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ABSTRACT

AN X-RAY CRYSTALLOGRAPHIC EXAMINATION OF THE INTERACTIONS

OF a-CHYMOTRYPSIN NITH IRREVERSIBLE INHIBITORS ANO

POTENTIAL TRANSITION-STATE ANALOGS

By

Michael Norman Liebman

The three-dimensional structure of a-chymotrypsin

(a-CHT), a representative enzyme of the serine protease

family, as determined by Tulinsky _t _l., provided an

ideal system in which to examine the structure-function

relationship. The existence of two independent molecules

of a-CHT within the crystalline dimer permitted an exten-

sive probe of specificities within the binding and

catalytic regions of the active site using two inhibitor

classes, irreversible, covalently-linked inhibitors and

potential transition-state analogs, while allowing the

observance of structural variability.

Irreversible inhibition of a-CHT by phenyl alkyl

sulfonyl fluorides has been established in solution

studies. The compounds studied, p-toluene sulfonyl

fluoride (TOS) and phenyl methyl sulfonyl fluoride (PMS)

both form covalent sulfonyl ester bonds with SER l95.

Examination of the structure of the complexes allowed

observation of definitive cOvalent linkages with SER l95

while also allowing the study of those interactions
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responsible for specificity. Structural analysis

emphasized the similar but independent molecules within

the crystalline dimer while recognizing two unique but

consistent binding orientations across the two-fold axis.

Observation of the SER l95 interaction allowed evaluation

to be made of the applicability of the potential transi-

tion-state analogs.

As a-CHT is expected to involve a tetrahedral inter-

mediate in its catalytic mechanism, it has been proposed

that phenyl alkyl boronic acid derivatives would be iso-

steric with normal substrates and allow observation of

the bound state by crystallographic methods. Variation

of the phenyl alkyl group, phenyl ethane boronic acid

(PEBA), phenyl propyl boronic acid (PPBA) and phenyl

butyl boronic acid (PBBA), as well as pH with PEBA,

allowed for the observation that at pH 5.4 and pH 7.3,

the interaction more closely resembled the covalent

linkage of TOS, but formed a weaker complex at pH 3.6.

Further studies involving PPBA and PBBA established the

limiting features of the specificity pocket of a-CHT

and correlations with previous kinetic studies.

The direction of the research has been to establish

the basis of enzyme recognition and specificity, with

emphasis on molecular organization and conformational

adaptability. Towards these goals, the method of
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diagonal plots was expanded to incorporate difference

Fourier analysis and in this manner the domain structure

of a-CHT was further studied.
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I. INTRODUCTION

A. General

The chemical processes of living systems are almost

entirely dependent on the catalytic activity of enzymes.

Two fundamental questions in biochemistry are: What are

enzymes and how do they operate? One answer that has

emerged is that enzymic activity depends on the structure

of the molecule and particularly on the chemical nature

of that part of the enzyme which comes into contact with

the substrate and is generally referred to as the active

site. The purpose of the present work is to utilize

X-ray diffraction in studying two specific structural

aspects of a-chymotrypsin (a-CHT): the interaction at

the active site upon binding of substrate/inhibitor, and

the source of the specificity of the enzyme.

B. a-Chymotrypsin (a-CHT): Chemistry

a-CHT is a proteolytic enzyme which is found in

pancreatic tissue and pancreatic juice. Its empirical

formula, C1113N3000349H1752512, indicates a molecular

weight of 25,300 amu and corresponds to a total polypep-

tide chain length of 241 amino acid residues. As with

othe1~ enzymes, a-CHT is secreted in an inactive form, or

ZymosJen, in this case, alpha-chymotrypsinogen (a-CTN).

The anmino acid sequence of this zymogen is used as a
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Numbering basis for a-CHT (Figure l). The sequence

determination was performed by Hartley £3 31. (1), and

verified by Meloun e_t_ 11. (2), with a final minor

revision based on examination of the X-ray results of

Blow at g. (3).

Al though the activation scheme for a-CTN has been

establ ‘i shed (Figure 2) (4), the exact function of each

form of the enzyme is not yet known. The activation to

a-CHT involves the removal of two dipeptides, SER 14-

ARG 15 and THR 147-ASN 148, by tryptic and chymotryptic

hYdr‘o‘lysis of a-CTN. The final structure consists of

three polypeptide chains, A, B, and C, containing 13,

131. and 97 residues, respectively, connected by five

disu'l fide bridges and various polar and non-polar inter-

aetiohs.

Kunitz and Northrop (5) first isolated a-CHT in

1935 and crystals of the enzyme were among the first to

be examined by X-ray diffraction (6). Because of the

ease Of obtaining the alpha form and its relatively high

puri ty when prepared from bovine sources, a-CHT has

become one of the most extensively studiP-d enzymes.

”Never, it is beyond the scope of this work to allude

to 3“ 1 of the observations reported and the intention is

only to deal with some of the results which have been

ob

SeY‘ved consistently and with the theories which have

be

e“ developed to explain them.
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a-CHT catalyzes the hydrolysis of proteins and

their derivatives, polypeptides and amides, as an endo—

peptidase. .Lg.vi£gg, o-CHT has also been noted to

catalyze the hydrolysis of esters. Bergmann and Fruton

(l936) (7) first observed the a-CHT catalyzed hydrolysis

of carbobenzyloxyglycyl-L-tyrosyl glycinamide, proving

that synthetic peptides could be used as substrates.

The specificity of a-CHT for aromatic peptide side-chains

has been observed and associated with the presence of

an aromatic binding pocket in the active site; the order

of specificity is summarized in [1] below.

0

Site of g_

proteolysis-—\\ ' [1]

~CH-C-NH-—CH

l" I
R2 0 R]

R2: Aromatic > Cycloalkyl > Alkyl

The effect of this specificity is seen in Table l (8),

from which it can also be seen that other large, hydro-

phobic peptides are susceptible to chymotryptic attack,

although at a greatly reduced catalytic rate. The

characteristic rate enhancement observed in enzyme

catalysis is seen in N-acetyl-L-tyrosine ethyl ester

1
hydrolysis, where the rate constant is 0.45 min" at

25°C for standard base catalysis (NaOH), and 0.12 x 105
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min.1 at 25°C for a-CHT catalysis (9). Other solution

studies have yielded information concerning the composi-

tion of the active site of a-CHT, which has been verified

by the crystallographic results.

Examination of the activity profile of o-CHT vs. pH

shows a bell-shaped behavior with a maximum occurring

between pH 7.5 and pH 8.5 (Figure 3) (10), with two

separate ionizing groups apparently controlling this

behavior. When a carboxylic acid is placed in a solution

18
near optimal pH containing 0 -enriched water, the

reaction, shown by [2] (ll), takes place.

18-
R-COO- + H20 --- R-COO + H20 [2]

The positioning of amino acids in the active site must

account for these observations, and locating their

positions can only be accomplished by careful chemical

experimentation.

A unique serine residue, SER l95, was located in the

active site as a result of inhibition studies with

diisopropyl fluorophosphate (OFF) [3].

C
D

(
3

I\ [3]
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Jansen _t‘_l. (1949) (l2) first observed that a-CHT was

stoichiometrically inactivated in a (l:l) manner by

reaction with DFP. Later work by Shaffer ££.il- (1953)

(l3) revealed that this was due to the acylation of

SER l95. Oosterbaan and von Adrichem (l958) (14) showed

that the acylation step of the reaction with substrate

was analogous to the reaction with DFP when comparison of

the acetyl peptide and phosphoryl peptide segments proved

them to be identical. These results were particularly

interesting since under ordinary conditions, serine is

not susceptible to acylation or phosphorylation, while

in a-CHT, one serine of twenty-eight is reactive (15).

Chemical conversion of SER 195 to ALA in the production

of anhydro-chymotrypsin eliminates catalytic activity but

not the substrate binding capability. SER l95 has thus

been implicated as a catalytic residue of a-CHT but not

directly involved in the specificity of binding.

HIS 57 was first implicated in catalytic function

upon the observation that photo-oxidation of this residue

eliminates enzyme activity (l6). Due to the unique pK

(6.0) for histidine residues, HIS 57 has been assigned

as the group responsible for the control of the low pH

leg of the activity profile. The strongest evidence

for the definition of its role in catalysis was the work

of Schoellman and Shaw (l7), who alkylated HIS 57 in

a-CHT and also in trypsin (T), a related enzyme, using
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12

alkylating agents which take advantage of enzyme

Specificity and are shown in [4] below.

 

a-CHT 0 ’T 0

¢-CH2-EH-C-CH2-Cl CHZ'CHZ'CHZ'CHZ’?H’C'CHZCI [4]

HH NH2 TH

Tosyl Tosyl

¢ =@ Tosyl = CH3 9 502-

Recent X-ray studies of a-CHT in the presence of the

Schoellman—Shaw reagent have established some new ideas

Concerning this work (18). Methylation of HIS 57 has also

been carried out but without total loss of enzymatic

acti‘vity (19,20). Solution studies of HIS 57-methylated

GPCPTT reveal a slight reduction of the acylation rate

cOHS'tant but no reduction in the binding constant, thus

1|“P'l'icating HIS 57 in a catalytic role similar to SER 195,

rattler than participation in substrate binding (20).

ASP 102 was misinterpreted to be asparagine (ASN) in

the original amino acid sequencing work (3). Comparison

of flhe homologous enzymes trypsinogen, thrombin, and

90'121ne elastase, coupled with crystallographic results

13" ‘to a reassessment of the observations associated with

this residue and its reassignment to aspartic acid.

ASpv 102 has also been assigned a catalytic role in the

charge relay system of Blow t _a_l_. (3), but its role is

Sti'11 subject to debate.
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It should be noted that several enzymes, some of

them isolable from pancreatic juices, including chymo-

trypsinogen A and B, chymotrypsin A and B, trypsinogen,

trypsin and elastase, have homologous sequences in the

vicinity of SER l95, H15 57, and ASP 102 (Table 2) (21).

The enzymes indicated in Table 2, subtilisin, thrombin

and several other proteases, constitute a class denoted

as "serine proteases," all of which exhibit proteolytic

activity centered around the serine, but with varying

side chain specificities (22). It has been suggested

that the variation in specificity of the proteases found

“I pancreatic juice is an example of divergent evolution

from a common precursor, while the other proteases,

Par“ticularly those of bacterial origin, are examples of

the! convergent evolution of similar enzymes (23).

Three other amino acid residues of a-CHT have been

in\Iestigated for possible involvement in the catalytic

activity of a-CHT although they are not necessarily

homologous with other serine proteases. MET 192 has been

1""‘lblicated in enzymic activity on the basis of selective

°Xi dation experiments. Oxidation of MET 192 by either

ph(Ito-oxidation or chemical means affects substrate

h3'<2|rolysis without alteration of MET 180, the only other

methionine in a-CHT. Koshland gt 1. (24) showed that

the maximal velocity of hydrolysis of the substrate
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Sequence Homology in the Vicinity of Active Site
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TABLE 2

Residues Among Several Serine Proteases (21)

 

 

 

 

W (
'
3

)
-

I
l
l
l
l
l
l
l
l
l
l

Deletion

Region unclear

Bovine Trypsin

Porcine Trypsin

Thrombin

Bovine Chymotrypsin A

Bovine Chymotrypsin B

Porcine Chymotrypsin A

Elastase

a-Lytic Protease

Subtilisin

Protease 55 56 57 58 59

81 ALA ALA HIS CYS TYR

PT ALA ALA HIS CYS TYR

TH ALA ALA HIS CYS -

BCA ALA ALA HIS CYS GLY

BCB ALA ALA HIS CYS GLY

PCA ALA ALA HIS CYS GLY

E ALA ALA HIS CYS VAL

LP ALA GLY HIS CYS GLY

S ASN SER HIS GLY THR

Protease 191 192 193 194 195 196 197 198

BT CYS GLN GLY ASP SER GLY GLY PRO

PT CYS GLN GLY ASP SER GLY GLY PRO

TH CYS GLU GLY ASP SER GLY GLY PRO

BCA CYS MET GLY ASP SER GLY GLY PRO

BCB CYS MET GLY ASP SER GLY GLY PRO

PCA CYS - GLY ASP SER GLY GLY PRO

E CYS GLN GLY ASP SER GLY GLY PRO

LP CYS MET GLY ASP SER GLY GLY PRO

S TYR ASN GLY THR SER MET ALA SER

Abbreviations:

100 101 102 103 104
 

ASN ASN ASP

ASP ASP ASP

ASN ASP ASP

ARG ASP ASP

GLY ASP ASP

GLY ASP ASP

GLN ASP ASP

213 214 215

VAL SER TRP

ALA - -

VAL SER TRP

VAL SER TRP

VAL SER TRP

THR SER PHE

GLY ASN VAL

ILE

ILE

ILE

ILE

ILE

ARG

ASN

216

GLY

GLY

GLY

GLY

VAL

GLN

MET

ALA

THR

THR

ALA

ALA

SER

217 218

SER X

GLU X

SER SER

SER SER

SER LEU

SER GLY
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remains unchanged although substrate binding is increased by

afactor of five upon oxidation with H202. Scramm and Lawson

(25) observed normal a-CHT inhibition by DFP although MET 192

had been alkylated by benzyl bromide. More recent work by

Taylor _t _l. (26) using 013050201, a specific MET 192

oxhfizing agent, renewed interest in the role of MET 192.

lheir observations indicate that the oxidized enzyme retains

nmximum catalytic activity over a broader pH range.

GLY 216 occurs in a region of the enzyme which shows

variability in sequence among the serine proteases (Table 2).

As this residue has its alpha carbon atoms positioned at the

entrance of what appears to be the specificity pocket of the

enzwne, the observed variation suggests a source for the

varied specificities. If a larger side-chain, such as

valine in elastase, is present at this position, the specifi-

city is altered from that of an aromatic group in a-CHT to a

small hydrophobic group in elastase (e.g., alanine) (27).

TYR 146 is the exposed carboxylic acid terminal

residue of the B-chain which is formed during the activation

process from a-CTN. It is not involved in the catalytic

mechanism since its removal by carboxypeptidase has no

effect on the catalytic rate (28). However, TYR 146 is

apparently critical for dimerization of a-CHT which pre-

dominates in solution at low pH, and which is observed in

the crystal structure at pH 3.6; the removal of TYR 146

prevents dimerization in solution.
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The first proposed mechanisms of a-CHT analysis

attempted to deal with the anomalous reactivity of SER 195.

It was believed that the unexpected reactivity was the

result of the incorporation of the serine hydroxyl group

into intermediate covalent ring structures. Rydon (29)

proposed the formation of an oxazoline ring (Figure 4a).

Cohen t al. (30) as well as Schneider (30) and Smith gt

31. (30) had predicted that an internal ester link between

the serine hydroxyl and the carbonyl of ASP 194 was

responsible for its reactivity (Figure 4b). A fused ring

structure with the serine hydroxyl protruding was proposed

by Bernhard gt_al. (Figure 4c) (31). In all cases, the ring

structures were presumed to open before the catalytic

process was complete since isolation of the acylated or

phosphorylated serine peptide sequence never revealed these

ring structures:

The observation that imidazole catalyzes ester hydroly-

sis in solution by general base catalysis suggested the

manner in which HIS 57 might participate in a-CHT catalysis.

Gutfreund and Sturtevant (32) suggested that HIS 57 was a

cationic group which was not transiently acylated, but

rather acted as a base catalyst for the acylation and de-

acylation of the SER 195 hydroxyl group.

In the work of Blow et_al. (3), which re-assigned

residue 102 as aspartic acid, a charge relay mechanism
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involving SER l95, HIS 57, and ASP 102 evolved. The charge

relay system (Figure 5) involves the hydrogen bonding of

ASP 102 to HIS 57 which is further hydrogen bonded to SER 195.

