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BENZENESULFONAMIDE-PEPTIDE CONJUGATBS AS PROBBS FOR
SECONDARY BINDING SITES NEAR THE ACTIVE SITE OF CARBONIC

ANHYDRASE

George B. Sigal and George M. Whitesides+

Department of Chemistry, Harvard University, Cambridge, MA 02138

Abstract: Libraries of N-(4-sulfamoylbenzoyl)oligoglycines terminated with different L-amino acids were

screened to ir lenti fy t ight binding inhibitors of human carbonic anhydrase II .  Inhrbitors te rminated rvrth

hydrophobic amino acids showed signif icant enhancements in binding compared to thc corre sponding glycine

dcrivativcs. No enhancements were observed due to polar interactions.

In t roduct ion

We and others are developing a procedure for identi fying t ight-binding l igands for proteins based on

exploiting secondary non-covalent interactions near, but not in, the natural binding site. This procedure involves

-^- A .^. fixing the structure of a primary binding element (P) and varying the

/ ) :E / /  structure of secondary binding elements (S) as well  as the l inking
| '/ % ( 4! groups (L) that position these secondary elements relative to the primary
l \ -
\  )  

\  q elemenr. l  Assuming the l inker does not interact with the protein, the\ \-\
\-- /  \-- l  

binding energy of the bivalent l igand wil l  equal the sum of the two

individual binding energies minus the entropic free energy lost due to the restriction of the conformational space

available ro rhe l inker (AGpr-S = AGp + AGs - TASr-). This approach has several advantages: ( i)  the rapid

synthesis of a large number of tr ial  compounds; ( i i )  the compatibi l i ty with the use of l ibraries of functional

groups; ( i i i )  the abi l i ty to probe areas on the surface of the protein distant from the active site; ( iv) the

identification of secondary binding sites that can be utilized in the rationarl design of more conventional inhibitors.

This paper is a continuation of our exploration of this strategy; it continues our work (and the work of others)

using the benzenesulfonamide-derived inhibitors of human carbonic anhydrase II  (HCAII '  EC 4.2.1.1) as a

model slstem.l-4

The Zn0I) ion of HCAII is at the bottom of a conical clefl that is roughly l5 A deep.s The cleft can be

divided into two sides; one hydrophil ic, one hydrophobic. Previous studies have located two hydrophobic

secondary binding sites on the hydrophobic face (Figure l) .1 One site. in close proximity to the sulfonamide

bind ing s i te ,  is  a  groove def ined pr imar i ly  by Phe-131,  Val -135,  Leu-198.  Pro-202,  and Leu-204 ' ,  th is  s i te  is

responsible for rhe fact that hydrophobic amides of 4-sulfamoytbenzoic acid (SB), I ,  bind 20-400 t imes more

tightly than 4-sulfamoylbenzamide. The association of the benzyl group of 4-sulf amoylbenzoic acid benzylamide

(SB-benzy lamide) ,  2 ,  w i th  th is  s i te  has been conf i rmed by X-ray crys ta l lography. l  The second s i te  is

responsible for the fact that the benzyl ester of the tr iglycine l inked benzenesulfonamide (SB-(Gly)r-OBz)'  3,

binds roughly 5 t imes better than the free acids (4).1 Although the benzyl group ol. this class of compounds is too
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mobile in the binding pocket to be observed by X-ray crystallography,3 molecular modeling suggests that the
benzyl group of the tri(glycine) benzyl ester derivative binds near the lip of the active site in a hydrophobic site
defined by Pro-201 and Phe-20.4 Interestingly, the oligoglycine linkers appear to make no contribution to the

binding constant, despite evidence from NMR spectroscopy and X-ray crystallography that they associate with

the surface of the active site; a favorable enthalpy of binding seems ro be exactly compensated by an unfavorable

entropy of binding, due to loss of conformational freedom.2

@

-'"j#p

Figure l. The location of SB-benzylamide and SB-(GIy).1-OBz on the hydrophobic face of
the HCAII binding pocket.

This paper describes the screening of libraries of N-(4-sulfamoylbenzoyl)oligoglycines terminated with

dif ferent L-amino acids (SB-(GIy).-AA-OH, n= 0-3, 5). The objectives are: ( i)  to identi fy new secondary

binding sites; in particular, to identify polar secondary binding elements capable of associating with polar groups

on the protein. (ii) to define better the geometric requrrements of the two previously identified hydrophobic

binding patches. ( i i i )  to help to understand how these hydrophobic interactions stabi l ize the protein-l igand

complexes.

