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Abstract: This paper reports dissociation constants and “effective molarities” (Mer) for the intramolecular
binding of a ligand covalently attached to the surface of a protein by oligo(ethylene glycol) (EG,) linkers of
different lengths (n= 0, 2, 5, 10, and 20) and compares these experimental values with theoretical estimates
from polymer theory. As expected, the value of Mt is lowest when the linker is too short (n = 0) to allow
the ligand to bind noncovalently at the active site of the protein without strain, is highest when the linker is
the optimal length (n = 2) to allow such binding to occur, and decreases monotonically as the length
increases past this optimal value (but only by a factor of ~8 from n = 2 to n = 20). These experimental
results are not compatible with a model in which the single bonds of the linker are completely restricted
when the ligand has bound noncovalently to the active site of the protein, but they are quantitatively
compatible with a model that treats the linker as a random-coil polymer. Calorimetry revealed that
enthalpic interactions between the linker and the protein are not important in determining the thermo-
dynamics of the system. Taken together, these results suggest that the manifestation of the linker in
the thermodynamics of binding is exclusively entropic. The values of M. are, theoretically, intrinsic
properties of the EG, linkers and can be used to predict the avidities of multivalent ligands with these
linkers for multivalent proteins. The weak dependence of M. on linker length suggests that
multivalent ligands containing flexible linkers that are longer than the spacing between the binding sites of
a multivalent protein will be effective in binding, and that the use of flexible linkers with lengths somewhat
greater than the optimal distance between binding sites is a justifiable strategy for the design of multivalent
ligands.

Introduction estimates the probability of intramolecular binding as the
probability that the ends of the linker are separated by a
distance @) equal to the separation of the sites of covalent

the binding moieties in a multivalent ligann the binding of attachment and noncovalent binding of the ligand to the protein

a multivalent ligand to a multivalent protein (Figure 1E). As (Figure .1D)'1 ) ) . )

our model system, we adopted a ligand covalently tethered to  Efféctive molarity Mer) is an empirical term that is com-
the surface of a protein by oligo(ethylene glycol) linkers (EG monl_y used to relate the k_lnetlcs and equilibria of intramolecular
(Figure 1D), because this design allows us to interrogate the _and mte_rmolecular reactions (_both coval_ent and noncov_alent)
system without complications from separate binding events of IN chemistry (eq 1}:* K4, which has units of concentration
the two ends of the ligand, complications that do arise when (€-9-, molarity), is the dissociation constant for an intermolecular
both ends are free. We report dissociation constants (andf€action (Figure 1A), ant4""% which is dimensionless, is the
effective molarities, see below) for the intramolecular binding diSsociation constant for an analogous intramolecular reaction
of the tethered ligand to the active site of the protein as a (Figure 1B).Mer depends on the length and flexibility of the
function of the linker lengthr{) and discuss the data in the IINker” between the two reactive grougs.

context of four possible models (Figure 2). We find that ) )

only one of these models (Figure 2B) is consistent with the Mg = K"K ™ 1)
following results: the linker plays an exclusively entropic

role in the thermodynamics of the system, and it has (1) Gargano, J. M.: Ngo, T Kim, 3. .. Acheson, D. W. K.; Lees, WJ.J
significant conformational mobility even after the ligand is Am. Chem. So®001, 123 12909-12910.

i i H (2) (a) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971, 68, 1678~
bound at the active site of the protein. The results are 1683 (5] Page. M. IChem. Soc. Re 1973 2. 205-323. (¢) Kirby, A. J.

The primary motivation for this paper was to determine the
influence of the “linker*—the structural element that connects

quantitatively well-explained by a model that describes the linker In Advances in Physical Organic Chemistr@old, V., Bethell, D., Eds.;
—COi ; - thi i i Academic Press: London, 1980; Vol. 17, pp &38.
as a random-coil polymer (Flgure 3)’ this model is one o”gma"y (3) Mandolini, L. In Advances in Physical Organic Chemistrgold, V.,

proposed by Lees and co-workers for a related problem and Bethell, D., Eds.; Academic Press: London, 1986; Vol. 22, p11.
1312 = J. AM. CHEM. SOC. 2007, 129, 1312—1320 10.1021/ja066780e CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Possible models to explain the binding of a ligand, covalently

N
E attached to the surface of a protein by the “linker,” to the active site of that
protein. When the ligand is bound at the active site, the linker (A) has low
K 2vidty conformational mobility (i.e., free rotations of the bonds of the linker are
S E—— significantly restricted), (B) has significant conformational mobility, or (C,D)

makes stabilizing contacts with the surface of the protein. In (D), the linker
makes contacts with the surface of the protein even when the ligand is not
bound at the active site.

2 Kdintra’

\

Kdavidity = (2Kdimra*)(% Kdinter) ~ ( Kdinter)Z / (2Meﬂ)

Figure 1. (A) A monovalent binding event between a receptor and ligand

is characterized by a dissociation consta@i'®") with units of concentration Figure 3. Random-coil polymer with the numben)(of repeat units
(M). (B) When the ligand is tethered to the receptor, the dissociation constant (represented as open circles) equal to 45. (A) The polymer forms a closed
(Kd™?) is now dimensionless and is related ko™ by the effective loop: the distanceld 2?2 between the ends of the polymer is near zero.

molarity, Mest (€q 1). (C) Analogous to (A) for a binding event between a  (B) The polymer bears a physical pole of lengthttached at one end. The
protein and ligand. (D) Analogous to (B) for an intramolecular protein  distance [ 233 between the ends of the polymer is close to this defined
ligand binding event. In this case, however, the distanéétween the distance ).

two ends of the linker in the bound state is nonzero (unlike the case in

(B)). (E) Dissociation of a bivalent ligand from a bivalent receptor. This one another (eq 2N is Avogadro’s number anti 232 is the
process can be conceptualized as occurring in two steps: the first step (withrgot-mean-squared distance (in decimeters) between the ends
dissociation constant""®) is intramolecular, and the second step (with f th |

dissociation constant/s K" is intermolecular. The equation given of the polymer.

provides a means of estimatiiy from the observed dissociation constant 1 3312
(Kgdiy) and the intermolecular dissociation constaai"(e") by assuming = 5 (_) 2
that the dissociation constant for the first step is equivalent to the product N, ([ 2|j/2)3 27

of a statistical factor of 2 ané4""@ (defined in (D); i.e., this procedure

assumes thad€4na = K ntd), This assumption is often quite poor because The parameteft 2032 can be estimated from polymer chem-
of complications arising from the influence of binding at one site on binding

at the other site (e.g., cooperativity between binding sites, enthalpy/entropy IStry assuming a three-dimensional random flight (eq 3), where
compensation). nis the number of segments in the chain & proportional
to the distancel) between two segments of the chain (this value
is equal to the bond length for a freely jointed polymer) and is
Effective concentrationer, units of concentration) is @  characteristic of a given chain struct§@® The proportionality
theoretical parameter that allows the rate and/or equilibrium for constantc/l gives a measure of the stiffness of the chain and
ring closure for intramolecular reactions (Figure 1B) to be takes into account effects such as bond angles and rotational
estimated by assuming that the linker between the two reactiveparriers; it typically varies from 1.5 for a very flexible chain to
groups behaves as a random-coil polymer (Figure3A)t is 5.5 for a very stiff oné:
essentially the probability that the two reactive groups (the two

ends of the polymer) will be within an infinitesimal distance of ~ (7) Kramer, R. H.; Karpen, J. WNature 1998 395 710-713.
(8) Flory, P. J.Principles of Polymer ChemistryCornell University Press:

Ithaca, NY, 1953.