The strong nucleophilic character of SER 195 would then be

a result of the stabilization of hydrogen transfer through

the histidine to the negatively charged aspartic acid

(pK 1.5) (33). This interpretation resulted from observa-

tions of an inhibited derivative of a-CHT, tosyl-o-CHT (TOS),

and is subject to re-evaluation based on the structure of

native-a-CHT (NAT), as determined by Tulinsky gt 31, (34).

C. a-Chymotrypsin: Crystallography
 

The crystallographic determination of the structure of

d-CHT has been the result of two efforts, both independent

and differing fundamentally in their approaches to the

problem. D. M. Blow's group at the MRC (35) described the

structure initially, as well as some of the early ideas

concerning the structure-function relationship of a-CHT

(36,37,38,39). A. Tulinsky's group at MSU (40) has been

primarily concerned with the details of the structure and

how they relate to several classes of chemical and/or

biochemical behavior (Table 3, Figure 6) (18,41,42,43).

In the MSU approach, individual members of the classes

prove to be only as important as their contribution to the

overall understanding of the behavior of that class.
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102

Charge-Relay Mechanism of Blow g a_1__. (31)
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TABLE 3

Classes of Derivatives Studied in a-CHT

 

1. pH Conformers

Irreversible Inhibitors

Competitive Reversible Inhibitors

Transition-State Analogs

SO4 -Se04= Exchange

Oxidation of MET 192

N
a
m
-
k
W
h
)

Alkylation of MET 192

 

Both groups have established the same general features

of the a-CHT structure. a-CHT crystallizes in the monoclinic

crystal system, space group P2], with four molecules per unit

cell and two molecules per asymmetric unit. A local two-fold

axis of non-crystallographic origin exists within the

asymmetric unit between the two independent molecules. The

two molecules probably resemble the dimer of a-CHT which is

observed to form in solution at lower pH values. A schematic

of the dimer is shown in Figure 7; however, it does not

possess exact two-fold symmetry (42). This view of the unit

cell, which is approximately parallel to the a*-axis, is

also parallel to the local two—fold axis. The interstitial

space between molecules is occupied by solvent (about 36%

by weight).
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B x1! l

P x l O

’ ,

5‘
\ II x

Y TY ‘ T

L f‘yx l, .

A,B=non-crystallographic dyods

it active sites

U =uranyl binding sites

  

FIGURE 7. Schematic Packing Diagram of a-CHT Viewed Along

a*-Direction. Non-crystallographic Dimer = I

and I' or II and II' (41)
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A comparison of the native a-CHT structures as

determined by the MSU and MRC groups has been summarized

by Tulinsky (34,42). A summary of the changes in the

cell parameters as a function of pH (Figure 8), and a

comparison with earlier reported cell dimensions of

a-CHT, is given by Mavridis £3 31. (43). The cell

dimensions for the NAT crystals as used in this study

are given in Table 4. From Figure 7, the molecule

TABLE 4

Comparison of Lattice Parameters for

a-Chymotrypsin with Addition

of Dioxane

 

MSU, Native,

 

MSU, Native, MRC, Native, pH 3.6, addition

pH 3.6, no grown from of 3% (v/v)

dioxane dioxane (34) dioxane

(3| 49.24(7)3 49.1(1)R 48.9(1)A

|E| 67.20(10)A 67.4(1)A 68.3(1)A

|E| 65.94(9)A 65.9(1)A 65.8(1)A

B 101.79(8)° 101.7(1)° 101.8(1)°

v 213,600(1000)A3 214,000(1100)K3 215,ooo(1000)33

 

0

resembles a prolate ellipsoid of about 25 x 28 x 33 A,

with the ellipsoid axes corresponding closely to the a*,

b and c crystallographic axes.
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: s i ! ‘ s ! ! s 2 a
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100

pH

FIGURE 8. Vargatgon of Unit Cell Parameters of a-CHT with

pH 43 ~
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An examination of the structure of a-CHT reveals

approximately 7.5% helix and 34% beta sheet. The helix

is concentrated into two regions--10 residues of undis-

torted alpha helix (236-245) and about 10 residues of

distorted helix (164-173). The larger component of

beta sheet is observed in 13 segments of varying length

and degrees of distortion in the anti-parallel mode.

Deviation in both a-CHT and other proteins from the

proposed models of tertiary structures for helix and

sheet has been a major problem in the correct prediction

of structure by spectroscopic techniques. The ILE 16-

ASP 194 internal salt bridge and ASP 102 are three major

ionic groups which are found in the interior of the

molecule, and all are important in that they are involved

in the formation of the active site region. The majority

of the interior is comprised of non-polar groups with

the exception of 18 non-polar groups whose side-chains

appear on the surface of the molecule in the company of

polar residues. Except for +NH3-ILE 16, the amino-

terminal and carboxylic-terminal groups of the three

polypeptide chains formed during CTN-activation appear

on the surface. The intricate folding of the polypeptide

chain has the A-B chain and the C chain forming individ-

ual domains with little overlap. Two areas of

particular interest occur at the interface of these

regions--the active site and a secondary binding site
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(tryptophan cluster) (42). Detailed conformational

studies involving the folding of the backbone indicate

the possibility of an evolutionary relationship between

two separate domains within the a-CHT molecule. This

is evidenced by the presence of an apparent mirror plane

in the distance diagonal plot (44) which represents

interactions between all the alpha carbons within the

molecule (Figure 9). Further analysis of this relation—

ship in light of changes which occur upon binding will

be discussed in the present work.

Several other crystallographic studies are of

interest in relation to the a-CHT structure. Several

inhibitor:a-CHT structures have been examined by the MRC

group [DFP (39), Tosyl (39,46,49), N-formyl-L-tryptophan

(47) and indoleacryloylimidazole (48)]. In addition,

Freer et 31. (50) have described the structure of a-CTN

and have made some observations concerning the process

of activation. Wright (51) has pursued this work

further in a detailed comparison of the structural

differences between a-CHT and a-CTN, and an interpreta-

tion of the process of activation. He has concluded

that although the catalytic triad is intact (SER 195,

HIS 57, and ASP 102), four major enzyme-substrate inter-

actions do not occur in a-CTN:

1) binding within an ill-formed specificity

pocket;
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FIGURE 9. Distance Diagonal Plot of Native a-CHT (45),

Contoured at 15 A (Solid Regions)
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2) the GLY (l93)-NH-to-substrate hydrogen bond;

3) hydrogen bonds from substrate to GLY (216);

4) the inability for interaction of a polypeptide

substrate leaving group with MET (192).

The structure of the monomeric gamma-chymotrypsin

(v-CHT) has been determined by Segal gt al. (52), and

it reveals little difference in the positioning of

residues in the active site. Of particular interest

are the indications of the importance of the segment

214-216 in forming the specificity pocket which results

from their inhibitor studies. It can be concluded from

this work that the dimerization process in the crystal

does not greatly affect the active site configuration

other than blocking the active site from interacting with

large substrates.

Subsequent X-ray crystallographic studies have

determined the structures of other serine proteases,

subtilisin (SUB) (53), elastase (E) (54), and trypsin

(T) (55). Although SUB is of bacterial origin, it seems

to have converged evolutionarily to the catalytic triad

of other serine proteases SER-HIS-ASP. The divergence

in specificity remains the primary distinction among

these enzymes. However, since the pH activity profiles

also differ, this suggests an influence from some other

phenomenon such as conformational adaptability to

external (i.e., pH) change. The understanding of the
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requirement for this particular geometric orientation

as the only one used in the proteolytic activity of

these enzymes remains the goal of the current research

on serine proteases.

D. Transition-State Analogs and d-CHT

As early as 1946, Pauling (56) had expressed the

idea that the greater efficiency in enzyme catalysis

resulted from the complementarity between the transition

state of the reaction catalyzed and the active site of

the enzyme. This suggestion was the foundation for

Holfenden's application of transition-state analog theory

to enzyme catalysis (57).

Of particular interest to enzyme chemists has been

the structure of ES+ and EA+ [5]:

E + s r-—-=-Es us Es+ --> EA + P -_. EA+_ --> E + P2 [5]
l

where, E = native enzyme,

S = substrate,

ES = initial enzyme-substrate complex

+ (Michaelis-Menten)

ES = transition-state complex,

EA = acylated enzyme,

P] = acylation product, and

P2 = hydrolysis product.

In 1951, Bender (58) had postulated the existence of a

tetrahedral intermediate in ester hydrolysis. The

mechanism for the reaction [6] offered an explanation

for the isotopic exchange he observed when an alkyl ester



30

  

_ .1+

1"" - + 1OH or H

R-C-DR + H2016 ........> 6‘8 1

R--E--D-R -- R-C-OH [6]

o16 _ + o + R-0H
1 18 OH or H |

R-C-DR + H20 ;-------1> L_ H
 

18-enriched water was catalytical1y

18

of benzoic acid in 0

hydrolyzed by DH', and 0 was incorporated into the

unhydrolyzed ester [7].

 

- 1

1 o

18 - "

0‘8H 

The same process has been observed with a-CHT. The

possibility of observing the suggested short-lived

intermediate has been discarded on the basis of life-

time. However, if the mechanism is correct, the tetra-

hedral intermediate should also appear during catalysis

by a-CHT. To approximate the tetrahedral configuration,

aldehydes and ketones with susceptible carbonyl groups had

been studied with elastase (59), but they yielded com-

plexes with a-CHT which were too weak to permit examina-

tion of their interaction with SER 195 by crystallographic

methods. The tosylated enzyme had a tetrahedral arrange-

ment around the sulfur which is covalently linked to 0y-

SER 195, but the tetrahedral sulfur is not dimensionally
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isosteric with a tetrahedral carbon (Table 5) (60). It

is apparent that the more closely a model approaches the

correct configuration, the more susceptible it becomes to

enzyme catalysis, and, the more closely the active site

interactions should approximate those which occur in

actual catalysis.

Bell (61) had observed that boronic acids equilibrate

a hydroxyl group according to [8]:

R-B(0H)2 + OH- --‘- R-B(0H)g [8]

The structure produced in this manner has been observed

to be dimensionally isosteric with that proposed for the

tetrahedral carbon (Table 5). As boronic acids are easily

prepared with varying alkyl- and phenyl-alkyl groups,

they appeared to be ideal as transition-state analogs and

to be adaptable to meet the specificity requirements of

the enzyme. Exceptionally large inhibition constants,

as predicted for transition-state analogs, were observed

with phenyl ethane boronic acid and both a-CHT (62) and

SUB (63). A pH dependence for this inhibition was noted

in both studies which reflected the pK of the tetrahedral

transformation of R-B(0H)2. This pH-inhibition profile

also appears to be a function of the pH-activity profile

of the enzyme. Antonov gt 1. (64,65) studied the

effects of pH and variation of the R group in both the
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TABLE 5

Possible Configuration of Tetrahedral Centers

for Interaction with SER l95

 

 

Enzyme Inhibitor/

Complex Bond Distances (60) Substrate

0

' O

CH2——0-¢-<R rR-C = l 54 A Phenylalanine

. O

//H-----x rc_o - 1 43 A

N+

9H

0112—0»th rR_B = 1.57 A Phenyl Alkyl

o Boronic Acids

H-----0H r8 0 = 1.43 A
/ -

.N'l'

I
o

CH2——0D-s-—‘R rR-S = 1 83 A p-Toluene and

o Phenyl Methyl

. ----- 5 rs_o = 1.47 A Sulfonyl

Fluorides
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alkyl boronic acid and phenyl alkyl boronic acid series.

The side-chain variation allowed for examination of the

interactions within the specificity pocket as well as the

SER 195 interaction. Although a comparison of the experi-

mental results reveals similar dependencies on pH and a

comparable inhibition constant for phenyl ethane boronic

acid, Koehler and Lienhard (1971) (66) have predicted

that SER 195 is involved in the boronate binding, while

Antonov has suggested HIS 57. Phenyl ethane boronic

acid closely resembles a phenylalanine peptide (Figure

10), a typical a-CHT substrate. Thus, if PEBA were a

transition-state analog, it would be of great interest

to determine the details of the interactions within the

active site. The X-ray results of Matthews gt g1, (1975)

(67) on the structure of the complexes of benzene

boronic acid and phenyl ethane boronic acid with sub-

tilisin BPN' (Novo) provide a further source of comparison

of the serine protease class and the specific modes of

binding both to SER 195 and within the specificity

pocket.

The emphasis of the present study has been to

examine the substitution and related changes in enzyme

configuration upon the binding of boronic acid deriva-

tives. Because of the specificity of o-CHT for aromatic

side-chains, the phenyl alkyl boronic acid series was

studied with variation in the alkyl side chain length,
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POTENTIAL TRANSITION-STATE ANALOGS
 

®

7'95 Q 7I95 3

ENZYME-O-H + B —’ ENZYME -O —-B--OH

//"‘§ E
on . 0" ow

Ra-CHz-CHZ.

PHENYL ETHANE aonomc ACID @ "pH 3.6, pH 5.4, pHT. 3

(PEBA) ' (PEBA3.6)(PEBA5.4)(PEBAZS)

R- -CH2-CH2-CH2~. R- -cii2 -CH2-CH2 4312‘.

PHENYL PROPYL eonomc ACID PHENYL BUTYL BORONIC ACID

(PPBA) 1933‘”

FIGURE 10. Potential Transition-State Analogs
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n = 2,3,4 (Figure 10). The effects of pH on the binding

of the phenyl ethane boronic acid molecule have also

been investigated at three pH values, 3.6, 5.4, and 7.3.

To aid in the interpretation of the SER l95—HIS 57 inter-

actions with these inhibitors, the structures of a-CHT

covalently linked with a tosyl group and with a phenyl

methane sulfonyl group have also been determined, and

the molecules were compared. The differences between

the interactions in the independent subunits were

evaluated. The approach pursued throughout this work

involved interpreting the independent interactions within

each molecule and then comparing these results.
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II. EXPERIMENTAL

A. Crystallization of a-CHT
 

The crystals of native a-CHT used in this study were

prepared by the method outlined in Figure 11. This is a

modification of the original procedure developed by

Kunitz and Northrup (5). a-CHT was obtained from

Worthington Biochemical Corporation (68) as three-times

recrystallized, salt-free, lyophilized a-CHT and was used

without further characterization or purification. The

procedure, which involves the salting-out of the enzyme,

was carried out at pH 3.6, close to the optimum pH for

dimerization (69), and corresponds to the pH 3.6 conformer

of Mavridis gt 11. (43). The diamond-shaped platelet

crystals reached a size of 1.5 x 1.0 x 0.5 mm within one

to two weeks of growth at room temperature. The density

of the a-CHT crystals grown in this manner is approxi-

mately 1.25 g-cm3 which corresponds to a solution

containing 37% mother liquor, or an enzyme concentration

of ~0.1 M within the crystal. The presence of the mother

liquor enables the diffusion of inhibitors, substrates,

heavy metal ions and hydrogen ions into crystals and

permits the assessment of the catalytic activity of the

crystalline enzyme.