Resu l t s

Measurement of Dissociat ion Constants. We prepared inhibitors of the form SB-(Gly)n-AA-OH

by the reaction of an excess of the L-amino acids with the N-hydroxysuccinimide (NHS) ester of the

corresponding SB-(Gly)n-OH in a mixture of water and DMF buffered to pH 8.5 with sodium bicarbonate;6'7

under these conditions HPLC showed that less than l07o of the NHS esters were lost to hydrolysis. The reaction

products were tested, without further puri f icat ion, for binding aff ini ty to HCAII at pH 7.5 by the competit ive

displacement of dansylamide, an HCAII inhibitor that shows enhanced f luorescence when bound to HCAIL2'8

Table I show the results. Selected inhibitors were purif ied to homogeneity and characterized by NMR

spectroscopy and HRMS;e these purif ied inhibitors gave values of K6 which dif fered from the values of K6

measured for the crude materials by less than2OVo.

The series of inhibitors with no l inker (n = 0) showed a range of dissociat ion constant (K.J) covering three

orders of magnitude, with. as expected, a clear preference for amino acids with hydrophobic side chains.

Comparison of the different hydrophobic side-chains shows aliphatic groups contribute more to the strength of
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Table 1. Dissociation Constants of the 4-Sulfamoylbenzoic Acid Derivatives tSB-(Glv)n-AA-OH) to HCAII at
37 "C.
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fu (nM)
MSn iAzlu AG^C RT (mrn)d n = 0 n =  I n = 2 n = 3

Asp
Glu
Asn
Gln
Ser
Thr
Glv
Ala
Aph
tug
Pro
Val
Bgl
Met
Ile
ku
Nle
Phe
Mr.v
Nph
Fph
cph
Nal

65
88
67
89
43
66
t 0
36

130
1 1 6
7 l
82

l 0 r
84

1 0 1
t03
105
124
r 5 3
r48
1 3 0
142
t l l

-8.12
- 6 . 8 1
-6.64
-5.54
-3 .40

' \  < 1

0.94
l . 8 l

- t4 .92

4.04

2 . 3 5
4 .92
4 .92

? .98

1 4 . 0
1 4 . 5
1 8 . 6
1 8 . 9
t  9 . 6
20.  l
20 .5
2  1 . 0
2 t .4
2 7 . 2
2 ? . ?
22.6
: J . +

23.1
24.3
1 A  1
: + .  I

2  5 . 3
25.7
26.4
26.6
2 1 . 4
2 8 . 0
29.1

l 100
530
380
r40
240
5 3

3 1 0
120
64

220
230

l 5
9

l 0
9
9
5

t a
I J

21
22
t 7
t <
I J

t 7

420
500
290
210
280
320
290
1 7 0
330
190
250
140
1 5 0
160
r60
1 3 0
140
140
1 7 0
1 5 0
1 3 0
100
r 3 0

400
-1 | .(_

210
270
r90
330
130
150
2 r 0
300
340
160
240
160
230
l l 0
140
140
1 7 0
r 3 0
1 2 0
94

160

300
371
290
280
360
330
390
300
190
290
330
290
2 1 0
2?O
230
2 1 0
190
200
1 7 0
160
140
96
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a Natural L-amino acids (AA) are l isted according to their standard three letter abbreviarions. The fbl lowing unnatural L-arnino acids
were  a lso  tes ted :  p -aminopheny la lan ine  (Aph) ,  t -bu ty lg l i , c ine  tBg l ) ,  nor leuc ine  (N le) ,  O-methy l ty ros ine  (Mty) ,  p -n i t ropheny la lan ine
(Nph) ,  p - f luoropheny la lan ine  (Fph) ,  p -ch lo ropheny la lan ine  (Cph) ,  and 3- (2 -napthy l ) -a lan ine  (Na l ) .  t -vs .  H is .  Tyr ,  and Cys  gave more
than one major product f iom the coupling reaction and were not tested. b The MSA of the side chains were calculated fbr energy
minimized structures of the amino acids as described in ref 5. c Free energy (Kcal/mol ) of transter ot the amino acid side chain f iom
di lu te  so lu t ion  in  cyc lohexane to  water  a t  pH 7  (Radz icka .  A . .  Wol f 'enden.R.  B iochemrsrn  lgEE.  ]7 .1664 .  . l  t tpLC reren t ion
t imes (RT)  o f  . l -d imethv laminoazobenzene- .1 ' -su l fbny l  ch lo r ide  labe led  amino ac ids  on  a  C lu-s r l i ca  co lumn in  a  g rad ien t  o f  ace ton i t r i le
in  pH 6 .5  ace ta te  bu t le r  ( the  syn thes is  o f  the  labe led  arn ino  ac ids  i s  descnbed in  Chang,  J .  Y . :  Knecht .  R . :  B laun.  D.G.  i l l e thods  tn
Enz l 'mo l .  19E3.91 .  4 l ) .