(4) Krishnamurthy, V. M.; Estroff, L. A.; Whitesides, G. M. IRragment- (9) In order for the theory to apply, the polymer must be long enough to
based Approaches in Drug Diseery; Jahnke, W., Erlanson, D. A., Eds.; eliminate the possibility of non-ideal effects (e.g., the non-Gaussian nature
Wiley-VCH: Weinheim, 2006; Vol. 34, pp +153. of short chains, correlations between bond angles of different subunits,

(5) Jacobson, H.; Stockmayer, W. Bl. Chem. Phys195Q 18, 1600-1606. transannular steric effects; see refs 5 and 10). Jacobson and Stockmayer

(6) Mulder, A.; Auletta, T.; Sartori, A.; Del Ciotto, S.; Casnati, A.; Ungaro, have argued that this minimum length is on the order of 15 atoms in the
R.; Huskens, J.; Reinhoudt, D. N. Am. Chem. SoQ004 126, 6627~ chain, but the exact length depends on the flexibility and structure of the
6636. polymer (see ref 10).
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[ °(2 = (C/)lvn= CvVn (3)

Winnik and Mandolini have reviewed the literature for ring-
closing (macrocyclization) reactions in small-molecule systems
and concluded tha.s andMegs are closely correlated for many
of these reactions!©

In many situations (and, in particular, in proteiligand
binding), we are not concerned with the probability that the
two ends of the linker are an infinitesimal distance apart. Rather,
we require the probability that the two ends are a distahce
apart, whereal is set by the system (Figures 1D,E and 3B). Lees
and co-workers derived eq 4 for this case, whegg(0) is Cest
defined in eq 2. The parametep arises because of the presence

of the protein: the ligand cannot occupy the same space as the

protein, and because it is excluded from this volumeCiig

increases (a so-called “excluded volume” effect). Lees and co-
workers proposed a value of 2 for this term; this value assumes
that the ligand has only a hemisphere of free access when

constrained by the protein (Figure 1E), as compared to a sphere

when it is free in solution.

3
Cor(d) = PCoy(0) ex;{— S dz) (4

We have defined multivalency as multiple interactions (often
of the same kind) between two different specié¢sTheoretical

approaches to multivalency have assumed a stepwise pathwaﬂ

for dissociation, in which the first step is intramolecular (Figure
1E). The value of the dissociation constank{2") for this
step has been a challenge to estimate theoretitaNjthout
an estimate for this parameter, we canpotdict multivalent
avidities from the component monovalent affinities (although

Figure 4. Model for the interaction op-HaNSG,CeHsCONH(CHCH;0),-
CH2CHoNH3" (ArEG3NH3™) with HCA based on the deposited X-ray
crystallographic coordinates (PDB code 1CNX)The arylsulfonamide
ligand is rendered as a ball-and-stick model in CPK color scheme. HCA is
depicted as a light blue ribbon diagram, with the catalytically essentfdl Zn
cofactor shown as a green sphere. Lys-133 of HCA Il is represented as a
red ball-and-stick model. The distanad petween the last glycol unit of

e ligand and the-CH; group of Lys-133 (corresponding to the thiol in

e Lys—Cys HCA** mutant) is indicated by the dashed line.

there are a number of well-characterized assays to use in
following binding, and there are a number of commercially
available, high-affinity arylsulfonamides to use for competition
experiment3417 Further, HCA is easy to overexpress in, and

the work by Lees, Reinhoudt, and others represents a significantPurify from, Escherichia coliculture in high yield; this ease

advance toward this capability’$:” The study presented here
clarifies and simplifies this problem, because we obtain empiri-
cal estimates for the dissociation constants for intramolecular
protein—ligand binding that are applicable to the thermo-
dynamics of the intramolecular step in multivalent binding
(Figure 1D,E).

We have previously argued that flexible oligomers should
not function effectively as linkers in multivalent ligands because
of the severe loss in conformational entropy of the linkKex$
~ RTIn 3 ~ 0.7 kcal mot? per freely rotating single bond of
the linker) when it is bound at both entisl-*2Flexible linkers
(e.g., oligo(ethylene glycol)) have, however, been used with
success in multivalent ligands:'1-13Determining how flexible
linkers could work in multivalent ligands, when this simple
theoretical model argues that they should not, was a key
motivation for this paper.

Experimental Design. We selected the combination of
human carbonic anhydrase Il (HCA, EC 4.2.1.1) amd

substituted benzenesulfonamides as our model system, becaus(e

it is the simplest one that we know for studying proteligand
interactions: the conserved mode of binding of sulfonamides
to HCA has been well-established by X-ray crystallography,

(10) Winnik, M. A. Chem. Re. 1981, 81, 491-524.

(11) Mammen, M.; Choi, S.-K.; Whitesides, G. Mngew. Chem., Int. EA.998
37, 2755-2794.

(12) Mammen, M.; Shakhnovich, E. I.; Whitesides, G. MOrg. Chem1998
63, 3168-3175.

(13) Choi, S.-K.Synthetic Multialent Molecules: Concepts and Biomedical
Applications John Wiley & Sons, Inc.: Hoboken, NJ, 2004.
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allows the generation of HCA mutants with chemical “handles”
(i.e., reactive sites) to which to couple the ligaAg?°

An examination of crystal structures of HCA complexed with
p-substituted benzenesulfonamides containing oligo(ethylene
glycol) linkers (PDB codes 1CNY, 1CNX, and 1CN%Y)
established that Lys-133 was spatially close to the terminus of
the ligand but outside of the conical cleft of the enzyme (Figure
4). Mutating this residue to Cys would generate a chemical
handle for thiol-selective coupling:2°HCA has an endogenous
Cys at position 206. In order to preclude side reaction at this
site, we mutated it to Ser to generate a double mutant (Cys-
206—Ser, Lys-133>Cys), which we refer to as HCA** in the
remainder of this paper. Krebs and Fierke demonstrated that
the C206S mutant of HCA is acti8,and Martensson et al.
determined that this mutant is as stable as wild-type HCA.