Crystals of a-CHT were modified by addition of

inhibitor to the mother liquor, by alteration of the pH

36



37

Boil'w500 ml of distilled

[H20 and cool to room temp.l

Adjust ~300 ml to pH 3.6

(«.1 drop of 18 M H2504)

 

L_‘

Prepare «400 m1 of 75% Adjust to pH 3.6

saturated (v/v) (NH4)2504 ""““*’ («4 drop of 18 M H2304)

+ 3.07 M, pH 4.2

[Weigh out 0.570 gm of a-CHT--dissolve in 26.5 ml of pH 3.6 H20 by

 

 

layering the o-CHT on top of the solvent (in 150 ml beaker);

Stir gently (otherwise denaturation might occur) -* 0.85 mM a-CHT

 

 

i

1
  

 

Titrate with 75% sat. (NH4)2504 Back titrate (few drops

to first cloudiness which a only) to clearness with

persists (m60-70 ml) pH 3.6 H20, ~53% (NH )2S04;

2.17 M (NH4)2$04, 0.25 mM

a-CHT     

l
 

Place m2 ml of final solution into each of m40 test tubes and

cover with double layer of parafilm; store in plastic test tube

racks at room temperature--do not disturb (growing solution is

   1 m7 mg/ml)

 

Stop crystal growth upon reaching average crystal size of 1.5 x

1.0 x 0.5 mm, by replacing the growing solution with 75% sat.

(NH4)250 solution at pH 3.6--store in water bath at 19°C +

3.07 M (1H4)zso4   7

FIGURE 11. Preparation of Crystals of Native o-Chymotrypsin
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of the mother liquor, or both (Figure 12). The inhibitors

used in this study (Figure 13) were all of non-commercial

sources except for the para-toluene sulfonyl fluoride

(70). Phenyl methane sulfonyl fluoride (PMS) was the

gift of Dr. Lawrence J. Berliner (71); phenyl ethane

boronic acid (PEBA) was donated by Dr. Gustav E. Lienhard

(72); and Dr. V. K. Antonov (73) donated phenyl propyl

boronic acid (PPBA) and phenyl butyl boronic acid (PBBA).

All pH measurements were performed using a Leeds-Northrup,

Model 7411, general purpose pH meter with temperature

compensation and equipped with a miniature Ag/AgCl element

combination electrode, Model 117202. Although the manu-

facturer's specifications state an accuracy of t 0.05 pH

units with i 0.02 pH units reproducibility (74), a more

conservative estimate for the protein work would be a

reproducibility of i 0.05 pH units. The buffers used to

standardize the pH meter were Mallinckrodt AR Standard

Buffer Solutions, pH 4.01 (#0029) for the range pH = 3.0

to pH = 5.5, and pH 7.00 (#0031) for the range pH = 5.5

to pH = 8.5. The pH conformers discussed in the present

work are those described by Mavridis _t g1. (43). In

derivatives where both the pH of the mother liquor was

modified and an inhibitor was added, the change in pH

and subsequent verification of equilibrium preceded the

inhibitor addition.
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IRREVERSIBLE INHIBITORS
 

CNZYIC‘Oy'N ‘I’ F —T_° -. ENZYME-Or —:—.

.. _@... .._...,.@

p TOLUENE SULFONYL PHENYL METHYL SULFONTL

FLUORIDE FLUORIDE

(T03, (PMS)

POTENTIAL TRANSITION-STATE ANALOGS

C

7" - ya: i
ENZYME-04" O —-DENZYME -O -—-—o--au

. on 3..

no -cH,-cH,-@

mam ETHANE aonomc ACID @ 'pH 3.3, 9115.4, our. 3
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'R- -cHz-cnt-cut.@ R- -cwa -c1-I,«cn2 -cuz©

PHENYL mom aonomc ACID PHENYL BUTYL aonomc new

("on ( roan)

FIGURE 13. Inhibitor Molecules Used in This Study
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The modified o-CHT crystals were allowed to equili-

brate for a minimum period of one to two weeks before

X-ray examination. Single crystals were mounted in glass

capillaries according to the method of King (75), and the

seal was reinforced by the addition of paraffin wax. The

inclusion of a drop of mother liquor both above and below

the crystal maintained a constant humidity level and

helped prevent drying the crystal. Further positional

stabilization of the crystals mounted in this manner was

obtained by allowing the crystals, fixed to the capillary

wall by a drop of mother liquor, to stand inverted for a

period of several hours. Examination of the crystal

included the observation of the diffraction pattern along

the principal axes, and the determination of the lattice

parameters. Subsequent use of the crystal in intensity

data collection came only after allowing further posi-

tional stabilization over a 24 hour period. To minimize

the effects of unanticipated corrections, the crystals

used for data collection were always mounted with the

monoclinic g-axis coincident with the phi-axis of the

diffractometer.

B. Data Collection

All X-ray work was performed using a Picker Nuclear

FACS—l automated, four-circle diffractometer modified at

MSU to replace the slow-operating filter selection wheel
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with a simpler filter-solenoid system. Additional

modifications, made during the course of this work,

included the repositioning of the balanced filters from

the diffracted beam to the incident beam side of the

crystal. The X-radiation incident on the crystal now

consists of little more than the characteristic wavelength

of the copper Ka line (1.5418 A). As a result, the life-

time of a crystal with respect to X-ray decay has been

extended without loss of intensity of the diffracted beam.

An additional modification involved the placement of a

60 cm, helium-filled tube between the detector and the

crystal (43,76). Increasing the distance between the

detector and the crystal improves the resolving power of

the diffractometer and allows in the present case the

examination of crystals with unit cells of up to 180 A.

The constant flow of helium eliminates air absorption of

the diffracted beam. The net effect of these two

modifications was a slight increase in the intensity of

the diffraction pattern peak-to-noise ratio, a marked

improvement in resolution and an extension of a crystal's

lifetime during X-ray exposure.

X-ray crystallographic examination of the crystals

and determination of their lattice parameters initially

involved inspecting the relative intensities of the

diffraction pattern along the crystal axes (Figure 14).

Preliminary evaluation of the quality of a derivative
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involved comparison of the axial diffraction pattern and

lattice parameters with those of the native enzyme at the

same pH. Changes in the distribution of axial intensities

(Figure 15) were considered more significant than changes

in the lattice parameters alone. The lattice parameters

listed in Table 6 were obtained by the least squares

analysis of the positions of twelve reflections, except

for the native enzyme at pH = 4.6, where only a three

reflection matrix was used, and at pH = 3.6, which

represents the average of several crystals. In those

experiments involving both pH change and inhibitor

binding, attainment of the desired pH conformer was

verified by comparison to the native enzyme before the

inhibitor was added to the soaking solution. It should be

noted that the diffraction pattern of the native enzyme

has proved to be reproducible over a period of years;

the same probably applies to the other pH conformers (43).

Before initiating a full, three-dimensional intensity

data collection (Figure 14), each crystal was further

evaluated with respect to its ability to diffract X-rays

(intensity of diffraction pattern in general, and at

higher diffraction angles), size of the crystal and its

twin, X-radiation absorption characteristics and peak

shape of the reflections. Optimum diffracting ability

would allow operating the high intensity X-ray tube at a



F1



45

1 «A 1

I TOS _
"F . .

d- “ "v .1».

~ __ .. - :2. 'w.

IJ‘" _“1,.

W '

.
—
~

   

 

     

l
l

I
I 9

E
“
:

6
.
3
-
.

L
;
‘
-
‘
—
—

c
k
—

_

L
.

z
.
.
.
“

C
I
.

u
—
.
—
.
—
‘

I
l

I
1
'

D

N

h ’
C

I

j
I

I

0
U

:

 

 

 

    
    
 

   

-L. 1..

__ PMS _ _

-.- . 1 ii ! I x «9

' g . F F *1 9 II, 1:3" - I.“

a ”I . .1. F9” “1"II).1'1.“ « o : )vv -o

1 I [L .111 “11’ - ..

‘74 I ”I 1 “1 g L ‘L g 1 I 1 I 1 1
S "a“ l 0 a a “at. O 0

(hOO) (002) (OkO)

FIGURE 15. Distribution of Diffracted Intensities A1ong

Principal Axes of a—CHT Complexes Used in This

Study



 

 

Ii.
.'7 1:1

A,"‘
VVI



4'6

. pH7.3 __ .-:oo

o " ~

- - -u

I-” 1mm

 

 
  

  

 

     

I
I

I
I

a

8

n

a

r

u

.
5
3
9

“
a

:
.
-
:
.
—
-
~
°

_
.
_
.
.
-
—
_
—
-
.
-
—
.
.
4

‘
2
-
-
—

.I
_
r
‘
-
'

.
:
.
1
_
—
,

1
_
-
—

'

fl
i
e
r
-
”
F
.

3

J
1

1
1

1
l

l

T
.

u

.
.

C

1
I

I
‘
n

a
o

g

 
 

'

L
I

l

I
l

.

7

-
:
—
—
L
—

J
I

m
:

:

J
“
I

I

3
'
E

5

  
 

      
 

   

 

         

.L . d-

.. PEBA ' ..

. pH36 _ 1' " _m .

- .3 II II : a 9 Ln 1%”

o 33 1 I

.. 8 a I. III IJIIII .,. . I Has

3

‘* z" 93:! h 'I -- d.
f M: "I

-- Ufl'yiiii'" ._ "

L 1”; a I l in: i . ; L81 1 .

(hOO) (002.) (OkO)

   



.47

 
    

 

   

L

P

PBBA

‘II‘

' .‘I

.
.

‘F

- IAL—J

.
I

J

.

..
In

“-

fl

, c 9 .

..

3
° I -.

10%,,

UIJU
1);

'a:
'. l1":‘l:"|III‘1

‘~

‘

’

WWW
-.

|

1.
r

2

o y

9

:

 
  

  
   

    
  

   f Lay
?

1

=2
{I}

(hoo) (009,) (Oko)



7
A
L
!
L
E

(
)

_
L
L
J
.
.
.
‘

n
a
m
n
n
l
t
m
'
r
l
r
‘
k
'

(
)
f
'
.

t
u
t
}

‘
V
—
(
:
”
T

[
)
(
‘
r
1
V
(
‘
L
1
V
(
?



T
A
B
L
E

6

L
a
t
t
i
c
e

P
a
r
a
m
e
t
e
r
s

o
f

t
h
e
a
-
C
H
T

D
e
r
i
v
a
t
i
v
e

C
r
y
s
t
a
l
s

U
s
e
d

i
n

T
h
i
s

S
t
u
d
y

 

D
e
r
i
v
a
t
i
v
e

p
H

a
(
K
)

m
i
x
)

C
(
3
)

b
e
t
a
(
°
)

V
o
l
u
m
e

(
3
3
)

 

T
O
S

P
M
S

P
E
B
A

P
P
B
A

P
B
B
A

P
E
B
A

P
E
B
A

3
.
6

3
.
6

3
.
6

4
.
6

4
.
6

5
.
4

7
.
3

4
9
.
1
5
(
5
)

4
9
.
3
6
(
4
)

4
9
.
3
6
(
4
)

4
9
.
5
4
(
4
)

4
9
.
5
4
(
2
)

4
9
.
3
7
(
3
)

4
9
.
3
5
(
2
)

6
7
.
0
2
(
6
)

6
7
.
2
5
(
5
)

6
7
.
4
3
(
4
)

6
7
.
3
9
(
6
)

6
7
.
4
3
(
2
)

6
7
.
3
2
(
4
)

6
7
.
6
8
(
2
)

6
5
.
8
8
(
9
)

6
5
.
9
8
(
6
)

6
5
.
9
9
(
6
)

6
6
.
0
0
(
7
)

6
6
.
0
3
(
3
)

6
5
.
7
3
(
5
)

6
5
.
9
8
(
3
)

l
O
l
.
7
8
(
3
)

l
O
l
.
7
8
(
3
)

l
O
l
.
8
3
(
4
)

l
O
l
.
9
2
(
5
)

l
O
l
.
9
7
(
4
)

l
O
l
.
9
2
(
6
)

1
0
2
.
0
3
(
4
)

2
1
2
,
4
0
0
(
7
0
0
)

2
1
4
,
4
0
0
(
6
0
0
)

2
1
4
,
9
0
0
(
6
0
0
)

2
1
5
,
6
0
0
(
6
0
0
)

2
1
5
,
8
0
0
(
3
0
0
)

2
l
3
,
7
0
0
(
5
0
0
)

2
1
5
,
5
0
0
(
3
0
0
)

 

N
a
t
i
v
e

N
a
t
i
v
e

N
a
t
i
v
e

N
a
t
i
v
e

3
.
6
*

4
.
6
+

5
.
4
“
?
)

7
.
3
“
”

4
9
.
2
4
(
7
)

4
9
.
3
(
1
)

4
9
.
1
3
(
5
)

4
9
.
2
4
(
2
)

6
7
.
2
0
(
l
O
)

6
7
.
8
(
1
)

6
7
.
8
3
(
7
)

6
7
.
9
8
(
3
)

6
5
.
9
4
(
9
)

6
5
.
9
(
1
)

6
5
.
8
l
(
7
)

6
5
.
8
5
(
4
)

1
0
l
.
7
9
(
6
)

l
0
2
.
0
(
l
)

l
O
l
.
9
2
(
6
)

l
O
Z
.
0
3
(
3
)

2
1
3
,
6
0
0
(
1
0
0
0
)

2
1
5
,
0
0
0
(
6
0
0
)

2
l
4
,
6
0
0
(
7
0
0
)

2
1
5
,
6
0
0
(
4
0
0
)

 

*
A
v
e
r
a
g
e

o
f

s
e
v
e
r
a
l

c
r
y
s
t
a
l
s

+
R
e
s
u
l
t
s

o
f

t
h
r
e
e

r
e
f
l
e
c
t
i
o
n

m
a
t
r
i
x

d
e
t
e
r
m
i
n
a
t
i
o
n
s

48



1
‘
7
,
:
‘
D

I
D

‘
1
)
.
(
T

‘dl



49

power setting of 240-480 watts (six to twelve milliamps

at 40 kilovolts). The previously detailed instrumental

modifications allowed most measurements to be collected

at a power setting of 300 watts, further reducing X-ray

exposure. The acceptable twin ratio was arbitrarily set

at 2:1 (crystal:twin) with a larger ratio being more

desirable (Table 7). The absorption characteristics were

determined by measuring the intensity of reflections along

the b-axis, aligned at X = 90°, as the phi axis of the

diffractometer was rotated, which was also coincident

with the b-crystallographic axis.

C. Data Processing
 

The methods used here for data reduction and processing

have been described in detail elsewhere (34). A flow chart

showing the path from data collection to the comparison of

results with a Kendrew model of the enzyme is shown in

Figure 16 and is summarized below.

(A) (B)

I -------------> |F| -------> |F|

obs-der rel-der abs-der

(diffractometer (relative (absolute

measurements) derivative derivative

structure structure

amplitudes) amplitudes)

where (A) = data reduction:
 

 

= (lobs-der)(decaY)(ab50rPt10
n)(twin)(scale)

rel-der

 

IFI

(Lorentz factor)(polarization)
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O

with scaling and 6 A resolution decay corrections

derived from I'before" and "after" (hOl) electron

density projections;

(B) = scaling of the radial distribution of [F12;

2 _ 2 _ 2 2 . 2 2 ,

IFIabs-nat - lFIabs-der - k IFIrel-der exp(-2351n e/A )’

(see last two columns, Table 7)

(C)

[Fla6s:der---’ m(lFlabs-der ' lFIabs-nat) exPhO‘nat)

(absolute

derivative

structure

amplitudes)

and (C) = assignment of the native phases to the derivative

structure amplitudes and generation of "best"

difference Fourier coefficients:

Fabs-der = IFIabs-der exp(io‘nat)

"best" phase angle,Q

I

nat -

A = mHFIabs-der ' IFlabs-nat) exP(mnat)

where A is the "best" difference Fourier coefficient

and m is the figure of merit.

