicated that LFA-1 also
contributes to rolling of leukocytes as wellq). It appears
that the extended form afl32 favors cellular adhesion and
that the conformation of th82 I-like domain regulates the
conformation of thea subunit | domain and whether it
supports rolling or firm adhesion. Thus, rolling can occur
on extendedxl32 in the absence of activation that leads to
the high-affinity form of the | domain. With the recent
introduction of new small molecules that bind th2 I-like
domain that may induce rolling or prevent firm adhesion, it
will be of interest to study conformational changes of the
o2 molecule using the fluorochrome-labeled derivatives
to further refine our understanding of the conformational
changes in integrins and their physiologic consequences.
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