(14) (a) Krishnamurthy, V. M.; Kaufman, G. K.; Urbach, A. R.; Gitlin, I;
Gudiksen, K. L.; Weibel, D. B.; Whitesides, G. M., submitted. (b)
Christianson, D. W.; Fierke, C. AAcc. Chem. Red.996 29, 331—-339.

15) (a) Supuran, C. T.; Scozzafava, A.; Casini,Med. Res. Re 2003 23,

146-189. (b) Supuran, C. T.; Scozzafava, A.; Conway, JChrbonic

Anhydrase: lIts Inhibitors and Actators Supuran, C. T., Scozzafava, A.,

Conway, J., Eds.; CRC Press: Boca Raton, FL, 2004; Vol. 1, ppl@7.

(16) Chen, R. F.; Kernohan, J. @. Biol. Chem.1967, 242 5813-5823.

(17) Kernohan, J. CBiochem. J197Q 120, 26P.

(18) Burton, R. E.; Hunt, J. A.; Fierke, C. A.; Oas, T. Botein Sci.200Q 9,
776-785.

(19) Khalifah, R. G.; Strader, D. J.; Bryant, S. H.; Gibson, S.Bvbchemistry
1977 16, 2241-2247.

(20) Martensson, L.-G.; Jonsson, B.-H.; Freskgard, P.-O.; Kihlgren, A.; Svensson,
M.; Carlsson, UBiochemistry1l993 32, 224-231.

(21) Boriack, P. A.; Christianson, D. W.; Kingery-Wood, J.; Whitesides, G. M.
J. Med. Chem1995 38, 2286-2291.

(22) Krebs, J. F.; Fierke, C. Al Biol. Chem1993 269 948-954.
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Table 1. Chemical Labels and Modified HCA** Proteins Used in
This Study
(0] o O
RS\S/\)J\NNO%/\NMR'
H " H ‘4
Name R R’

Pyr-SSEG,SA

HCA**-SSEG,SA

N
H
Pyr-SSEG,CONH, Wz NH;
N
HCA**-SSEG,CONH, _ HCA** NH,

We decided to use-substituted benzenesulfonamides with
a conserved alkyl chainp{H,NSO,CsH4sCHNHCO(CH,)4-

dures, Supporting Information for details). We used ligands
containing disulfides activated with 2-pyridylthiol because the
aromatic thiol is an excellent leaving group; thus, incubating
the activated disulfide with HCA** should generate only the
desired products (HCA**-SSESA) 28 We also synthesized two
control molecules (Pyr-SSEGONH, and SA-OMe) for our
studies.

O N
w0 O
o S OEt \
Ethox DNSA
0 o o
H2N—ISI—< %NMOM&%
(o] H 4

SA-OMe

Design and Purification of HCA Il with a Surface-
Accessible Cysteine Residu&Ve generated a vector encoding

CO-) as our model ligands because benzenesulfonamides bindHCA** by conventional site-directed mutagenesis of the plasmid
CA in an invariant orientation, and the alkyl chain should encoding the C206S mutant of HCA (pC206S) and inserted this
saturate the hydrophobic surface of the conical cleft of CA and mutated vector into the backbone of the plasmid encoding wild-
orient the linker into solutioA*21.2325 We selected oligo-  type HCA (pACA; both pC206S and pACA were kind gifts of
(ethylene glycol) (E@ as the linker to tether the ligand to  Prof. Carol Fierke, University of Michigarf%:?° We overex-
HCA** because it is one of the most common linkers in pressed HCA**inE. coli (BL21(DES3)) as described by Fierke
multivalent ligandst1113We wanted to understand how these and co-worker$ and purified it as described by Khalifah et
flexible oligomers could be effective as linkers in multivalent all® We confirmed the purity of the enzyme by SBBAGE
ligands. Oligo(ethylene glycol) has been shown to be resistantand its activity (~100%) by measuring the amount of protein
to the nonspecific adsorption of proteins when displayed on that could bind ethoxzolamide (Ethox), a specific inhibitor of
surfaces® this property should minimize complications from CA (Figure S.1, Supporting Informatio.
nonspecific adsorption of the linker to the surface of the protein ~ Synthesis of Modified HCA** Proteins and Characteriza-
(Figure 2C,D). tion of Conjugates. We treated HCA** with~5 equiv of one
We chose thiolatedisulfide interchange as a means of of five disulfide-activated ligands (Pyr-SSE&A, n= 0, 2, 5,
coupling the ligands to HCA** because this reaction is 10, and 20) in Tris-sulfate buffer, pH 8.0, and purified the
completely selective for thiols (vs the various other chemical conjugated proteins (HCA*-SSESA, n = 0, 2, 5, 10, and
functionalities in proteinsy’ 20) by exhaustive dialysis. We also synthesized two control
proteins (HCA**-SSEGCONH, and HCA**-SCH,CO,") by
allowing HCA** to react with~10 equiv of Pyr-SSEGONH,
or iodoacetate (see the Experimental Section for details). The
use of HCA*-SSEGCONH, established the influence of the
linker minus the benzenesulfonamide moiety on binding. We

Results and Discussion

Synthesis of Benzenesulfonamides Containing Activated
Disulfides for Covalent Tethering to HCA**. We synthesized
disulfide-activateg-substituted benzenesulfonamides with oli-
go(ethylene glycol) linkers of different lengths (Pyr-SSB®&; used HCA**-SCHCO,~ for control studies (see below).
n=0, 2,5, 10, and 20; Table 1) using conventional amide-  We characterized all of the modified proteins by ESI-MS and,
bond coupling reactions (see Supporting Experimental Proce-in all cases, observed peaks corresponding to the combined
masses of the protein and the reacted ligand (Table S.1,
Supporting Information). We examined the HCA**-SSESA
proteins by size-exclusion high-performance liquid chromatog-
raphy (SE-HPLC) in order to determine whether a noncovalent
dimer was present in any of the samples (Figure S.2, Supporting
Information). For HCA**-SSEGSA withn = 2, 5, 10, and 20,
we saw no evidence for a dimer at a concentration of protein
of 20 uM. For HCA**-SSE&SA (i.e.,n = 0), we observed a
peak (~14% of total protein) corresponding in size to a dimer;
this peak quantitatively dissociated in the presence of a large
excess of Ethox (a high-affinity arylsulfonamide; see next

(23) (a) Gao, J.; Qiao, S.; Whitesides, G. 8.Med. Chem1995 38, 2292—
2301. (b) King, R. W.; Burgen, A. S. \WProc. R. Soc. London B976
193 107-125. (c) Cappalonga Bunn, A. M.; Alexander, R. S.; Christianson,
D. W. J. Am. Chem. S0d.994 116, 5063-5068.