At the time native phase angles are assigned to the

derivative data, the distribution of IlFlabs-der ‘ IFlabs-nat

is also determined. The distributions of the derivative



(
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difference coefficients used in this study are listed

in Table 8, and in the histograms of Figure 17. From

Table 8, it can be seen that the differences are

generally observable (IFI = 33 electrons/unit cell)
unobs

and that excessive changes in intensity are minimal,

suggesting good isomorphism.

A series of typical absorption curves from a PEBA

pH 3.6 crystal is shown in Figure l8. A comparison of

the relative absorption maxima and asymmetry of the deri-

vative crystals used in this study is made in columns

2 and 3 of Table 7. Evaluations of the peak shape of

the reflections were based on the appearance of the axial

diffraction pattern and reflection centering character-

istics. Crystals were rejected if peaks appeared too

broad or split. Most omega-spreads of derivative

crystals (0.3-0.4°) were slightly larger than those in

native crystals (0.2-0.3°), but this did not seem to

impair the diffraction pattern in any way (4). Severely

cracked crystals were also not used. As experiments

were performed on tubes containing ten or more crystals,

these evaluations could be repeated until an acceptable

crystal was found.

The intensity data collection procedures (Figure

l4), including the wandering count-six-drop-two omega

step scan, have been extensively discussed by Vandlen

and Tulinsky (34,78). The data collection system used
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in this study, which was developed at MSU, permitted the

monitoring of the crystal alignment during intensity data

collection and the redetermination of the crystal

orientation matrix if the crystal apparently moved. In

addition, the programs measured a reduced reflection data

set which only considered reflections which had a figure

of merit greater than 0.7 in the native data (79). The

hardware and software developments described here and

elsewhere made it possible to obtain a complete set of

observations from a single crystal, not the five or more

crystals required in previous studies. The reduced

reflection set included approximately 6300 reflections.

The total number of independent reflections is approxi-

mately 10,500 at 2.8 A resolution. The electron density

maps calculated with the reduced set of coefficients,

whose phase angles were more accurately known, compared

well with maps calculated from the native data set

containing all reflections with figure of merit greater

than 0.3 (approximately 8500 reflections). Data

collections were completed within a three to four day

period, averaging 70 to 80 hours of total X-ray exposure

to the crystal. In all the derivatives studied, the

decay as determined by fall-off in intensity of monitored

reflections was 35% or less (Table 7).

For each derivative crystal, the intensity of the

l29 reflections of the centrosymmetric (h01) projection
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at 6 A resolution was measured both before and after the

three-dimensional intensity data collection. The "before"

(h01) projected electron density permitted scaling to the

parent native crystal data, normalizing the crystal size

and beam intensity. The "after" (h01) projected density

allowed the determination of intensity fall-off due to

X-ray damage in the 6 A resolution range. These projec-

tions also permitted the evaluation of possible changes

in inhibitor binding which might have accompanied the

extended X-ray exposure. The derivative crystals used

in this study did not show the latter changes.

A method of evaluating the error of the difference

electron density has been deve10ped by Henderson and

Moffat (80), the mean-square-error of the difference

density being given by

<Ap2> = (2/v2)zzz[a|r|§_n(hk1) + A|F|§_n(hkl )(l-m2(hk1))

+ 520.1(1)]

Where, AIFld_n = lFlder-nat = llFlder ' |F|natI

(52 = 02(AIFld-n)

m = figure of merit

V unit cell volume

The first term, A|F|§_n, represents the error caused by

assuming that the phase angles of the parent native
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crystals are unchanged in the derivative crystals.

Although the structural changes observed in this study

are generally small, Luzzati (81) has shown that the

substitution could be 50% higher due to this type of

phase angle difference. The second term, (A|F|§_n)

(l-m2(hkl)), corrects for the errors made in the original

determination of the native phase angles by using the

figure of merit; the latter is related to the error of

2, representsthe phase angle. The third term, 6

experimental observational errors in the difference

coefficient. The root-mean-square (rms) errors of the

derivative difference electron density maps are included

in Table 8 (the 62 term was not included in the calcula-

tion). This error estimation of the maps was used to

establish levels of significance in the maps. Although

the method has become a standard means of estimating the

error in difference electron density maps, it should be

noted that the calculation has been shown to be inaccurate

by a factor of 2 (82). In the present work, a more

conservative approach was employed based on an estimate

of background noise in the Fourier maps. Earlier pH

studies had indicated that an appropriate random background

noise level in the difference map was about i 0.05 eA'3

(12), and confidence was placed in those peaks which

occurred at about three times this value. The same
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procedure was used in the present work, with adjustments

being made on the basis of the random background noise

for each derivative crystal studied. This screening

process, along with the ability to correlate the difference

electron density peaks with intelligent structural

features of the native structure, will be shown to give

even more validity to the interpretation of the difference

maps. The significance levels established in this manner

were usually about 10 x 0(Ap).



III. METHODS OF ANALYSIS

A. Emphasis of Analysis
 

The two classes of inhibitors used in this study

(sulphonyl halides and boronic acids) and the selection

of the compounds within these classes permitted a

detailed comparison of the a-CHTzinhibitor complexes

with respect to the following important points:

1. The orientation of each inhibitor in the

independent molecules of the a-CHT dimer and

the interactions of the inhibitor in the

active site upon binding.

2. The perturbation of the native conformation

which occurs upon binding in regions removed

from the active site, and its relationship to

the binding in the active site.

3. The effect of varying the side-chain of the

inhibitor upon:

a. The binding orientation and inter-

actions within the specificity site,

b. The perturbation of the native con-

formation removed from the active

site region.

4. The structural and functional variability among

the different pH conformers observed in the

crystal upon inhibitor binding.
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5. The evaluation of the suitability of phenyl

alkyl boronic acids as potential transition-

state analogs for a-CHT catalyzed hydrolysis.

The present analysis has been based primarily on the

use of the difference Fourier method. However, the

inability to examine the three-dimensional structure at

atomic resolution limits the correlative studies described

here. On the other hand, several refinements and innova-

tions to present techniques have been made and will be

described below.

The areas of major concern in this study have been

the comparison of the inhibitor binding interactions and

orientations within the active site and their external

structural perturbations which might indicate a form of

cooperativity upon active site binding. A detailed

comparison of the inhibitor molecule binding orientations

has utilized the examination of composite sections of

the difference electron density of the substitution and

the fit of a model representing the substitution to

electron density centroid positions in planes of the

difference Fourier electron density map. The examination

of the changes which occur in the native a-CHT conforma-

tion upon binding has been carried out by the use of a

difference diagonal plot method which was developed during

the course of this work and which is a variation of the

diagonal plot originally proposed by Phillips (83).
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8. Examination of the Substitution in the Active Site

Initial examination of inhibitor substitution involved

the superposition of the "best" difference electron

density map onto the native electron density map in the

MSU Richard's box (84). The orientation of the MSU-

Kendrew model of a-CHT presented problems in placement of

a model of the inhibitor within the electron density. The

Fourier map, calculated along the a-direction and stacked

along the gf-direction, revealed a more or less "end-on"

view of each of the inhibitors used in this work (Figure

19). This made a direct comparison of the various inhi-

bitor substitutions difficult and the same applied to the

exact placement of the inhibitor model in the active site.

Therefore, the difference electron density was calculated

along both the b- and g-directions, and composite projec-

tions were constructed as shown in Figure 20. These

composite projections permitted a simple comparison of

the substitution density in each of the independent

molecules of the dimer and, also, among the various

derivatives (Figure 21). The lowest contour level in

the projections is drawn at about three times the noise

level previously discussed (0.15 eA-3), and only these

contours are drawn in each section.

A detailed comparison of the various substitutions

Was possible after the Kendrew model of the inhibitor was

fit to the difference density and the coordinates for the
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FIGURE 21a. Comparison of Composite Projections of the

Substitution Electron Density of TOS and PMS

in the Active Site of Molecule 1; Contoured

at 0.15 eA'3 . -
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FIGURE 21b. Comparison of Composite Projections of the

Substitution Electron Density of TOS and PMS

"in the Ac ige Site of Molecule 1'; Contoured

at 0.15 '
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fitted model were obtained. The positioning of the model

in the difference electron density used a method of

plotting the projections of the calculated difference

electron density centroids. The method involved the

following scheme:

1. For each Fourier section calculated along the

a-direction, line sections are constructed

through the peak density position in the

region of the substitution in both the y- and

z-directions.

The centroid peak position (maximum of the above

plot) for each Fourier section is determined to

an accuracy of i 0.25 Fourier grid units (0.16 A

in y- and 0.13 A in z-directions).

These centroid positions are plotted on a scale

of 2 cm = l A in both the x—z and x-y projec-

tions. For the centroid position in each

section, a boundary occurring at i 3 x 0(Ap)

is also plotted, establishing a new weighted

composite density projection, which is weighted

by the difference electron density.

A Kendrew model of the inhibitor is "fitted" to

the three projections and the atom coordinates

are measured.
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5. Bond distances and angles are calculated and

the atomic positions are then adjusted to

correct any major disparities from accepted

geometries (85). The proper orientation is

maintained within the difference electron

density centroid projections.

The inhibitor bond distances determined in this manner

approach accepted values to within : 0.05 A (A-l, A-2).

The fit of tosyl to the centroid density of p(TDS-a-CHT)

- 0(a-CHT) is shown in Figure 22.

The method approximates results obtained from a

computer analysis of substitution density which uses

visual interactive graphics display techniques (86). A

goal of both this method and that of the visual display

system is to manipulate inhibitor orientations within

the difference electron density without disturbing the

native model and to obtain an initial set of atomic

coordinates for the substitution. Although not quite as

precise as the automated techniques, the method is

easily applied and has allowed the detailed comparison

of the orientation of the substitutions for the inhibitors

used in this work.

A detailed analysis of the inhibitor orientation in

the active site was accomplished by the use of the native

enzyme coordinates measured using the model of a-CHT at
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MSU (79), and refined by Diamond's program, "Model Build"

(87). A comparison of the calculated distances between

the inhibitor molecules and the amino acid residues

forming the specificity pocket and the catalytic site of

the native configuration is made in the Results section.

C. Examination of Conformational Adaptation Accompanying

Inhibitor Binding
 

Kirkwood (88) and Lumry (89), among others, have

suggested that enzymes might exhibit a cooperative struc-

tural relationship upon the binding of a substrate or

inhibitor in the active site of the molecule. The igtgg-

molecular cooperativity observed in the hemoglobin

system (sigmoidal kinetics) has raised the question of

the generality of possible intramolecular cooperativity

and molecular recognition. An examination of the confor-

mational changes which might occur upon the interaction

of a-CHT with individual members of two classes of

inhibitors could provide insight concerning such questions

as why large biopolymers, such as the serine proteases,

are required for the maintenance of a small active site

region. In this respect, particular emphasis is placed

upon the domain structure of proteins, as first uncovered

for the nucleotide binding domains of lactate dehydro-

genase (90) and observed later with other nucleotide

binding enzymes. These bio-architectural features can

be revealed by a diagonal distance plot (1).
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The diagonal distance plot involves the calculation

and representation of the distances separating the alpha-

carbons (Ca) in a protein (polypeptide) molecule. The

distance map, shown in Figure 23, where rij

the distance between residues i and j along the a-CHT

represents

chain, was generated by Nishikawa _t_gl. (44), and was

contoured at intervals of 15 A. This original map used

the MRC coordinates of a-CHT and is virtually the same

as the map generated using the MSU coordinates. This is

in agreement with the comparison of the MSU and MRC

results which were within the 15 A resolution limit of

the distance map. A striking feature of the a-CHT

distance plot is the appearance of two similar structural

domains, A and 8, beginning at residues 1 and 123

(Figure 23) (44). The presence of separate but similar

structural features is not restricted to a-CHT and has

been observed with elastase (91) and lactate dehydro-

genase (92). This structural repetition in the construc-

tion of a protein molecule has been attributed to gene

duplication with evolutionary differences occurring in

the related regions (49).

The potential cooperativity which might occur

between domain regions as a result of binding of an

inhibitor or substrate, chemical modification or change

in the pH or salt content of the mother liquor, has been
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examined in this work. A schematic representation of

the domains of the distance diagonal plot of Figure 23

is shown in Figure 24. Both the individual domain

regions (A and B) and the inter-domain regions (A-B) of

a-CHT are depicted. It is also possible to examine the

inter-domain interactions in the dimer of a-CHT by

construction of the cross-distance diagonal plot shown

in Figure 25a. This method plots rij

alpha carbons (Ca) from molecules 1 and 1', respectively.

where i and j are

The packing along the z-direction of the dimers and the

domains of a-CHT is shown in Figure 25b. Although the

inter-domain regions have been observed in the distance

diagonal plots of other enzymes (92,93), no detailed

description of them has been reported.

In examining the structural changes accompanying

substitution, some innovations to the original distance

diagonal plot have been made. One of these readily

displays the variability of conformational changes

between the two independent molecules of the a-CHT dimer

(42). The method makes use of the inherent symmetry in

the diagonal plot (e.g., ). Since the distance
rij "ii

diagonal plot exhibits structural features arising from

the interaction of individual Cu atoms, the peaks of a

difference Fourier map, which represent changes in the

structure of the native enzyme, can be examined for their
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proximity to these atoms. A substitution can also be

examined in a similar manner. We have termed these as

difference distance plots and difference substitution

plots, respectively. The definition of the quantity

plotted, Rij’ is presented in Figure 26. In the

difference distance plot, the Ca atoms, i and j, and

the difference Fourier peaks are not simply considered

as points. Instead, a prolate ellipsoid surface is

generated as an ellipsoid of revolution about the line

between i and j. By allowing the sum of the distances

from the peak to i and to j to equal the separation,

O

rij’ increased by 2 A as appears below

ij rij + 2 A i eri + erI
R

the equation for the resulting ellipsoid of revolution

is

xz/(Rij/z)2 + yz/HRfi/Z)2 - (rij/2)2)

+ zzx<<R,j/2)2 - (Rij/2)2) = 1.

01‘

x2/1rij/4 + rij + 1) + yZ/(rij + 1) + 22mij + 1) g 1.

Thus, if a peak occurs within this surface, its value,

R is plotted. Moreover, the Rij of the two independent
ij’

molecules of a-CHT dimer are plotted on either side of the

diagonal of the distance plot. Thus, deviations from

diagonal symmetry represents asymmetrical behavior. An
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example of the difference distance plot calculated from

the difference Fourier map obtained from changing the

pH of a-CHT from pH 3.6 to pH 7.3 in the presence of PEBA

is shown in Figure 27a. The substitution distance plot

for PEBA pH 7.3 using the peaks of the substitution

itself are shown in Figure 27b. Appendix C contains a

list of all difference Fourier peaks used in calculating

the difference distance plots of this work along with

their peak heights. The substitution peaks are listed in

Table A-1.

D. Inhibitor Orientation in the Independent Molecules
 

The detailed comparison of the orientation of each

inhibitor molecule used in this study in the independent

molecules of a-CHT dimer probes both the source of the

specificity of a-CHT and the effects of the dimeric

variability in structure.

E. Inhibitor Orientation Definitions
 

In comparing the inhibitor orientations, three para-

meters have been defined and examined, an x-z and x-y

inclination angle and an aromatic ring rotation angle.

The inclination angles are defined as the angles formed

between a line from the C-1 to C-4 positions of the phenyl

ring and the x-z or x-y planes, which are parallel to the

non-crystallographic two-fold axis (Figure 28). Inhibitors
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which are oriented identically in the specificity sites

of the two independent molecules would have inclination

angles which are identical in magnitude but opposite in

sign. Values of 0° in the inclination angles are

observed when the C1-C4 line is parallel to the two-fold

axis in the x-z or x-y plane.