binding than aromatic groups, despite the larger molecular surface areas (MSA)10,rf the set of aromatic side-

chains that were tested. The t ightest binding inhibitor of the n = 0 series. the norleucine conlugate (Ka = 5 nM,

MSAof  s ide-chain= 105A2)boundalmost threet imesbet ter thanthep-ch lorophenv la lan ineconjugate(K"= 14

nM, MSA of side-chain = l+Z Azl This pret'erence tbr aliphatic groups has also been observed in the partition

coefficients tbr the transfer of amrno acid side-chain groups from water to cyclohexane:l I the larger hydrophobic

surface areas of the aromatic groups are counterbalanced by a higher polarizabilitv that stabilizes these groups in

polar solvents relative to aliphatic groups. I 2 The order of binding affinities mav also retlect steric constraints in

the groove which forms this secondary binding pocketl increasing the size of the side-chain of the inhibitors with

aromatic amtno acids actually decreased the binding atfrnity.

For inhibitors with (GIy)n i inkers of length n = l-3, there is again a pref 'erence for side-chains with

hydrophobic character (Table l), although it is smaller by a factor of 102 than for the n = 0 series. We presume

that this preference is due to interactions with the previously identified hydrophobic surface defined by Phe-20

and Pro-201.4 There are two interesting features of this secondary binding site: first. the binding energies are

relatively independent of the length of the linker chain, indicating a lack of strong geomerric constrainrs on the
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binding interaction. Second. in contrast to the n = 0 series of inhibitors, the t i-shtest binding inhibitors of these

series are terminated by amino acid with large aromatic side-chains. The order ot binding aff inities is similar to

the order of elut ion of N-labeled amino acids f iom a Cl8-si l ica reverse phase HPLC column. The results are

consistent with the known mobil i ty of the benzvl group of SB-(Gly)3-OBz in the actrve site.{ and suggest a loose

association of the secondary binding elements to a large, roughly two-dimensional hydrophobic surt'ace.

Measurement of Kinetics of Dissociat ion. Taylor et al.  noted a strong correlat ion between the

rates of association of 4-sultamoylbenzene derivatives with HCAII and their octanol-water partition coefficients.

as well  as with their aff ini ty tbr apocarbonic anhydrase (the protein lacking an active site Zn(l l)) .13 Based on

these results, they proposed a two-step mechanism tbr binding: a partitioning of the inhibitor into the active site

region (primarily due to hydrophobic interactions ). followed by coordination of the weaklv associated inhibitor to

the active site Zn(lI) to give the final complex.

K l

C A + l n h  
-  

[ C A ' l n h ]

k.,
..._

N t

ICA- l nh l  (  l )

Assuming the part i t ioning is  fast  compared to the torrnat ion and c leavage ot ' the sul tonarnide -Zn bond. Taylor  et

a l .  pointed out  that  k, ,n = Klkr  and k,r f t  = k - ,  The measured value of  k, . ,11.  therel 'orc.  ref lects pr imar i ly  the rate

of  c leavage of  the coordinat ion bond to the act ive s i te Zn.  Stabi l rzat ion ol ' the ot ' te ntat i t tn of  the cr lordinated

sulfonamide by a secondary binding interaction should result in a decrease tn kn1'.

We prepared and pur i f ied the glyc ine.  nor leucine.  und p-chlorophenvlalani t te t lcr ivr t t ives of  the n = 0 and

n = 3 ser ies and measured the values of  K. .1 and k,r11 for  these inhib i tors.e We deternt ined the values of  koi l 'by

measur ing the decrease in t r .vptophan f luorescencc af ier  d isplacement of  the rnhib i tors * i th a large excess of

diaminoazobenzenesulfonamide (an inhibitor that quenches the fluorescence of tryptophans near the active site of

HCAII) .  
- fable 

2 shows the resul ts.

Table 2. Kinetic Constants lbr the Bindins ot '4-Sulfan-rovlbenzoic Acid Derivativcs to HCAII.Tt

Inhibitor t (11nM) k,,11 1s- | ) k , . , , . ,  I  I  g+ Y- lq-  I  )

SB-Gly-OH
SB-Nle-OH
SB-Cph-OH

SB- (G ly )  r -G l v -Ou
SB-(Gly) : -Nle-OH
SB-(GIy) : -Cph-OH

-16
t t0
1 6 0

330
5

I 4

0 . 1  2 0
0 . 0 1  I
0.022

0.090
0.093
0.084

360
220
99

l-5
l - )