(24) Jain, A.; Huang, S. G.; Whitesides, G. M.Am. Chem. S0d.994 116,
5057-5062.

(25) Jain, A.; Whitesides, G. M.; Alexander, R. S.; Christianson, DJVWled.
Chem.1994 37, 2100-2105.

(26) (a) Prime, K. L.; Whitesides, G. Msciencel99], 252, 1164-1167. (b)
Prime, K. L.; Whitesides, G. MJ. Am. Chem. S0d.993 115 10714~
10721. (c) Mrksich, M.; Whitesides, G. M. IRoly(ethylene Glycol):
Chemistry and Biological Applicationdst ed.; Harris, J. M., Zalipsky, S.,
Eds.; American Chemical Society: Washington, DC, 1997; Vol. 680, pp
361-373.

(27) (a) Gilbert, H. F. InAdvances in Enzymology and Related Areas of
Molecular Biology Meister, A., Ed.; Wiley: New York, 1990; Vol. 63,
pp 69-172. (b) Lees, W. J.; Whitesides, G. NI. Org. Chem1993 58,
642—-647. (c) Erlanson, D. A.; Wells, J. A.; Braisted, A. &nnu. Re.
Biophys. Biomol. StrucR004 33, 199-223. (d) Erlanson, D. A.; Braisted,
A. C.; Raphael, D. R.; Randal, M.; Stroud, R. M.; Gordon, E. M.; Wells,
J. A.Proc. Natl. Acad. Sci. U.S.£00Q 97, 9367-9372. (e) Erlanson, D.
A.; Hansen, S. KCurr. Opin. Chem. Biol2004 8, 399-406.

(28) Carlsson, J.; Drevin, H.; Axe R. Biochem. J1978 173 723-737.

(29) Nair, S. K.; Calderone, T. L.; Christianson, D. W.; Fierke, CJABiol.
Chem.1991, 266, 17320-17325.

(30) Krishnamurthy, V. M.; Bohall, B. R.; Semetey, V.; Whitesides, G.JM.
Am. Chem. So006 128 5802-5812.
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Table 2. Measured and Calculated Enthalpy and Entropy Values for Intermolecular and Intramolecular Binding of Sulfonamides to Modified
and Unmodified HCA** Proteins

AG°, AH°, -TAS®,
protein ligand Ky x 108 keal mol=* kcal mol—* keal mol=*
HCA** DNSA 0.30 £ 0.014bc —8.90+ 0.15
HCA**-SSEG,CONH, DNSA 0.264 0.008-0c —8.98+ 0.10
HCA**-SCH,CO,~ DNSA 0.234 0.007be —9.05+0.10
Ethox 0.0002+ 0.000040d —13.2+ 0.6 —17.7+ 0.4f +454+0.7
SA-OMe 0.514 0.018 —8.58+ 0.11
SA-OMe 0.55+ 0.03# —8.54+0.16 —6.10+ 0.12f —2.44+0.2
HCA**-SSEG;0SA Ethox 6.1+ 0.012e9 —7.124+0.08 —11.0+ 0.6>f +3.94+ 0.6
intra 33+ 7 —6.1+0.6 —6.7+£0.72f +0.6+ 0.9

aUnits of M. P Measured by fluorescence either directly or through competition with DAFSA2425Uncertainties are 95% confidence intervals from
curve-fitting. ¢ Compare to literature value of 0;av for the binding of DNSA to a Cys-206Ser mutant of HCA&2 4 Compare to literature value of 0.2
nM for the binding of Ethox to bovine carbonic anhydras# 1lE Measured by calorimetry.Uncertainties were assumed to be due primarily to errors in the
quantitation of titranB® An uncertainty of 2% ofAH° was taken for the binding to HCA**-SCi€O,~ and 5% ofAH°® for the binding to HCA**-SSEGSA.
9 Compare to value from fluorescence of 2K (Table 3)." Thermodynamic parameters are those for the intramolecular equilibrium shown in Figure 1D.
" Dimensionless.

section) and thus represents a noncovalent dimer that is stable K compEthox
on the time scale of the analysis-Z5 min). As a stable, < | —— 4
-

noncovalent dimer represents a minor contaminant for HCA**-
SSEGSA and is not present for any of the other HCA**-SSEG
SA proteins, it should not complicate our analysis of dissociation Kda& Z/'Kd inra
constants (see next section).
We measured the affinity of a well-characterized fluorescent 4
arylsulfonamide, dansylamide (DNSA), for HCA**, HCA**-
SCHCO,~, and HCA**-SSEGCONH, (Figure S.3, Supporting
Information)1é The values o for the three proteins were the F]{ngitg-f Sﬁ‘gﬁiﬁgsdg‘ggz‘ de_pictit?]g thg S”atedgé’. for thet‘measuretmetnt
?’ame (Table 2); this Observ‘_atiqn suggests that th? IEpeer ?dedmpfthg)r for a competing Iiglésr:g?Etr?og (:r?:)vvsn aslstflce);(::llftlr(i)gngl)g)s. Iézlgr
itself has no effect on the binding of arylsulfonamides to the this thermodynamic cycle{qma = K4EthoxK comp Ethox (aq 5).

modified HCA** proteins and that we can use HCA**-SGH . . .
CO,~ as a surrogate for HCA** for control studies because it Measurement of Dissociation Constants of Ethoxzolamide

is easier to handle (e.g., there is no need for added reductan{Eth0X). Ethox is a high-affinity ligand for CA that quenches

and no possibility of dimer formation without the reductant). ~70% Of the fluorescence of the Trp residues of the enzyme

In order to determine the purity of the sulfonamide-conjugated (So-called “intrinsic” protein fluorescence) and thus offers a
proteins (HCA*-SSEGSA), we examined the fluorescence of spectrophotometric method of following binding and determin-

the protein (excitation wavelength 290 nm, emission wave- ing values ofKq (Figure S.1B, Supporting Informatiof).We
length = 460 nm) when treated with %M DNSA; this treated HCA*,*'SSEGS,A (h=0,25, 19' anq 20) and HCA*
concentration is~16-fold greater than th&y of DNSA for (incubated with 2 equiv of SA-OMe) with different concentra-