The aromatic ring rotation angle defines the

orientation of the phenyl ring of the inhibitor by rota-

tion about the line joining C1 to C4 (also, C1 to CA or

C1 or S). It is taken to be 0° when the ring lies in the

x-z plane if the x-y inclination angle is set equal to 0°.

The positive rotation direction is taken to be a clockwise

rotation around the Cl-CA or Cl-S bond when viewed from

the Cl side. The rotation angle for two identically

oriented inhibitors would also be identical in magnitude

but opposite in sign.
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IV. RESULTS AND DISCUSSION

A. Irreversible Inhibitors

l. Substitution characteristics of TOS and PMS

Initial examination of the diffraction pattern along

the principal axes of the TOS and PMS derivatives revealed

substantial but similar intensity changes when compared to

native a-CHT (Figure 23). Moreover, the changes are

similar in magnitude to those observed with isomorphous

heavy atom derivatives. The lattice parameters of the

unit cells show little difference in dimensions beyond the

calculated error (Table 9).

TABLE 9

Comparison of Cell Parameters of

Irreversibly Inhibited a-CHT

 

a(A) 5(3) C(R) e(°) Volume (R3)

 

TOS pH 3.6 49.15(5) 67.02(6) 65.88(9) 101.78(3) 212,400(700)

PMS pH 3.6 49.36(4) 67.25(5) 65.98(6) 101.78(6) 214,400(600)

NAT pH 3.6 49.24(7) 67.20(10) 65.94(9) 101.79(6) 213,600(1000)

 

The cell volume of TOS appears to shrink slightly while

that of PMS expands slightly; however, both differences

approach the limit of error in the native cell volume.

The larger standard deviation indicated for the native

structure results from the combination of the seven
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separate native crystals used in the data collection (34)

while the errors for the derivative structures represent

the parameters for the one single crystal used for three-

dimensional data collection.

A preliminary examination of the difference electron

density maps showed that the substitution approaches 100%

occupancy, as expected from solution studies of inhibition

by aromatic sulfonyl fluorides, with excellent two-fold

symmetry with respect to occupancy. The active site

3
substitution of TOS in molecule 1 reaches 0.65 eA' and

3
0.62 eA’ in molecule 1'; while in PMS, the corresponding

3 and 0.65 eA'3occupancies are 0.62 eA' , respectively.

Further study of the substitution density of TOS and PMS

showed differences in orientation reminiscent of the

variability and asymmetry in the native structure (42).

In addition to the substitution density, gradient peaks

were observed, indicative of small rearrangements of the

native enzyme structure to accommodate the inhibitors.

Examination of peaks greater than 3 x 0(Ap) in the

difference maps showed more extensive changes in the

structure with the PMS derivative than with the TOS

derivative.

Construction of x-z and x-y composite difference

electron density projections of the substitution, as

described in the Methods section, revealed significant

and consistent differences in the inhibitor binding
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orientation both between the two independent molecules

of the a-CHT dimer, and between the TOS and PMS deriva-

tives (Figure 29). A detailed comparison of the centroid

distribution of the inhibitor density is summarized in

Table 10. The comparison within the dimer was accomplished

by the rotation of the electron density of the substitution

in molecule 1' about the two-fold axis followed by the

calculation of the differences in centroid positions in

the specificity region (x 5 49/76) and in the catalytic

region (x 3 50/76). These regions were selected on the

basis of inhibitor interactions as discussed later. The

estimated error in these comparisons is about 0.4 A; thus,

only the differences in the y-direction are significant.

The systematic difference across the two-fold axis (the

rotated density of molecule 1' is displaced in the (-)y-

direction) is compatible with the variability in structure

observed in the dimer and will be discussed more fully

below.

Kendrew models of the inhibitor molecules were

fitted to the composite bounded difference electron

density and atomic coordinates were measured as discussed

in the Methods section. The atomic coordinates determined

in this manner for all the inhibitors used in this study

are listed in Table A-1 and these were used in all dis-

tance calculations and comparisons. The bond lengths of
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the individual inhibitor molecules are also reported in

Table A-2.

2. Orientation of inhibitor molecule and inter-
 

action with a-CHT
 

The orientation angles, as defined in the Methods

section, for TOS and PMS and the other inhibitors used

in this study are presented in Table 11. It is apparent

from this table that the two-fold related pairs, TOS-TOS'

and PMS-PMS', exhibit good two-fold symmetry with respect

to the x-y and x-z inclination angles, but are asymmetric

with respect to the aromatic rotation angle. The orienta-

tions of TOS and PMS in each of the independent a-CHT

molecules differ in both their x-y inclinations and

aromatic rotation angles. The differences between the

TOS and PMS derivatives can be related to the specificity

requirements of a-CHT, while the two-fold asymmetry in

both derivatives can be related to the structural varia-

bility of the dimer. A more detailed comparison of the

individual inhibitor molecular orientations and inter-

actions with the enzyme, and a full comparison of the TOS

derivative results with those reported by the MRC (49),

are given below.

The effect of the variability of a-CHT structure on

inhibitor orientation can be seen by examining the inter-

actions which occur between a-CHT and the inhibitors. A
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TABLE 11

Orientation Angles Determined for the

Inhibitor-Enzyme Structures

 

 

Inclination Inclination Aromatic

Angle (x-y) Angle (x-z) Rotation

Derivative (:_5°) (:_5°) Angle (:_10°)

TOS MSU +44 -12 +10

TOS' MSU -42 + 9 -30

105 MRC] +40 -12 +14

PMS +65 -12 + O

PMS' -65 + 8 -45

PEBA pH 3.6 +48 -12 +60

PEBA' pH 3.6 -39 + 8 -75

PEBA pH 5.4 +48 + 5 +45

PEBA' pH 5.4 -39 + 8 -45

PEBA pH 7.3 +45 - 4 +30

PEBA' pH 7.3 -32 + 8 -20

PPBA +41 + 5 +70

PPBA' -44 - 2 ?

PBBA +41 + 5 +70

PBBA' -42 - 2 ?

 

1
Calculated from coordinates reported by Birktoft and Blow,

J. M01. Biol. 68, 187 (1972).
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summary of proteinzinhibitor contacts which are 3.5 A or

less (van der Haals) of all the inhibitors used in this

study is given in Table 12. The individual protein:

inhibitor contacts are listed in Table B-1. This table

was compiled using the inhibitor coordinates and a set

of a-CHT coordinates which resulted from one cycle of

Diamond's model-build procedure. Only the coordinates of

molecule 1 were used and the analysis was based on the

inhibitor interactions in molecule 1 and the known

variability in both inhibitor orientation and enzyme

conformation (42) as determined from the difference

electron density maps.

From Table 12, it is apparent that the majority of

van der Naals contacts between the aromatic group of the

inhibitor and the protein molecule involve residues

TRP 215-GLY 216. The structure of the a-CHT dimer in this

region of the specificity pocket (i.e., residues TRP 215-

SER 218) shows significant deviations from local two-fold

symmetry, due either to repulsive or attractive inter-

actions (42). The orientations of TOS and PMS in x-z

projection are shown in Figure 30, which also details

some interactions in the specificity pocket. The shortest

contacts occur with GLY 216 Ca, thus establishing its im-

portance in defining a boundary to the specificity

pocket. This is in agreement with observations in
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elastase where substitution of this GLY with VAL modifies

the specificity by reducing the size but not the chemical

nature of the side-chains of acceptable elastase-specific

substrates (54). The observed displacement of the TRP 2l5'-

SER 218' chain by approximately 2 A in both the y- and x-

directions from the two-fold related position of TRP 2l5-

SER 2l8 (42) appears to be responsible for the differences

in orientation of the aromatic groups of TOS and PMS

(Table ll). The observed displacement in the y-direction

of the phenyl group (Table l0) and its difference in

rotation between molecule 1 and molecule l' reflects an

apparent attempt to maintain maximum contact between the

inhibitor phenyl ring and the specificity pocket of the

enzyme. There are approximately 19 contacts within a

distance of 3.5 A to the phenyl group of TOS and l4

contacts to PMS. The main difference in contacts between

TOS and PMS comes from six additional contacts of the

TOS methyl group; thus, approximately l3 contacts appear

to be responsible for maintaining the orientation of the

aromatic group of TOS which compares favorably with the

l4 contacts observed with PMS. Although there might be

a slight difference in orientation between TOS and PMS

to accommodate the CA of PMS, the contact region for the

aromatic group remains constant. The contact region is

notable in that it principally involves main chain atoms.

It would therefore appear that the specificity site might
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be influenced, or even possibly determined, by the

conformation of the main chain. The only polar groups

in this region are the carbonyls and amides of the main

chain with the remainder being hydrophobic in nature. The

side-chains of residues SER 214-SER 217 other than GLY 2l6

extend away from the pocket. A more detailed examination

of the specificity region will be discussed with the PEBA

results since this inhibitor more closely resembles a

typical substrate.

The difference electron density maps contain peaks

other than those attributable to substitution of an

inhibitor which occur at much lower electron density levels

are are probably associated with changes in the native

conformation which accompany the binding of an inhibitor

in the active site. These changes are indicated

schematically in the x-z projection of the specificity

region by circles for TOS and triangles for PMS (Figure

30), the enclosed number giving the peak height of the

change in eA'3. The difference peaks indicate a small

reorientation of the main chain from SER 2l4-SER 218 to

accommodate the inhibitor, and principally involves

sections of the polypeptide chain making close van der

Naals contacts (< 3.5 A) between the native enzyme and

inhibitor. The changes of molecule l do not have exact

two-fold correspondence in molecule l"due to variability

in the native structure between TRP 215-SER 2l8 (42).
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The differences observed in molecule 1 are larger and more

extensive than those in molecule 1' and suggest a small

enlargement of the specificity pocket of molecule 1 to

approximate that present in molecule 1'. The asymmetric

inhibitor accommodation leads to a dimeric molecule

satisfying the two-fold symmetry more exactly. Although

the phenyl and the sulfonyl groups are relatively fixed in

their interactions in a-CHT, the orientation of the phenyl

groups in TOS and PMS must be slightly different to

accommodate the additional tetrahedral carbon atom of

PMS (Cl-CA-S angle is ~llO°). The difference in orienta-

tion between the phenyl groups of TOS and PMS is achieved

by the increased flexibility in orientation of the phenyl

ring in PMS due to rotational freedom about the Cl-CA and

CA-S bonds. A

The exact orientation of the sulfonyl group in the

catalytic site is not immediately discernible from the

difference electron density maps due to the limitations

imposed by 2.8 A resolution data, and to the presence of

a sulfate ion adjacent to SER 195 0Y in native a-CHT

(94) which is displaced by both TOS and PMS. Although

the sulfur atom of TOS and PMS must maintain an approxi-

mately tetrahedral arrangement utilizing one carbon atom

and three oxygen atoms (one of which is SER 195 OY)’ this

tetrahedral array is not directly observable. To
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establish a more accurate and detailed representation of

the interactions of the sulfonyl group with SER 195, it

was necessary to apply chemical knowledge. Although

actual distortions from a tetrahedral sulfur will be

somewhat obscured as a consequence, any such distortion

should not introduce significant misinterpretation.

Among the factors used in determining the orienta-

tion of the sulfonyl group were: l) optimization of

potential interactions generated by rotation about the

Cl-S bond of TOS or Cl-CA and CA-S bonds of PMS; 2)

presence of hydrogen-bonding solvent molecules as evidenced

by positive difference electron density located adjacent

to the sulfonyl electron density; and 3) difference

density gradients involving reorientation of SER l95 0y.

A positive peak which occurs in the difference

electron density map in the immediate vicinity of the

sulfonyl group was assigned to a solvent molecule in both

the TOS and PMS derivatives and in both molecules 1 and

l'. It is labeled as H20 in the composite difference

electron density projections shown in Figure 29. Assign—

ment of such peaks to water or solvent molecules is common

in protein crystallography. In addition to the sulfate

ion assignments of MSU a-CHT, where sulfates have been

found in particularly ordered positions, counter ions

have also been suggested (94). Due to the covalent bond

between TOS and SER l95 OY with the resultant orientation
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of the sulfonyl group, the water molecule appears to be

highly ordered and hydrogen-bonded, thus defining the

position of one sulfonyl oxygen.

Further evidence for orienting the sulfonyl group

(which relates the TOS and PMS derivatives directly)

involves a density gradient at the SER 195 OY position;

in the derivatives the SER l95 hydroxyl moves approxi-

mately l.5 A by a rotation of approximately -60° (counter-

clockwise) about the ca-CB bond. The native SER l95 OY

position is 2.4 K from the sulfur in both derivatives,

much longer than the accepted S-O bond length (ml.4 A).

The difference peaks in the vicinity of the sulfonyl

in molecule l' differ from those in molecule 1 similarly

for both the TOS and PMS derivatives. This is probably

due to the slight difference in positioning of SER l95

and SER l95' (42). In molecule 1' the SER l95 0Y lies

in an x-z plane which passes closer to the local two-fold

axis than the similar plane in molecule l. Once again,

it appears that the binding of both TOS and PMS tends to

reduce some of the variability of structure which occurs

in the dimer. Such effects have also been noted with the

pH 5.4 conformer by Vandlen and Tulinsky (4l).

The difference electron density map also shows that

the native active site conformation undergoes significant

changes upon binding TOS and PMS. The catalytic triad,

SER 195-HIS 57-ASP l02, appears to transmit the effects of
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the covalent involvement of SER l95; HIS 57 rotates

counter-clockwise about its Ca-C bond away from the

8

new SER 195 OY orientation and ASP lOZ retracts slightly

from its position near HIS 57. The peaks associated

with these changes appear somewhat larger in the PMS

derivative and probably reflect an additional perturba-

tion caused by the CA position which is only about 4 A

away from HIS 57 NEZ. In TOS, the ASP l02 movement is

smaller than that observed in PMS and is just above the

observable limit. The movements involving HIS 57 and

ASP lOZ occur similarly in both molecules.

Other significant changes in the active site are

associated with residues involved in the dimer inter-

action. The B-chain carboxyl terminus, TYR l46', is

positioned in the active site region of molecule l (and

vice versa) and interacts via a hydrogen bond from OEE

to a sulfate ion, which in turn is hydrogen bonded to

SER 195 Oy; in addition, the carboxylic acid group of

TYR l46' interacts with HIS 57. The sulfate is lost on

inhibition, expelled by the sulfonyl group of TOS and

PMS, and subsequent reorientation of HIS 57 produces

changes in TYR 146'. This reorientation is resolved by

a rotation of approximately -40° about the Ca'CB bond

of HIS 57. The change in unit cell volume accompanying

the introduction of the methylene group in the PMS
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derivative is probably a result of increased interaction

with TYR 146 of the two-fold related molecule, which in

turn, can affect the dimer interface.

MET l92, which shows an asymmetric orientation about

the local two-fold axis in the native dimer to minimize

the non-covalent SY-Sy. contact, exhibits a complex

movement on inhibition of the enzyme. The close approach

of MET 192 to MET 192' (m3 3) (42) makes a detailed

analysis of this region difficult but it would appear

that a rotation occurs about the CB-SY bond.

Another region displaying electron density changes

which occur in both the TOS and PMS derivatives involves

the disulfide bridge of CYS lQl-CYS 220. Similar obser-

vations have been made in other derivative studies in

this laboratory (18). Such features might be due to the

higher electron density associated with the sulfur atoms

in the native structure so that small changes in the

position can easily produce observable difference density

peaks of 0.20 eA'3 or larger.

3. Comparison of TOS (MSU)and TOS (MRC)
 

It has already been noted that the structure of

TOS-a-CHT was also determined by the MRC group (49). The

TOS derivative was used as the parent compound by the MRC

group in phase determination. The approximations concomi-

tant with such an approach have already been detailed
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in addition to others such as averaging the structure of

the two independent molecules of the dimer.