8 5
a Inh ib i to rs  \ \e re  p repared as  dcscr ibed tb r  Tab le  I  rnd  were  tu r the l  pur i f ied  by  recrvs ta l l i za t l ( )n  o r  t ' l ash  chror l t i t tographv.  Va lues  o f

K<J kotT)K4 were nreasured a.s described tbr Table l .  Values of k,. ,n were crlculated from the tneasured values ot K1.1 and k1111 (K11n =

When compared to SB-Gly, SB-Nle has both a l0-folci  slower value o1'k,,11 i lnd Li-tbld t 'aster vaiue of

kon (calculated by k.,n = k,r1.1./Ko); the large contribution from k.,11suggests that the secondarv binding interaction

does indeecl stabi l ize the orientat ion of the SB groLrp in the active site, and makes i t  more dif f icult  to break the

sulfbnamide-Zn(lI)  bond ( i .e.,  the f inal bound state is stabi l ized relat ive to a transit ion state resembling the

intermediate bound state). Alternatively, one could descrrbe the increase in k,,11 as indicating that the energy of the

hydrophobic interaction is greater in the f inal bound state than in the intermediate state. In either case, the

evidence stronglv suggests the hydrophobic sidc-chains are bound tightly in the finai bound state. In contrast, the
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terminal amino acids of the n = 3 series are less l ikely to int luence the stabi l i ty of the coordrnation to the Zn,

because of the length of the linker between the primary and secondarv binding elements, and because of the high

mobility of the secondary binding element in the binding pocket (the hydrophobic interaction has equal influence

on the energy of the weakly associated intermediate bound state and the tightly bound flnal bound state ). The data

fbr this series confirm this predictiont the observation that the termrnal amino acid did not atf'ect the k,,11 suggests

that the primary and secondary binding elements act relatively independently.

563

- - . . w

A ' - - z' , , - A
AAG+ I '

.\AG
t

SB-(Gly)n-OH

'. ,{t

.  SB-(Qly)3-AA-OH
(AAG+ = IAG; =,111;1

- SI|-AA-OH
l: lc: i  -  jAG; < .\J( i  r

- I -
AAGi

Contributions of Polar Side-Chains to Binding. Table I shows that inhibitors r" i th charged or

primarily polar side-chains had binding constants simrlar to. or worse than, the corresponding glvcrnc terminated

inhibitor. The only examples of significant (> f'actor of trvo ) improvements were SB-Thr ( K,t = .53 nM) and SB-

Gln (K6 = 140 nM), compared to SB-Gly (Ko = 310 nM). These improvements, however. may in l 'act be due to

non-polar interactions; these inhibitors bind significantly better than other inhibitors with the same polar functioniil

groups but with smaller hydrophobic surface areas -- SB-Ser (Kt = 1.10 nM) and SB-Asn (Ku = 380 nM). The

entropic cost of orienting a group on a flexible linker into the correct seometrv tor firrming hl,cirogen tronds with

the protein may be too high to al low the effect ive use of polar interactions uslng thls sir i .r tcs\ '  r i  i thout detai led

analysis and design.la

SUMMARY AND CONCLUSION

Inhibitors prepared by l inking amrno acids to the C-terminal end of SB-ol igo(glycines) sl iowed enhanced

binding only if the side-chain of the amino acids were capable of participating in hydrophobic interacttons with the

walls of the binding pocket. The geometric constraints required for stabilization of the bound complexes through

hydrogen bonds were apparently too restrictive to see enhancements of binding resulting from the attachment of

polar secondary binding elements to the SB group through f lexible l inker units. Hvdrophobic amino acids

direct ly attached to the SB group led to large enhancements in binding aff ini ty. The rnagnitude of the

enhancement, the effect of side-chain on off-rates, and the steric preterence against large aromatic side-chains all

suggest a tight binding of the hydrophobic side-chains to a geometrically well defined hydrophobic binding site.

Hydrophobic amino acids l inked to the SB group through an ol igo(glycine) l inker also cnhance binding to

HCAII. These interactions, however. lead to only small  increases in binding aff ini t , ' -  ;rpd suggest a weak

association of the hydrophobic group with a large unstructured hydrophobic surface. The inefficiency of this

interaction might be explained by one or more of the tbl lowing reasons: ( i)  only a small  percentage of the

available surface area of the secondary binding element is actually in contact with the protein surf ace. (ii) entropic

costs due to freezing the available conformational space of the iinker limit the energy available tiom binding. (iii)

the free energy of the interaction of hydrophobic groups with the secondary binding site. on the basis of the

CA + Inh :=+ [CA.Inhl :+ CA-Inh
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surface area of the hydrophobic groups in contact with the binding sites. is small  t i .e..  the surface has l imited
hvdrophobic character ).
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