HCA** (Table 2). The only fluorescent species under these tions of Ethox_ and fpllqwed the fluorescence of the_free,
conditions is the HCA**-DNSA complex. We assumed that any Unbound protein (excitation wavelength 290 nm, emission
fluorescence observed was due to residual, unmodified HCA*+, Wavelength= 340 nm) to determine dissociation constants
because all of the modified proteins have dissociation constants(Fi9ure 5). Figure 6 shows the normalized data and fits to the
for DNSA too high to bind it at the concentration of DNSA data assuming a single-site binding model (see Experimental
used in the experiment (see below). We constructed a standard>ection). As linker lengthn) increasedKq*omEne(Figure 5)

curve for the fluorescence of M DNSA as a function of the ~ [0F HCA*-SSEG:SA reached a peak whem= i'p gﬂgx then
concentration of HCA** and used it to interpolate the concen- decreased. The magnitude of the decreaskffi""=1*was

tration of unmodified HCA** remaining in the coupling only weakly dependent on (only a ~8-fold decrease from

reactions (Figure S.4, Supporting Information). Using these " = 2 ton = 20; Table 3).

values and the concentrations of total HCA* protein from Uy 10 account for the presence of unmodified HCA** in the
spectroscop§t we obtained purities of 9995% for HCA**- HCA*-SSEGsSA sample (see previous section), we normalized

SSEGSA wheren = 0, 2, 10, and 20 and-80% forn =5 the fluorescence data (Figure 6) to the intensity observed when

(see Supporting Experimental Procedures for details). This [Ethox] = 40 nM (this concentration is sufficient to saturate

amount of contamination will not affect values of dissociation thg binding.sites of all of thg hresidual unmodified HCA,**)'
constants for these proteins (see next section). Given the high value oK™P=1%(5.6 M) observed for this

For calorimetric studies where completely homogeneous Protein, =1% of the HCA*-SSEGSA in the sample will bind

protein was required, we purified the sulfonamide-conjugated Ethox at this concentration.

protein (HCA**-SSEGSA) over a column of benzenesulfona- The fluorescence of HCA** that had been incubated with
mide-conjugated agarose (see Supporting Experimental Proce>~2 eqw:io_f SA-OMe (the ligand that Was*i:ovalently tethered
dures for details). Purities wer99% (assessed using the [© HCA™ in the modified proteins HCA™-SSEGBA) de-
standard curve) after this procedure. creased linearly with increasing concentrations of Ethox until
a stoichiometric amount of Ethox was present (Figure 6). This

(31) Nyman, P. O.; Lindskog, Biochim. Biophys. Actd964 85, 141—151. result demonstrates that the presence of free, unbound SA-OMe
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Figure 6. Decrease in fluorescence of modified HCA** proteins (HCA**-
SSEGSA,n =0, 2, 5, 10, or 20) and HCA** (incubated with 2 equiv of
SA-OMe) with increasing concentration of ethoxzolamide (Ethox). The
intrinsic fluorescence of 200 nM protein in 20 mM sodium phosphate, pH
7.5, at 298 K with different concentrations of the fluorescence quencher
Ethox was measured (excitation wavelergt290 nm, emission wavelength

= 340 nm). The data are shown after background subtraction, correction
for the inner filter effect, and normalization to a maximum signal of unity

the same competition experiment with DNSA to determine the
value of the dissociation constant of SA-OM&(te" = 0.51
uM; Figure 1C and eq 1) for HCA**-SCKCO,~ (Figure S.5,
Supporting Information; Table 2).

Measurement of Kg4"@ and Calculation of M. Equation
5 gives the dissociation constamt{(3) for the intramolecular
binding of the tethered ligand to the active site of HCA for
HCA**-SSEG,SA from a thermodynamic cycle for the binding
of Ethox to HCA**-SSEGSA (Figure 5). Values o comp:Ethox
(for HCA**-SSEG,SA) and K&thox (for HCA**-SCH,CO,")
were measured as described in the previous section. Table 3
lists the calculated values &2,

intra _ Ethox;,, comp,Ethox
K K 1K
d — ™ d

(5)

Table 3 also lists values dV¥le calculated using eq 1 with
values ofK4na and K4er (the dissociation constant for the
binding of SA-OMe to HCA**-SCHCO,~; see previous section
and Figure 1C,D)Mes was only weakly dependent on linker
length ) whenn > 2: it decreased by approximately a factor
of 8 betweemn = 2 andn = 20. The model shown in Figure
2A anticipates a much greater dependencé/lgf on n than

(see Experimental Section). The solid curves are fits to the data using the that observed: the simplest model, which assumes that each

full quadratic equation for binding (eq 7; this equation does not make the
assumption that [Ethoxde ~ [EthoX]ota), and using a value for the minimum

in fluorescence intensity of all samples of 0.3 (Figure S.1B, Supporting
Information). Error bars represent the maximum variation of an independent
measurement from the mean of four experiments (duplicates from two

single bond in an EG unit of the linker has three possible
conformations before binding and only one after binding,
anticipates a>10-fold decrease inMe¢ per EG unit (see
Introduction)*1112 This model is inconsistent with the weak

independent experiments). Inset: The data on a logarithmic scale for the dependence dffle; on n observed experimentally and can be

x-axis. The solid curves are fits to the data using a single-site Langmuir
binding model (eq 8), which makes the assumption that [Ethex¥
[EthoxJotai; this assumption is poor whem= 0 or 20 (see Experimental
Section).

Table 3. Experimental and Theoretical Values for the
Intermolecular and Intramolecular Binding of Sulfonamides to
Sulfonamide-Conjugated HCA** Proteins (HCA**-SSEG,SA)

n chomp,Elhux (‘uM)a Kdi“‘"‘ X 105 b Meﬂ (mM)C

0 0.31+0.015 66+ 14 0.8+ 0.16
2 10+ 0.7 2.0+ 0.4 26+ 5

5 5.6+ 0.5 3.6+ 0.8 14+ 3
10 2.44+0.17 8.3+ 1.8 6.1+ 1.3
20 1.2+ 0.08 17+ 4 3.1+ 0.7

2 Observed dissociation constants for the binding of Ethox to HCA**-
SSEGSA (Figure 5). Uncertainties are 95% confidence intervals from curve-
fitting. P Calculated dissociation constants for the binding of the tethered
ligand to the active site of HCA (Figure 5). Uncertainties were propagated
from uncertainties it °mPEhxandK £ (see Table 2)¢ Calculated using
eq 1. Uncertainties were propagated from uncertaintid&;[ti2 and K4t
(see Table 2).
could not explain the observation that the affinity of Ethox is
much lower for HCA**-SSEGSA than for HCA**, and that
the value ofK4Fhox (Figure 5) for HCA** is too low to be
determineddirectly by this method (i.e., the value d€ Fthox
for HCA** is much lower than the concentration of protein,
~200 nM, required for a detectable signal from intrinsic
fluorescence).