The unit cell parameters of the MRC and MSU struc-

tures are compared in Table l3.

TABLE 13

Comparison of Unit Cell Parameters of TOS (MSU) and TOS (MRC)

 

a(X) b(A) c(3) (°) Volume (X3)
 

'45—”

TOS-pH 3.6 49.l5(5) 67.02(6) 65.88(9) lOl.78(3) 212,400(700)

75% saturated

Ammonium

Sulfate

?AT$pH 3.6 49.24(7) 67.2(1) 65.94(9) 101.79(6) 213,600(1000)

34

 

fl

TOS-pH 4.2 49.3(l) 67.3(l) 65.9(l) l0l.8(l) 2l4,000(llOO)

(49), 65%

saturated

Ammonium

Sulfate,

0.1 M

citrate,

2% dioxane

?2;3pH 4.2 49.1(1) 67.4(1) 65.9(l) 101.7(1) 214,000(1100)

 

The apparent shrinkage in unit cell volume upon tosylation

observed in the present work is not indicated in the MRC

work. The changes in the MSU cell parameters, although

small, appear significant in comparison with changes
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observed as a function of pH. The large standard

deviations of the MRC results could possibly arise

from the introduction of dioxane into the crystalliza-

tion solvent.

The TOS orientation, generated from the MRC

coordinates, is shown in xz projection in Figure 3l.

Comparison with the results of this study (Figure 32)

shows small (< 0.5 A) differences in both the placement

of the tosyl group in the active site and the orienta-

tion of the chain defining the substrate specificity

pocket (SER 2l4-SER 218) (Figure 3l). The gradients

indicated in Figure 30 suggest shifts which lead to a

structure approximating the tosylated a-CHT structure

of the MRC group.

A direct comparison of the tosyl orientations is

shown in Figure 32, which indicates that the orientation

derived from the averaged structure of the tosylated

dimer reported by the MRC group is slightly displaced

from both tosyl group orientations of the present study.

Both the inhibitor orientation in molecule l and in

molecule l' after rotation about the local two-fold

axis are compared with the MRC results. The van der

Naals contacts in MRC TOS (with TOS-a-CHT [MRC]) have

been calculated and are fewer in number than those of

MSU TOS (with native-a-CHT) using a limit of 3.5 3

(Table B-l). To compensate for the concerted mo.5 A
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1.0 A

 

TOS (MSU) vs. TOS (MRC) Position



110

shift in the GLY 216-SER 2l8 backbone observed in this

work upon tosylation, the limit was extended to 4.0 A

in examining the MRC results. It can be seen in Table

14 that the number of contacts is comparable in the two

studies when the difference in choice of parent enzyme

is taken into consideration.

B. Competitive Reversible Inhibitors:Transition-State

Analogs

l. Substitution characteristics of PEBA as a

function of pH

The a-CHTzPEBA complex was examined with respect to

‘three pH conformers of a-CHT, pH 3.6, pH 5.4, and pH

‘7.3. As described in the Experimental section, 30 mM

[PEBA was added to the mother liquor of the desired

(:rystalline pH conformer. The appropriate pH conformer

vvas verified initially by comparison with known axial

(diffraction patterns and unit cell dimensions. The

iaddition of PEBA produced further significant changes

'in both the diffraction pattern and unit cell parameters

(Table 15).

From Table l5, it can be noted that the addition

(If PEBA to the pH conformers increased the b-axis at

Fifi 3.6 but decreased it at pH 5.4 and pH 7.3, while the

it1teraxial angle remained unchanged with the substitution.

These two parameters had proven to be the most sensitive

12:) pH changes in earlier studies, although a pH study



T
A
B
L
E

1
4

C
o
m
p
a
r
i
s
o
n

o
f

C
o
n
t
a
c
t
s

W
i
t
h
i
n

v
a
n

d
e
r

N
a
a
l
s

D
i
s
t
a
n
c
e
s

B
e
t
w
e
e
n

T
o
s
y
l

a
n
d

a
—
C
H
T

i
n

M
S
U

a
n
d

M
R
C

S
t
u
d
i
e
s

T
h
i
s

S
t
u
d
y

M
R
C

(
I
n
c
l
u
d
i
n
g

a
t
o
m
s

C
l
,

C
2
,

C
3
,

C
4
,

C
5
,

C
P
2
,

C
P
3
)
*

T
o
t
a
l

C
o
n
t
a
c
t
s

4
.
0
A

-
2
1

(
4
9
%
)

3
.
5
A

1
9

(
4
3
%
)

4
(
1
6
%
)

3
.
0
A

8
(
3
3
%
)

2
(
1
4
%
)

(
I
n
c
l
u
d
i
n
g

a
t
o
m
s

S
,

0
1
,

0
2
,

0
3
)

T
o
t
a
l

C
o
n
t
a
c
t
s

5
-

2
2

(
5
1
%
)

3
.
5

5
2
5

(
5
7
%
)

2
1

(
8
4
%
)

A
1
6

(
6
7
%
)

1
2

(
8
6
%
)

T
o
t
a
l

f
o
r

a
l
l

a
t
o
m
s

0
0

O

4
.
0

A
3
.
5

A
3
.
0

A

M
S
U

-
4
4

2
4

M
R
C

4
3

2
5

1
4

 

*
S
e
e

T
a
b
l
e

A
-
l
.

E
x
a
m
p
l
e
:

I
n

t
h
e

M
S
U

s
t
u
d
y
,

4
3
%

(
l
9
)

o
f

t
h
e

3
.
5
A

c
o
n
t
a
c
t
s

o
c
c
u
r
w
i
t
h

a
t
o
m
s

C
1
,

C
2
,

C
3
,

C
4
,

C
S
,

C
P
2
,

C
P
3
.

111



112

TABLE l5

Comparison of Cell Parameters of PEBA at pH 3.6, 5.4 and 7.3

 

 

a(A) b(A) C(A) s(°) Volume (A3)

PEBA pH 3 6 49.36(4) 67.43(4) 65.99(6) 101.83(5) 215,000(600)

NAT pH 3 6 49.24(7) 67.20(10) 65.94(9) 101.79(6) 214,000(1000)

PEBA pH 5.4 49.37 3) 67.32(4) 65.73(5) 101.92(6) 213,700(500)

NAT pH 5 4 49.13 5) 67.83(7) 65.81(7) 101.92(6) 214,600(700)

PEBA pH 7 3 49.35(2) 67.68(2) 65.98(3) 102.03(4) 215,500(300)

NAT pH 7 3 49.24(2) 67.98(3) 65.85(4) 102.03(3) 215,600(400)

 

performed on a-CHT specifically oxidized at MET 192 shows

effects similar to the b-axis behavior observed here. It

should be noted further that among the boronic acid

derivatives studied, PEBA, PPBA, and PBBA, those deriva-

tives which do not appear to interact strongly at both

the specificity site and the catalytic site (PEBA pH 3.6,

PPBA and PBBA as discussed below) show an increase in

their respective unit cell volume, while those which

appear to interact more strongly at both sites (PEBA pH

5.4 and 7.3) show a decrease in unit cell volume or

remain constant. The TOS and PMS derivatives would

not necessarily be expected to follow this pattern as

they interact covalently with SER 195 and do not meet

the specificity requirements of a-CHT.

As with the irreVersibly inhibited derivatives,

fiaxamination of the difference electron density map
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revealed small, localized regions of both positive and

negative electron density (> 0.15 eA'3) accompanying the

large substitution density of PEBA at pH 3.6, both in and

removed from the active site region. The difference maps

calculated from the derivative and native data at pH 5.4

and pH 7.3 revealed more extensive regions of perturbation

of the native structure., Due to the separation of the

phenyl ring from the boronate group by an ethyl group,

two maximum density regions occur. These regions corres-

pond to the phenyl group in the specificity pocket (x 1

49/76) and to the boronate group near the catalytic site

(x 3 50/76). A comparison of these peak heights is

representative of the occupancy and/or ordering of the

inhibitor in the two sites (Table 16). The independent

TABLE 16

Comparison of Peak Heights of Difference Electron

Density Regions in the Active Site

of PEBA pH 3.6, 5.4 and 7.3

 

 

Derivative Site Molecule l Molecule l'

PEBA pH 3.6 catalytic 0.47 eA'3 0.38 eA'3

specificity 0.37 0.33

PEBA pH 5.4 catalytic 0.46 0.45

specificity 0.46 0.45

PEBA pH 7.3 catalytic 0.44 0.33

specificity 0.39 0.45

‘
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molecules exhibit good two-fold symmetry in their

occupancies only at the higher pH values.

The x-y and x-z composite bounded projections of

the difference electron density for the substitution of

PEBA at the three pH values are shown in Figure 33,

from which it can be seen that there is a striking

similarity in the orientation of the phenyl group density

in the specificity pocket as a function of pH in the

independent a-CHT molecules.

A comparison of the centroids of the difference

electron density of PEBA pH conformers across the local

two-fold axis shows a significant variation in the y-

direction (Table 17) as previously noted with TOS and

PMS (Table l0). Again, the estimated error in coordinate

is about i 0.4 A. The above comparison indicates a strong

pH effect in the catalytic site; the results at pH 3.6

show a large deviation from local two-fold symmetry (in

the y-direction), while at pH 5.4 and 7.3, the deviation

is within the limits of error. The constant variation in

the specificity site for this series seems indicative of

the fact that the side-chain of PEBA approximates that

of phenylalanine, an a-CHT specific substrate. The atomic

coordinates for PEBA at pH 3.6, 5.4 and 7.3 were determined

in a manner similar to that used for TOS and PMS and are

given in Table A-l.
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2. Orientation of PEBA molecule and interaction

with a-CHT as a function of pH

The PEBA orientations at each pH value are shown in

Figures 34-36. The peaks observed in the difference

electron density maps of both the native pH conformer

and the inhibited conformer are indicated. The enzyme

inhibitor contacts for each of the PEBA derivatives have

been summarized in Table B-l.

It is apparent from examination of Tables ll, A-l,

and B-l that, although the phenyl group extends into

approximately the same translational position at each of

the hydrogen ion concentrations studied, significant

differences in orientation occur, both among the pH

conformers and within the a-CHT dimer. The PEBA results

are of particular interest as the phenyl ethyl group

‘resembles the phenylalanine side-chain and the interactions

‘in the hydrophobic pocket should approximate those respon-

ssible for substrate specificity. The possible application

c>f PEBA as a transition-state analog for a-CHT-catalyzed

(asster hydrolysis is partially dependent on this isosterism.

Examination of the inclination angles of PEBA reveals

a similar orientation of the phenyl ring to that of the

13<>$yl ring in molecule l at all the pH's investigated.

I't will be seen below that an x-y inclination angle of

45° also occurs with the PPBA and PBBA derivatives in
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inolecule l, suggesting that this orientation optimizes

the interactions between the specificity pocket of a-CHT

and the aromatic group of an inhibitor or substrate.

The deviation observed in PMS (m65°) is consistent with

a tetrahedral configuration about the CA atom (S-CA-Cl

angle = 110°), and the involvement of a side-chain too

long to possess complete orientational freedom and too

short to extend properly into the hydrophobic cleft.

This further explains the identical x-y inclination angle

for PMS in molecules l and l'. The variability exhibited

in the orientations in the dimer in all three PEBA deri-

vatives is explainable in terms of the conformational

variability of the dimer. The observed displacement of

the SER 214'-SER 217' chain in molecule 1' away from

SER 195 (along x) orients the aromatic ring with a

smaller x-y inclination angle to maximize the contacts

within the specificity pocket.

A more substantial variation in the aromatic

rotation angle of PEBA is observed with each of the pH

conformers. It should be apparent that the contacts

listed in Table 12 are responsible for the primary

interactions within the specificity pocket. Although

little structural change is noted in the SER 214-SER 217

region with pH, the movement which is observed (at pH

5.4) seems to decrease the asymmetry of the dimer, thus

possibly accounting for the similarity in aromatic



123

rotation angle. The anomalous values of the x-z

inclination angle for the pH 5.4 conformer is indicative

of the asymmetry remaining.

Overall, the introduction of the phenyl ethyl group

into the specificity pocket at the hydrogen ion concen-

trations studied produces movement of the SER 214-SER 217

chain to enlarge the pocket and optimize interactions

between enzyme and inhibitor. Although it is not

immediately obvious, distance calculations reveal that

those changes in orientation which occur as a function

of pH result in almost doubling the number of contacts

with the phenyl ring (Table 128). At pH 3.6, the PEBA

phenyl ring (15 contacts) interacts at approximately

the same extent as the phenyl rings of PMS (14 contacts)

and TOS (19 contacts). At pH 5.4 and 7.3, these contact

regions expand to include 26 and 25 contacts, respectively

(Table 12). As with TOS and PMS, the majority of the

contacts within the specificity pocket involve main

chain atoms of a-CHT, reinforcing the importance of the

main chain conformation. It should also be noted that

the pH 5.4 and pH 7.3 PEBA conformers show a substantial

increase in the number of contacts in the active site

region (29 at pH 3.6, 52 at pH 5.4 and 48 at pH 7.3;

Table 12).

The most significant difference in the orientation

of PEBA occurs in the catalytic region. Examination of
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the composite difference electron density (Figure 33)

and the orientation diagrams (Figures 34-36) reveals

that as the pH is increased between pH 3.6 and pH 7.3,

the boronate group moves toward SER 195, shifting almost

1 A along the z-direction towards SER l95 Oy. The pH

5.4 structure is intermediate in this movement. The

a-CHT PEBA contacts (Table 12) further show that the

number of contacts in the catalytic site also increases

substantially upon raising the pH above 3.6 (14 contacts

at pH 3.6, 26 at pH 5.4 and 23 at pH 7.3).

The orientation of the boronate functional group

is not clearly defined at 2.8 A resolution, similar to

the TOS and PMS derivatives. Unlike the tetrahedral

sulfonyl fluoride inhibitors, the boronic acids (R-B-

(OH)2) exhibit a tendency to accept a hydroxyl group

as a function of pH, converting a trigonal boron arrange-

ment to a tetrahedral boronate configuration. Examination

of the composite electron density of the PEBA substitution

(Figures 34-36) shows the orientational differences of

the —B(OH)2 group among the three pH conformers. This

variability is assumed to be a function of the interaction

of the various ionic equilibrium states (R-B(OH)2 +

OH'22 R-B(OH)§) (95) previously observed in solution

studies. This structural variability of the boronate

group complicates the interpretation of the detailed

interaction in the catalytic site because a covalent bond
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to SER 195 is not obvious as with TOS and PMS. Evidence

for a tight interaction between the boronate group and

OY-(195) is given by the inability to wash out the

inhibitor-soaked crystal as discussed below.

The boronate group occupies different orientations

in the catalytic site at each of the three pH conformers

of the a-CHT dimer studied. At pH 3.6, this group is

positioned furthest from SER 195 OY (and 195') as

evidenced by fewer contacts less than 3.5 A between a-CHT

and inhibitor. The difference electron density indicates

that a water molecule might be hydrogen bonded to 02 of

the boronate and that the separation between the boron

and SER 195 OY is about 3.5 A after applying a shift to

the position of SER 195 as indicated by a difference

electron density gradient. Thus, at pH 3.6 SER l95 OY

is probably involved in a weak interaction with a tri-

gonal -B(OH)2-H20. The same applies to the interactions

in the catalytic site of molecule 1', except for the

difference in SER l95 0Y position already discussed for

TOS. The catalytic region generally undergoes some

small rearrangements upon inhibitor binding at pH 3.6,

probably a result of the displacement of the sulfate

ion bridging monomers of the dimer (94).

As with TOS and PMS and all boronic acid derivatives

used in this study, the sulfate ion, present in the active
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site region of native a-CHT adjacent to SER 195 OY’ must

be displaced by the sulfonyl or boronate group. In

examining the inhibitor orientation by the difference

Fourier method, the analysis in the catalytic region of

the active site is complicated because the inhibitor

density occupies the region of the displaced sulfate

electron density

pprotein ' pprotein = pinhibitor ' psulfate

+ inhibitor + sulfate

Since the sulfate in native a-CHT links HIS 57, SER 195,

GLY 193 and TYR 146' by hydrogen bonding and charge

interactions, the presence of an inhibitor, whether coval-

ently bound or weakly coordinated to SER 195 OY’ will cause

a reorientation of this cluster of residues.

The SER 195 changes associated with PEBA pH 3.6 are

both smaller and opposite in direction from those observed

in T05 and PMS. At pH 3.6, PEBA produces larger changes

in the vicinity of MET 192-GLY 193 than near SER 195

which results from the orientation of the boronate group.

HIS 57 appears to rotate about Ca'CB as in TOS and PMS

but the associated peak is somewhat smaller in PEBA pH

3.6, while TYR 146' retracts from its position in the

native structure by an apparent rotation about Ca-C of

8

about +45°.
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The PEBA derivative at pH 5.4 is most notable because

of a shift in position of the boronate group of approxi-

mately 1 A which results from a rotation of 120° around

the inhibitor CA-CB bond from that of the pH 3.6 deriva-

tive. The effect of this reorientation is to double the

number of interactions within a range of 3.5 A between

a-CHT and PEBA (Table 12). The increased interaction at

pH 5.4 has already been noted in the specificity region

so that the number of van der Naals contacts and the

potential hydrogen bonds have increased markedly with the

pH 5.4 conformer.

Although PEBA at pH 3.6 assuredly contains a trigonal

-B(OH)2 group, the configuration in the pH 5.4 a-CHT

complex will be dependent upon the pH of its local micro-

environment. The pH of the conformers of a-CHT referred

to here represents the hydrogen ion concentration of the

mother liquor in which the crystals have been soaking.

The pH of the catalytic site is taken to be the same as

the soaking solution. The value of pH 5.4 is close to

the transition of the boronate group from its trigonal

to tetrahedral form. Due to the lack of atomic resolution,

determination of the exact boronate configuration is not

possible from the electron density. However, the differ-

ence electron density map suggests that the interaction

between SER 195 CY and the boronate forms a generally
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more intimate complex than that at pH 3.6. The observed

boron-SER 195 OY distance in the pH 5.4 complex is

about 2.5 A.

A change of the native a-CHT conformation upon PEBA

inhibition at pH 5.4 is suggested by difference electron

density gradients around the region CYS 191-SER 195.

The rotation of SER 195 OY in PEBA pH 5.4 is both larger

and opposite in direction to that at pH 3.6 (a rotation

of 'b+90° about the Ca-C bond). The other shifts in this
8

region cannot be analyzed definitely but would appear to

indicate an increased interaction between the inhibitor

and GLY 193, probably through its amide group. The

remainder of the catalytic triad (HIS 57 and ASP 102)

remains intact, probably because the boronate occupies

approximately the same position vacated by the sulfate

ion and interacts in a similar manner (except for the

shift in SER 195 0Y' It has already been observed by

Vandlen and Tulinsky that the two active sites become

more similar at pH 5.4 and this is in good agreement

with the occupancies of PEBA pH 5.4 (Table 16). The

reorientation of SER 195 OY could thus be a pH effect

which is either more pronounced because of the inter-

action with the inhibitor, or easier to observe in the

latter.

At pH 7.3, PEBA is oriented with its boronate group

in yet another position. The activity profile of a-CHT
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would suggest even a greater interaction might occur

between the enzyme and a substrate. Moreover, at pH

7.3, it can be assumed that the boronate is tetrahedral

(pK = 9.2). Thus, in the pH 7.3 conformer the boron is

positioned about 1.8 A from SER 195 0Y' However, the

electron density distribution in this region at pH 7.3

neither proves nor disproves tetrahedral boronate.

It should be noted that the orientation of SER 195

is unique to each pH conformer and is greatly affected

by the presence of PEBA. There is no apparent reorienta-

tion of SER 195 in PEBA pH 7.3. The conformational

changes between CYS 191-SER 195 involve MET 192-GLY 193

and result in a rotation of the Ca-C bond of ASP 194,

B

which affects the crucial ASP 194-ILE 16 ion pair. The

rotation of ASP 194 appears to be a precursor to the

reorganization observed with the pH 8.6 conformer (43),

and from solution studies (10) is thought to be largely

responsible for the high pH fall-off of the a-CHT-pH

activity profile. The pH 8.6 conformer shows an

apparent difference in the pK of the ASP 194-ILE 16 ion

pair in the two molecules of the asymmetric dimer. The

reorganization of the active site of molecule 1 could

be responsible for the decrease in occupancy of PEBA

observed in molecule 1 on raising the pH from 5.4 to

7.3 (Tab1e 16).
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The asymmetry of the orientation of PEBA in a-CHT

dimer can be seen from Tables 16, 17 and in Figure 33.

It would appear from the non-identical conformational

changes which occur as a function of pH that the orienta-

tional asymmetry results from an attempt to maximize the

interaction between PEBA and a-CHT. It is apparent that

both the x-y and x-z inclination angles are relatively

conserved with the largest deviation occurring in the

aromatic rotation angle. While the inclination angles

are responsible for the primary orientation of the

aromatic group of PEBA in the specificity site, it is

the aromatic rotation angle which produces the differences

in the interactions observed between TOS and PMS, and

between PEBA at pH 3.6, 5.4 and 7.3.

3. Evaluation of PEBA as a transition-state analog

The tetrahedral form of the boronate ion is expected

to approximate the tetrahedral intermediate suggested in

the mechanism of ester hydrolysis catalyzed by a-CHT.

This tetrahedral intermediate has been implicated in non-

enzymatic ester hydrolysis by isotope exchange experiments

so that it would be of great interest to understand the

mechanism of the rate-enhanced hydrolysis by enzyme

catalysis. The emphasis in current research is on those

features of enzymatic catalysis which increase the

catalytic efficiency: their cause and their effect. The



131

use of molecules which approximate the proposed transition-

state (structure of highest energy) and not the substrate

itself should enable the investigation of the transition-

state of the enzyme-catalyzed mechanism.

A comparison between enzymatic and non-enzymatic

catalysis is made in Figure 37 (96), if it is assumed

that these proceed by the mechanisms indicated. The com-

parisons also assume that the transition-state structure

of the substrate is identical in both the enzymatic and

non-enzymatic process but that the enzyme allows lower

free energy of activation to the transition-state (57).

It has been suggested that this results from chelating

effects within the active site (i.e., a high concentration

of weak interactions such as hydrogen bonding, dipolar

interactions, etc.) and within the specificity region of

the enzyme which distort the substrate molecule to best

accommodate these interactions.

The above ideas concerning enzymatic catalysis have

been expanded to consider the design of analogs to the

transition-state for use in probing the interactions

responsible for high catalytic efficiency. It was anti-

cipated that a molecule which resembled the transition-

state of the substrate would be bound more closely to

the enzyme than the substrate itself (56), thus permitting

the examination of a complex approximating a species

whose half-life is approximately 10'10 sec. Since these
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complexes are stable, they can be studied by physical

techniques such as X-ray diffraction (96). It should be

noted that a perfect transition-state analog cannot be

synthesized because the bonds differ in length, charge

distribution, etc., and lead to minor differences in

free energies of solvation, all of which ultimately

disturb the transition-state equilibrium. Also, the

more closely the analog resembles the substrate transi-

tion-state, the greater is its susceptibility to

catalytic attack. The observed binding constants (inhi-

3 4
to 10' mM, can differ appreciably

8 ~14

bition constants), 10'

from the theoretical values (97), 10' to 10 mM and

both non-ideality and electronic interactions have been

held responsible. The major consideration in choosing

an analog is structural similarity in both the catalytic

and specificity regions of the inhibitor molecule.

The methyl ester of phenylalanine is a primary

substrate of a-CHT, its phenyl ethyl side-chain occupying

the specificity pocket. This substrate has as an analog,

phenyl ethane boronic acid, which is closely isosteric

to the former. The use of the boronic acid group to

approximate carbonyl compounds was pioneered by Antonov

gt _1, (65) by studying the interactions of both alkyl

and phenyl alkyl boronic acids with a-CHT. Philipp and

Bender (98) examined substituted aryl boronic acids as

inhibitors of both a-CHT and subtilisin. Koehler and
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Lienhard (66) investigated the PEBA system in comparison

to other competitive inhibitors, emphasizing the struc-

tural correspondence of PEBA to the proposed tetrahedral

transition-state of the phenylalanine substrate. A

companion study of the subtilisin-PEBA system was performed

by Lindquist and Terry (63). Kinetic studies of the

reaction of benzene boronic acid with both subtilisin and

a-CHT have been performed by Nakatani _t _l, (99) in an

effort to understand the mechanism of catalysis. All

these solution studies arrived at the same general con-

clusions concerning the applicability of transition-state

analog theory to the serine proteases and alkyl or phenyl

alkyl boronic acids.

Boronic acids, as a class, have been shown to inhibit

a-CHT and subtilisin by the formation of a tightly bound

2
complex; for PEBA a-CHT, KD = 4.7 x 10' mM, for subtili-

2
sin, KD = 2.8 x 10' mM. These values are larger than

those predicted by transition-state theory, where

KD = Kw x kn/(Ka x ke) (62)

where,

KD = transition-state dissociation constant

Kw = dissociation constant of water

Ka = dissociation constant of boronic acid

kn = non-enzymatic rate constant (base

(catalysis)

k = enzymatic rate constant
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5 4
The predicted K for a-CHT is 9 x 10' mM and 7 x 10' mM

D

for subtilisin. These differences have been attributed

to non-exactness of the transition-state analogs and

overlap of pH transition ranges. In examining both the

a-CHT and subtilisin interactions with PEBA, it has been

observed that the inhibition constant is a function of

both pH and side-chain length. The pH-Ki (Ki = 1/KD)

profile for the two systems is identical below pH 8 and

reflects the conformational transition of a-CHT which

occurs at higher pH values with PEBA, hydrocinnamide and

2-phenyl ethane sulfonate (66). Although more extensive

specificity studies have been performed on a-CHT, it is

apparent that the substrate specificity is identical to

that observed with the boronic acids.

A significant difference occurs in the interpretation

of the specifics of the boronate-enzyme interaction.

While Antonov gt_al. (65) and Philipp and Bender (98)

report the occurrence of the boronic acidzenzyme complex

to be an interaction primarily with HIS 57, Koehler and

Lienhard (66) implicate SER 195 as the primary site of

interaction.

Hess at al. (100) have reported the existence of a

tetrahedral intermediate in the complex of a-CHT and PEBA

after examining the complex using laser Raman spectro-

scopic techniques. The appearance of a peak in the

spectrum of the complex at pH 7.0, but not at pH 5.5, is
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highly suggestive of the presence of a tetrahedral PEBA,

but still requires a normal coordinate analysis of the

boronate structure. The observation that the PEBA

saturates the active site of a-CHT at pH 5.0 as well as

at pH 7.0 (100) agrees with the results of the present

study which indicate approximate full occupancy of PEBA

at pH 3.6, 5.4 and 7.3 in crystalline a-CHT. This result

does not conflict with the observations concerning the

variation of binding strength versus pH since it was

possible to wash out the PEBA from the pH 3.6 and pH

5.4 crystals with original PEBA-free mother liquor.

The diffraction patterns returned to those of the native

conformers at pH 3.6 and 5.4 after washing. At pH 7.3

the result was not definitive; changes were observed upon

attempts to wash out the PEBA but without attainment of

the pattern of the native pH 7.3 conformer. One possi-

bility could be the removal of the inhibitor from one

of the molecules of the dimer.

Matthews £3 11. (67) have investigated the structure

of boronic acid adducts with subtilisin BPN (Novo) in

the crystalline state. Their 2.5 A resolution study

considered both benzene boronic acid (BBA) and PEBA, at

pH 7.5. The initial phasing for the subtilisin structure

was derived from the PMS-inhibited structure at pH 5.9.

The phases used to examine both pH differences and

inhibitor complexes were determined by a structure factor
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calculation based on a Kendrew model constructed at

pH 5.9 and were extended to 2.0 A resolution. The inter-

actions in the catalytic region of subtilisin correspond

to those in a-CHTzPEBA (HIS 64, GLY 219, SER 221,

subtilisin; HIS 57, GLY 193, SER l95, a-CHT) and would

imply the same mode of binding of PEBA in subtilisin at

pH 7.5 as with a-CHT at pH 7.3. The previous examination

of the TOS (MSU) and TOS (MRC) structures lacked the

exacting comparison necessary to evaluate the full influ-

ence of the choice of parent compounds for protein MIR

phasing. Differences were observed between the native

structures in the two studies. At less than atomic

resolution the uncertainty caused by the weighting of

the parent phasing structure upon detailed structural

analysis, particularly when utilizing Ap maps, should be

examined at high resolution before attempting to make

reliable, absolute comparisons of such results.

In summary, PEBA binds more directly to SER 195

than HIS 57 in a-CHT by interacting through the boron

and SER 195 Dy. At pH 7.3, it appears that the boron

could be in a tetrahedral arrangement utilizing the

0Y of SER 195 and the interaction of PEBA is consistent

with observations both in solution and with subtilisin.

However, lack of atomic resolution prevents the direct

observation of this geometry. The interaction in the
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catalytic region of the active site appears only slightly

different at pH 5.4, but very different at pH 3.6. The

interpretation of both the substitution interaction and

the concomitant conformational changes which occur upon

binding are affected by the conformational variability

previously observed in a-CHT with change in pH. It

would appear that the high occupancy observed at all

three pH values results from a complementarity between

PEBA and the a-CHT specificity and catalytic sites, while

the degree of the interaction principally results from

SER 195 and secondarily from GLY 193 (hydrogen bonding).

This pH variability reflects a probable overlap of the

pH “activation" of the active site (probably resulting

from HIS 57 deprotonation) and the tetrahedral transfor-

mation of the boronic acid group. While the observed

binding and interaction of PEBA with a-CHT do not in

any way disprove the existence of a tetrahedral inter-

mediate, they also do not permit a definitive proof

that it occurs in this system.

4. Comparison with enzyme:inhibitor (natural)
 

complex structures
 

Another crystallographic approach to the enzyme:

substrate complex problem has utilized the inhibition of

trypsin (T) by the natural protein inhibitors, pancreatic

trypsin inhibitor (PTI) and soybean trypsin inhibitor
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(STI). The applicability of such a complex to the a-CHT

system would seem to be straightforward in view of the

similarity in the catalytic mechanism of a-CHT and T.

Such studies have been completed, on bovine PTI-T by

Ruhlmann t l. (101), and on porcine T-STI by Sweet

33 11. (102). These crystallographic results are of

particular interest since Blow and Huber had previously

collaborated in predicting the manner of association

of PTI with a-CHT and T based on model-building studies

utilizing the structures of PTI, a-CHT and T (103).

Huber's group had previously determined the structure

of PTI at 1.5 A resolution (104).

Crystals of the PTI-T complex yielded diffraction

data to 2.8 A resolution (101). Previous work had

determined that the interaction between PTI and T

involved the LYS 151-ALA 161 link of PTI. The establish-

ment of a tetrahedral configuration about this amide

carbon came primarily from the position of SER l95 Dy.