To determine the value dkf"% we allowed Ethox and
DNSA (5uM) to compete for the active site of HCA**-SCH
CO,~ and measured the decrease in fluorescence of the HCA**-
SCH,CO,”—DNSA complex (excitation wavelength 290 nm,
emission wavelengtl 460 nm) with increasing concentration
of Ethox (Figure S.5, Supporting Information; Table12§425
The value we obtainedKgEhox = 0.2 nM) was in good
agreement with one from the literature (Table'2)Ve used

eliminated.

Theoretical Values of Cet for Intramolecular Binding of
Sulfonamide-Conjugated HCA** (HCA**-SSEG ,SA). As
mentioned in the section on Experimental Design, the “ligand”
in HCA**-SSEG,SA consists of the benzenesulfonamide moiety
and the alkyl chain that is directly attached tqiHo,NSO,CgH4-
CHNHCO(CH,)4CO-); thus, the linker consists of the EG
chain and the remainder of the alkyl chainNH(CH,CH,0),-
CH,CH:NHCOCH,CH,S—). Treating the linker as a copolymer
allowed us to estimate a value far23/2 from the sum of the
contributions from the Egand the non-Egportions of the
linker (eq 6)® For the EG portion of the linker, we used a
literature value of 0.58 nm for the parame@in eq 332 We
assumed that the non-E@ortion of the linker was “alkyl-like”
and contributed a constant value of 0.40 nm to the linker
length33

[ °42 = v/0.58n + 0.4F (6)

In order to estimateCerr (eq 4), we need a value for the
distance ¢) between the sites of covalent attachment of the
ligand to the protein and of the ligand bound at the active site
(Figure 1D). There are no reported X-ray crystal structures of
complexes of HCA wittp-substituted benzenesulfonamides with
alkyl tails, so we examined the crystal structure of a complex
of HCA with a p-substituted benzenesulfonamide having a tri-
(ethylene glycol) tail (ArEGNH3t; Figure 4). We

(32) Knoll, D.; Hermans, JJ. Biol. Chem.1983 258 5710-5715.

(33) There are a seven single bonds in the noR4ia&tion of the linker (between
the thiol of the linker and the-NH— of the carboxamide closest to the
alkyl chain of the ligand). Using eq 3 with an estimate faf 0.153 nm
(the C-C bond length) and assuming an ideal, random-flight polymer
(C/l = 1) gives an estimate 0f0.4 nm for the value of the non-E@ortion
of the linker.
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<r>12 (nm) than unity—the unbound ligand has a full sphere of volume to
05 10 15 2.0 25 explore and is in an environment similar to that of a polymer
S — ' ' ' that is free in solution. At present, we do not have a clear
30_' understanding of what effect could contribute the additional
] 8-fold decrease irp. We speculate that the geometry of the
25 catalytic cleft of CA 1.5 nm deep and conical; Figure 4) could
s ] result in the polymer being excluded from the cleft because of
§; 20 steric interaction; this excluded volume effect would lovger
IS (and Ce).
5:: 151 Calorimetric Investigation To Determine Enthalpy and
s 10_' Entropy of Binding for K4""2. Our previous work suggested
] that EG, tails interacted with a hydrophobic patch in the conical
5 cleft of CA, albeit with no effect on the observed dissociation
] constantg>2*We have recently shown that increasing the length
0 — — — of these tails makes the enthalpy of association of these ligands
0 5 10 . 15 20 25 with CA more favorable and the entropy less favorable in a

, o ) _ _ _ way that perfectly balances to give no change in valua&;6P
Figure 7. Variation of effec.tlve concentratiorCtx) and effective molf_:lnty As mentioned in the section on Experimental Design, we
(Mesr) with linker length (; related to the root-mean-squared distance . .
between the ends of the link@r2[¥2, see eq 6) for HCA*-SSEEBA. The designed HCA**-SSEGSA to include a conserved alkyl
points are empirical values ®flert (€q 1) from this study (Table 3). The  chain to saturate this hydrophobic surface in the conical cleft
solid curve is a fit to the data using the definitionQ (eq 4) with estimates of the enzyme. Thus, we would not anticipate that contacts
of [ 2(¥2 from eq 6. The best fit to the data was obtained with a value for b he EGlink ' d th f f HCA Id
d (the distance between the site of covalent attachment of the ligand to the e_tween the E@linker and the surface o could occur
protein and the active site of the protein; Figure 4) of (482.03 nm and (Figure 2C,D).

a value forp of 0.12+ 0.009. To test this idea, we used isothermal titration calorimetry
. . . (ITC) to dissect the intramolecular dissociation const&gf{(
*k_ SE
assgmed that t.he alkyl chain of the Ilgfand in HCA™-SSEG Figures 1D, 2, and 5) for HCA*-SSE{SA into its enthalpic
SA interacts with the same hydrophobic patch of CA and has o . .
> o . . . (AH®ntra) and entropic AS°ints) components. We examined the
the same orientation in the active site as they B in ArEG3- binding of Ethox to HCA**-SSEG,SA (Figure S.6, Supporting
NHs*™. From the crystal structure, we estimated a distance of -

. . Information) and to the control protein HCA**-SGBO,~
~0.9 nm between the first methylene group of the third glycol ,_. . X o
unit of ArEG3NHs™ (a position that should correspond to the (Figure S.7A, Supporting Information). We calculat&H® i

—NH— group of the linker in HCA**-SSEGSA) and the and AS%nra for HCA™-SSEG1SA by making use of the

i X o thermodynamic cycle shown in Figure 5 (Table 2). The value
z/octa:eb?r?ic?lfc&fy; éii())f(;';ﬁréa f)osmon that should correspond of KgeompEthoxthat we measured by ITC for the binding of Ethox

. . . to HCA**-SSEG;0SA was in good agreement (a difference of
Figure 7 shows our experimental valuesva (see previous X
; ! . a factor of 2-3) with the one that we measured by fluorescence
section) and a fit to the data calculated using eq 4Cgrand

eq 6 for [ 2[¥2 We allowed the values af andp to vary in quenching (Tables°2 and 3).
order to optimize the fit. The value af(0.82+ 0.03 nm) that The vallue OfAH®inira fOF HCA**'SSEG.”SA (_6'7°i 0.7
gave the best least-squares fit to the data is very close to thekCal "_“Or_ » Table 2) was the same, within _er_ror,ABI obs for
value (0.9 nm) that we determined from analyzing the X-ray € Pinding of SA-OMe (a ligand containing the benzene-
crystal structure of the HCA-ArE@IH3" complex (Figure 4).  Sulfonamide moiety and alkyl chain of HCA:*'SSE5$A) to
This observation, together with the excellent fit to the experi- H,CA**'SCHchZ (__6'1 + 0'12, keal mp’r » Table 2 and
mental data, suggests that the theoretical model based Orflgure.s..?B, Sypportlng Informatlon). This rgsult SUQQEStS that
polymer theory successfully (if unexpectedly) rationalizes the there. is little, if any, interaction of the E@inker W'th th?
dependence of the intramolecular binding of the tethered ligand protein: our previous results suggest_ed that any interaction of
to the active site of the protein, as a function of the length of 1€ EG chalg with CA should occur with a measurable change
the variable part of the linker. Further, because the theory from n enthglpy_? Thus, this result serves to rule out the model
which Cef is derived explicitly ignores enthalpic contributions shown in F|gu.re 2C. o ) o
to ring closure, these observations suggest that entropy is There remains the po§5|b|llty that the I|.nker makes stabilizing
dominant in intramolecular binding (see the next section for contacts with the protein whether the ligand is bound or not
further discussion). bound at the active site (Figure 2D), and thus there would be
The value ofp (0.12+ 0.009: eq 4) that gave the best fitto N0 change m_enthalpy for these cpntacts_b_e_tween the two states.
the data is significantly lower than the value of 2 proposed by W& cannot rigorously rule out this possibility. The fact that a
Lees and co-workers for the bivalent proteligand complex theory from polymer. chemistry that is based gntlrely on entropic
(Figure 1E)! Because the point of attachment of the benzene- terms fits the experimental data very well (Figure 7), however,
sulfonamide ligands to HCA for HCA**SSESA is at the persuades us to prefer the simpler model shown in Figure 2B.
periphery of the conical cleft (Figures 1D and 4), the ligand
will encounter less steric repulsion with the protein (when it is
not bound at the active site of CA) than the unbound ligand in  This paper reports values of effective molaritylr) as a
the intermediate state in a bivalent proteliyand complex function of the lengthrf) of linkers of oligo(ethylene glycol)
(Figure 1E). This effect can decrease the valug tf no less for a ligand covalently tethered to a protein (Figure 2). Values

Conclusions
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of Mest reach a maximum when the linker is the optimal length  makeMe¢ even less sensitive to the length of the linker than in
to allow the ligand to bind to the active site of the protein, and the results presented here (Figure 2C,D).

then decrease weakly with increasing linker length (decrease Finally, ligands with flexible linkers can adopt a number of
in Mess by only a factor of~8 over the ranga = 2 ton = 20) conformations without steric strain (unlike ligands with rigid
beyond this value (Figure 7). The experimental data are well- linkers); this flexibility should allow the multivalent ligand to
explained by a theoretical, entropic model from polymer sample conformational space to optimize its binding to the
chemistry based on the probability that the ends of the linker multiple binding sites. This sampling of conformational space
are separated by the same distance as the sites of covalenteduces the possibility of a sterically obstructed fit, a circum-
attachment and of noncovalent binding of the tethered ligand. stance that can occur readily with rigid linkers that are not
Calorimetry revealed that enthalpic contacts of the linker with perfectly designed.

the protein are not important in this system and that entropy is
dominant (Table 2; Figure 2C,D).

Our results suggest that, at least in the case of oligo(ethylene

glyco_l) Ilnker.s, contacts O.f thg linker with the s_urface of the and used without further purification, unless otherwise noted. DNSA
protein (outside Qf the a(?tlve sne) can be §afely ignored. Thesewas recrystallized from ethanol prior to use. DNA sequencing was
results are consistent with previous studies that demonstrateqoerformed by the DNA sequencing facility at the Harvard University
that surfaces displaying oligo(ethylene glycol) groups did not pepartment of Molecular and Cellular Biology. Fluorescence measure-
adsorb proteins nonspecificafl§These results can be reconciled ments were performed on a Molecular Devices SpectraMax M5
with our previous findings that suggested an interaction of oligo- instrument for detection at 340 nm (intrinsic protein fluorescence for
(ethylene glycol) tails with CA: in these previous studies, the Ethox binding assays) and on a Molecular Devices SpectraMax Gemini
tails interacted with a surface of the protein inside the conical XS instrument for detection at 460 nm (for DNSA binding assays).
cleft of CA2L3 This possibility is precluded for the ligands Isothermal titration calorimetry was performed using a VP-ITC

. ot . microcalorimeter from MicroCal (Northampton, MA). Varian Inova
StUdleq here (HCA™-SSESA) bepause they hgve alkyl chains spectrometers operating at 400 and 500 MHt) (vere used for NMR
of sufficient length to saturate this hydrophobic surface.

experiments. UV-vis spectroscopy was conducted on a Hewlett-
Most importantly, our results are not consistent with a model Packard 8453 spectrophotometer (Palo Alto, CA). UV spectroscopy

in which the linker iscompletelyrestricted upon association of ~ was used to quantify HCA** proteing4go = 54 000 Mt cm™)3! and

the ligand with the active site of the protein (when the linker is DNSA (es26= 4640 M cm™*).>® Ethox and SA-OMe were quantified

bound at both ends; Figure 2A). This model requires Mat by *H NMR spectroscopy! 2503

decrease sharply with the length of the linketlQ-fold decrease _ Preparation of Plasmid Encoding HCA**. The plasmids encoding

with each ethylene glycol unit), an expectation that is not met Vd-ype HCA Il (PACA) and a Cys-206-Ser mutant of HCA Il

by th . tal Its. O It ¢ del in whi h(pCZOGS) were gifts from Professor Carol Fiefkéj The Lys-
y the expermental results. Dur results support a moaet in whic 133—Cys mutation was introduced into the pC206S plasmid using

the linker has significant conformational mobility when bound  ;jigonucieotide site-directed mutagenesis with a Quickchange Mu-
at both ends (Figure 2B). tagenesis Kit (Strategene) and following the manufacturer’s directions.
The values ofVles reported here should be intrinsic properties This plasmid was digested with the restriction enzyrBesH| and
of the oligo(ethylene glycol) linkers themselves. These values Kas (New England BioLabs), purified by agarose gel electrophoresis
can, thus, be used fwedictthe avidities of multivalent ligands ES'”Eba QU'CE_(;GL egttr)actnog. kit (tQ(ljagen), almd (';?(atsdt'm‘i tge Ptﬁ‘CA
P : . . ackoone, wnic al een digested vBmH| an ad, treatea wi

Coma.mlr.]g oligo(ethylene gl)./CIOI). linkers for.a multivalent calf intestinal alkaline phosph%tase (CIP, from New England BioLabs;
protein, if the monovalent affinity is known (Figure 1E). Our

N to prevent recircularization of the vector without the insert), and
results suggest, however, that the quantitative accuracy Ofpuriﬁed by gel electrophoresis. The presence of the desired mutation

these predictions is limited by difficulties in estimating the was verified by sequencing the entire HCA Il gene using the method
influence of such effects as the “excluded volume” term and of Sanger et af®

the geometric and steric demands of the active site of the protein  Expression and Purification of HCA**, BL21(DE3) cells were
target on ligand binding (both of which appear in the parameter transformed with the HCA** plasmid and grown as described by Fierke
pin eq 4). and co-workers (see, for example, ref 18). Cell lysates were prepared

- . as described by Krebs and FieAand the HCA** protein was purified
We did not anticipate the weak dependenceMiaf on the using sulfonamide-conjugated agarose (Sigma-Aldrich) as described

Iength of the linker (when it is longer than the optlmql length). by Khalifah et ak® The purified HCA** protein was stored at80 °C
This weakdependence suggests that the most effective strategyi, 5o mm Tris—sulfate buffer, pH 8.0, with 0.2 mM ZnS@nd 1 mM

for the design of multivalent ligands will connect the ligand DTT (to prevent oxidation of the thiol).

moieties by a flexible linker that is significantly longer than Preparation of Modified HCA** Proteins. HCA** was desalted
the spacing between the multivalent sites of the target protein over a NAP-10 column (Amersham) into 50 mM Tisulfate buffer,
(Figure 1E). Our results suggest that the penalty in conforma- pH 8.0, from which oxygen had been removed by bubbling Ar through
tional entropy for such a linker in the association of these itfor >1 h. HCA™ (50—100xM) was treated with 510 equiv of the
multivalent ligands with their multivalent proteins will be low ~ aPPropriate modifying agent (Pyr-SSES®, Pyr-SSEGCONH;, or
(much lower than we previously hypothesi#é#!3. Indeed, iodoacetate) to generate the desired modified HCA** (HCA**-SQEG

th it ted h . i thvi | ) link SA, HCA** -SSEGCONH,, or HCA**-SCH,CO; ", respectively). The
e results presented here using oligo(ethylene glycol) linkers, reaction was allowed to proceed fb h at 25°C and then for~18 h

which do not interact with the surfaces of proteins, can be seen
as a worst-case scenario. Other types of linkers (e.g., alkyl (34) Krishnamurthy, V. M.; Bohall, B. R.; Kim, C.-Y.; Moustakas, D. T.;
chains) are likely to interact with the surfaces of proteins, and ., Ghristianson, D. W.; Whitesides, G. Mhem. Asian J2007 2, 94—105.

/ . . B R X (35) Sanger, F.; Nicklen, S.; Coulson, A.Rroc. Natl. Acad. Sci. U.S.A977,
these interactions should effectively “shorten” the linker and 74, 5463-5467.

Experimental Section

General Methods. All chemicals were obtained from Sigma (St.
Louis, MO), Aldrich (Milwaukee, WI), or Alfa Aesar (Ward Hill, MA)
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at 4 °C. The reaction products were purified by exhaustive dialysis

and then characterized by electrospray ionization mass spectrometry

(ESI-MS) to verify the appearance of a peak corresponding to the
combined masses of HCA** and the chemical reactant (see Table S.1,
Supporting Information). For the HCA*-SSESA proteins, contami-
nation by unmodified HCA** was assessed by examining the binding
of DNSA (see Supporting Experimental Procedures and Figure S.4,
Supporting Information).

Determination of Dissociation Constants Kq°mPEho¥) for the
Binding of Ethox to HCA**-SSEG ,SA. To the wells of a black
microwell plate were added dilutions of Ethox and then the appropriate
HCA** protein (200 nM) in a final volume of 20@L of 20 mM sodium
phosphate, pH 7.5. The plate was allowed to incubate 4C26r 2 h,
and then its fluorescence was measured with an excitation wavelength
of 290 nm and an emission wavelength of 340 nm (with a 325 nm
cutoff filter). Wells were read-50 times. Fluorescence intensities were
normalized to the fluorescence intensity of the protein with no added
Ethox and then corrected for the inner filter effédty using a control
experiment where soybean trypsin inhibitor (a protein with no affinity
for sulfonamidesy was treated with Ethox. The corrected data were
fitto eq 7, where [CA}a is the total concentration of modified HCA**
in the assay (200 nM) and [Ethaiis the total concentration of Ethox
(the independent variable). Only the paramétgP™ Ehoxwas allowed

F=03+0.71—- 0.5/[CA]wta|(Kd°°mp'E‘h°X+ [CA] ota T [EthOX] i —
\/(chomp,Ethox+ [CA] total + [Etl‘]ox]tota\l)2 - 4[CA]totaI[Ethox]total))(7)

to vary to optimize the fit by nonlinear least-squares fitting (Origin),
with the other parameters held constant at their known values. Equation
7 assumes that Ethox quenches 70% of the fluorescence of HCA**
this value was determined by examining the fluorescence of HCA**
in the presence of Ethox (Figure S.1B, Supporting Information).

The data were also fit to eq 8, which assumes that the concentration
of Ethox not bound by CA is equal to the total concentration of Ethox
([Ethox}eta) and gives a sigmoid fit to the data when the concentration
of Ethox is plotted on a logarithmic scale. This equality is not true for
HCA**SSEG,SA and HCA**SSEG.SA, because in those cases
Keomp.Ehox~ [CA]ora (200 NM).

Isothermal Titration Calorimetry. In order to determine values
of AH° and Ky, ~6 uM HCA**-SCH,CO,  or ~60 uM HCA**-
SSEGCA, which had been purified over sulfonamide-conjugated

(36) Lakowicz, J. RPrinciples of Fluorescence Spectroscopyd ed.; Kluwer
Academic/Plenum: New York, 1999.

(37) Colton, I. J.; Carbeck, J. D.; Rao, J.; Whitesides, G.Bléctrophoresis
1998 19, 367—-382.
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comp,Ethox

F=0.3+07 (8)

chomp,Ethox+ [Ethox]total

agarose (see Supporting Experimental Procedures), in 20 mM sodium
phosphate buffer, pH 7.5 (with 0.6% DMSdg), was titrated with 120

or 440uM Ethox, respectively, in the same buffer at 25. HCA**-
SCHCO,  (~6 uM) was also titrated with 12&M SA-OMe. (See
Figures S.6 and S.7, Supporting Information, for details.) After
subtraction of background heats, the data were analyzed by a single-
site binding model using the Origin software (provided by Microcal)
and allowing the values of binding stoichiometyt°, andKg to vary

to optimize the fit.
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