Comparison of the PTI-T active site with that of the

MRC a—CHT structure revealed the orientation of SER 195 0Y

to be in the "acylated" position observed in indoleacroyl-

(48) and tosyl-a-CHT (49). The absence of electron density

in the native orientation further suggested the involve-

ment of SER 195 0Y in an interaction other than a

Michaelis complex, particularly as the bond between

LYS 151-ALA 16I appeared intact. Including the tetrahedral
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configuration into a real space refinement produced a

final orientation in agreement with the starting model.

The stability of this complex (Ki > 1014) was thus

thought to depend on the strain present in the tetra-

hedral carbon bond angles observed in the PTI structure,

121° and 98° compared with 109° (ideal). It was also

concluded that the structural changes between the native

structures and those in the complex represented the

minimum changes necessary to accommodate PTI and T,

and that this additionally lowered the energy of the

transition-state. Further study suggested that the

intermediate might be somewhat between the acyl-enzyme

and the tetrahedral adduct due to a slightly extended

C(151)-OY(195) distance.

Blow and his collaborators investigated the STI-T

complex, in which STI can be reversibly hydrolyzed, because

of its greater stability and homogeneity. Crystals of

the complex yielded diffraction data to 2.6 A resolution.

Solution studies had shown that the scissle bond of STI,

ARG 63I-ILE 641, was reversibly cleaved but bound to the

enzyme in an inhibitory way (102). The refinement

procedure used a modified set of bovine coordinates,

structure factor calculation and a combination with the

MIR phases. They attempted to examine the nature of the

scissle bond by deleting the constraint of the peptide

linkage and allowing the independent refinement of
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SER 195, ARG 631 and ILE 641. A comparison was made of

these results (CB(195)-Ca(631) distance 3.7 A and

Ca(63I)-Ca(641) distance 3.9 A) with those established

for a Michaelis complex (5.2 A and 3.8 A), tetrahedral

intermediate (3.7 A and 3.8 A), and acyl-enzyme (3.7 A

and 5.0 A). The coordinates reflect a tetrahedral

configuration, even though Huber gt_al. (101) have

suggested that C(631)-0Y(195) is longer than normal C-O

single bonds. Unlike PTI, $11 was not observed to have

strained angles about the scissle bond, and the complex

stability (Ki > 1011) is attributed to the availability

of free energy from entropy driven effects. It is

further hypothesized that the tetrahedral form is

stabilized as a minimum of free energy of the total

system and that the function of trypsin-like enzyme is

to lower the activation energy of the overall reaction.

This is accomplished by the delocalization of the

negative charge on the tetrahedral group which also

strengthens potential hydrogen bonds between carbonyl

oxygen and NH (193) and NH (195) and improves alignment.

In accordance with the above, the tetrahedral

intermediate has been assumed as fact; although con-

ceivably it could be an artifact of the refinement

procedures. It would appear imperative therefore in

applications of this nature that the dependence of
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refinement procedures upon the initial model be established

in order to evaluate the reliability of the details

resulting from these analytical approaches.

5. Phenyl alkyl boronic acid orientation as a

function of alkyl chain length

The structures of a-CHTzPPBA and a-CHTzPBBA were

studied to further probe the specificity requirement of

a-CHT. The study was carried out at pH 4.6 and the cell

parameters for these two derivative crystals proved to

be identical; however, they differ markedly along the a-

and b-axes from those observed in native a-CHT pH 4.6

crystals (Table 18). Both derivative crystals exhibit

TABLE 18

Cell Parameters for PPBA and PBBA

 

a(A) b(A) e(A) e(°) Volume (A3)
 

PPBA pH 4.6 49.54(4) 67.39(6) 66.00(7) 101.92(5) 215,600(600)

PBBA pH 4.6 49.54(2) 67.43(2) 66.03(3) 101.97(4) 215,800(300;

NAT pH 4.6 49.3 (1) 67.8 (1) 65.9 (1) 102.0 (1) 215,000(600

 

cell volumes greater than that of the native pH 4.6 confor-

mer. Although the variation in the cell parameters of all

the boronic acid derivatives is probably indicative of

changes occurring in the crystal, there are too few obser-

vations to make more conclusive statements. The variation

in unit cell volume, although only slightly beyond the
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estimated error for all the boronic acid derivatives and

for TOS and PMS, appears significant and is of the same

magnitude as the variation observed among the native pH

conformers.

An examination of the difference electron density

maps of PPBA and PBBA showed lower occupancies in the

active site region for both derivatives (Table 19). The

TABLE 19

Comparison of Peak Heights of Difference Electron

Density in the Active Sites of the

PPBA and PBBA Derivatives

 

 

Derivative Site Molecule 1 Molecule 1'

PPBA pH 4.6 catalytic 0.16 eA'3 0.12 eA'

specificity 0.31 0.20

PBBA pH 4.6 'catalytic 0.17 0.14

specificity 0.21 0.20

 

large difference in the occupancy between these two

derivatives and that of PEBA initially generated some

concern about the integrity of the inhibitors themselves,

since PPBA and PBBA were from the same source and PEBA

from a different source. However, a new sample of PPBA

gave essentially identical results with respect to

occupancy of the substitution and conformational changes

throughout the molecule. The differences in occupancy



144

observed upon the lengthening of the alkyl chain appear

to be due to a limitation imposed by the specificity

pocket.

The x-y and x-z composite bounded difference electron

density projections of PPBA and PBBA are shown in Figure

38. A comparison of these projections to those of the

other inhibitors indicates the generally lower occupancy

since all are drawn at approximately the same contour

levels; however, the comparison shows excellent agreement

with respect to orientation of the inhibitor both between

the two independent molecules and even between PPBA and

PBBA. This observation is further corroborated by the

comparison of the centroid positions of the substitution

densities as previously described (Table 20). The dis-

placement observed in the y-direction with the other

inhibitors upon rotation of molecule 1' about the two-fold

axis is also apparent with the PPBA and PBBA derivatives.

As with the other inhibitors, Kendrew models of PPBA and

PBBA were fitted to the composite bounded electron density

projections and the atomic coordinates were determined

and are listed in Table A-1.

6. Orientation and interaction of phenyl alkyl

boronic acids in the active site
 

It is apparent from examination of the composite

bounded electron densities (Figure 38) that the orientation
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,‘ . .

(‘0 : Q

‘34 ; ‘9

0 l

. . i

PPBA (y) _ PPBA' (y)

 

PPBA (z) PPBA' (2)

FIGURE 38a. PPBA in Region of Active Site Viewed Down

y,z-Axis, Contoured at 0.15 eA'3, with

Approximate Two-Fold Representation
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0)

 

PBBA(y) PBBA' (y)

PBBA (z) PBBA' (z)

FIGURE 38b. PBBA in Region of Active Site Viewed Down

y,z-Axis, Contoured at 0.15 eA-3, with

Approximate Two-Fold Representation



C
o
m
p
a
r
i
s
o
n

o
f
C
e
n
t
r
o
i
d

P
o
s
i
t
i
o
n
s

o
f

S
u
b
s
t
i
t
u
t
i
o
n

D
e
n
s
i
t
y

i
n

t
h
e

A
c
t
i
v
e

T
A
B
L
E

2
0

S
i
t
e
s

o
f

M
o
l
e
c
u
l
e
s

l
a
n
d

1
'

(
P
P
B
A

a
n
d

P
B
B
A
)

8
.

C
o
m
p
a
r
i
s
o
n

o
f

R
o
t
a
t
i
o
n

A
b
o
u
t

T
w
o
-
F
o
l
d

A
x
i
s

P
e
r
f
o
r
m
e
d

o
n

t
h
e

S
u
b
s
t
i
t
u
t
i
o
n

i
n

M
o
l
e
c
u
l
e

1
'
,

F
o
l
l
o
w
e
d

b
y
A
v
e
r
a
g
i
n
g

t
h
e

D
e
v
i
a
t
i
o
n

f
r
o
m

M
o
l
e
c
u
l
e

1

 

P
P
B
A

A
y

-
0
.
8
3

A
A
Z

0

0
.
1
3

A

 

P
P
B
A

A
y

 
O

0
.
2
5

A
 

O

0
.
0
0

A
 
 

b
.

C
o
m
p
a
r
i
s
o
n

o
f

C
o
m
p
e
t
i
t
i
v
e

I
n
h
i
b
i
t
o
r

S
u
b
s
t
i
t
u
t
i
o
n

i
n

E
a
c
h

o
f

t
h
e

I
n
d
e
p
e
n
d
e
n
t

M
o
l
e
c
u
l
e
s

C
r
y
s
t
a
l
l
i
n
e

a
-
C
H
T

D
i
m
e
r

P
P
B
A
'

P
P
B
A
'

 

P
P
B
A

A
y

0

0
.
2
4

A
A
Z

0

-
0
.
0
6

A

 

P
P
B
A

A
y

 
0
.
5
7

A
 

0
.
0
5

A
 
 

E
x
a
m
p
l
e
:

P
B
B
A

T
h
e

d
e
v
i
a
g

a
r
e

0
.
4
4

i
o
n
_
b
e
t
w
e
e
n

t
h
e

(
A
y
)

a
n
d

-
0
.
0
6

P
B
B
A

fi
e

 

‘
—

P
B
B
A

A
y

O

-
1
.
3
6

A
-
0
.
0
2

A
.1

 

P
B
B
A

A
y

 
O

0
.
4
4

A
 

-
0
.
0
6

A
 
 

P
B
B
A
'

P
B
B
A
'

 

P
P
B
A
'

A
y

0

0
.
1
6
A

O

0
.
0
0

A

 

P
P
B
A
'

A
y

 
O

-
0
.
6
9

A

 
O

-
0
.
0
4

A

 
 

P
B
B
A
'

 

P
B
B
A
'

s
p
e
c
i
f
i
c
i
t
y

p
o
c
k
e
t

(
x
5
_
4
9
/
7
6
)

c
a
t
a
l
y
t
i
c

p
o
c
k
e
t

(
x
3

5
0
/
7
6
)

o
f

t
h
e

s
p
e
c
i
f
i
c
i
t
y

p
o
c
k
e
t

(
x
§
_
4
9
/
7
6
)

c
a
t
a
l
y
t
i
c

p
o
c
k
e
t

(
x
3

5
0
/
7
6
)

n
t
r
o
i
d

p
o
s
i
t
i
o
n
s

o
f

P
B
B
A

(
M
o
l
e
c
u
l
e

1
)

a
n
d

P
B
B
A

(
M
o
l
e
c
u
l
e

1
'
)

(
A
z
)

i
n

t
h
e

c
a
t
a
l
y
t
i
c

p
o
c
k
e
t
.

147



148

of PPBA and PBBA are essentially the same in the

specificity region of molecule 1. The occupancy in

molecule 1 is lower than that observed with PEBA, but

is higher than that observed in molecule 1' where only

the PPBA density appears above the three sigma level.

In the catalytic region of the active site, significant

density is only present for the substitution in

molecule 1. The net result is that the binding orienta-

tions and interactions between the independent molecules

cannot be accurately compared.

It is interesting to note the similarity of both

the orientation and interaction of PPBA and PBBA in the

specificity site (Figure 39). Although initial examina-

tion of the Kendrew model of native a-CHT indicated that

side-chains longer than phenyl ethyl could possibly be

accommodated by the specificity site, comparison of

the coordinates of the bound inhibitor molecules

indicates that there is an apparent length limitation in

this region. The same number of van der Waals contacts,

within 3.5 A, between a-CHT and the aromatic group of

the inhibitor occur with PPBA and PBBA as occur with

PEBA, but the number of closer contacts increases markedly

(within 3.0 A-PPBA (17). PBBA (l6), PEBA pH 7.3 (12).

PEBA pH 5.4 (9) and PEBA pH 3.6 (7)). The interactions

in the catalytic site involve van der Waals contacts

between the inhibitor alkyl chain and a-CHT and the
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boronic acid group is oriented in a "weak" binding

orientation near SER l95 (m3.5 A). The alkyl chain,

instead of extending into the vacant area of the active

site and thereby minimizing conformational strain,

attempts to maintain an interaction between the boron

and SER l95 Oy. The gradient peaks along the 214-219

chain lining the rear of the specificity pocket resemble

the changes observed in PEBA pH 3.6.

It would appear that the lower occupancy of PPBA

and PBBA results from a strain imposed upon the "bi-

dentate"-like binding in the active site. An apparent

cooperativity exists between the specificity region and

the catalytic region of the active site. The specificity

of a-CHT is determined by its ability to interact

correctly in both regions. It would also appear that

the importance of this cooperativity is reflected in the

weak binding of PPBA and the weaker affinity towards

PBBA. An increase of the alkyl chain appears sufficient

to strain the interactions between the specificity and

catalytic regions and prevents higher occupancy in the

active site.

7. Substrate specificity of a-CHT
 

In attempting to discuss the high efficiency of

enzyme catalysis, it is necessary to examine the sources

and types of interactions which determine enzymic
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specificity. The initial binding (complexing) of a

substrate or inhibitor which is specific for a given

enzyme must rely on the enzyme's ability to interact

selectively with a limited segment of a multi-component

pool 1 vivo. The serine protease enzyme class contains
 

members of different species origin with similar but

varying structures and specificities. Although each

member of this class exhibits a unique response to pH,

temperature and other external perturbations, the

reaction and interaction between the enzymes and their

substrates provides evidence of those forces most

critical to natural processes. Probably similar forces

enable a polypeptide chain to conform to a pre-determined

tertiary structure as it is produced on the ribosome and

form the basis of all biochemical processes. The

inhibitors used in this study provide a means to examine

the specificity requirements of a-CHT and to compare

results obtained from solution studies.

As indicated in Table 10, a-CHT exhibits specificity

with respect to both size and stereoisomerism, but

enzymatic activity exists over a wide range of structures

with varying efficiency. The reactivity can be evaluated

in terms of two parameters, the relative binding constant,

K and the catalytic rate constant, k Various
m’ cat“

attempts have been made to quantitize the interaction
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specificity, most notably using reactivity parameters,

steric fit, hydrophobicity, and molecular size consid-

erations (105,106). Based on the phenyl alkyl boronic

acid results obtained in this study, it would appear

from the cooperativity implied between the catalytic

and specificity regions of the active site that molecular

size is of prime concern within a homologous series.

This idea does not ignore the effects of reactivity,

steric effect and hydrophobicity. However, the limited

number of orientations and interactions in the binding

region suggests a selectivity based on volume, surface

area, potential van der Waals contacts and packing within

the binding region, in combination or separately.

Solution studies of a-CHT specificity have also

been performed using homologous substrate and inhibitor

series. Some of these, N-acetyl-L-amino acids esters

(107), phenyl alkyl-para-nitro phenyl esters (108),

alkyl boronic acids (65) and phenyl alkyl boronic acids

(64), are discussed below in terms of side-chain volume

and surface area.

The van der Waals volumes and surface areas of

various side-chains have been determined using the

approximate method of Bondi (109) (Table 21). That

portion of the side-chain which extends into the specifi-

city region of the active site (beyond Cu) is compared

in Figure 40. Because of the diversity of experimental
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parameters and procedures, it is of particular interest

to note the bell-shape of these steric relationships.

The Optimal surface area (0:120 AZ/molecule) and volume

(~92 A3/m01ecule) occur with the same structures, and if

a spherical approximation is used for the inhibitor side-

chain, the approximate van der Waals radii are 3.1 A and

It appears that as the side chain

0

2.8 A, respectively.

is increased in size, it passes through an Optimal size

for interaction in the specificity region. This has

been observed with the contacts in TOS, PMS, PEBA (3.6,

5.4, 7.3) and PPBA and PBBA. Further expansion of the

side-chain would require either reorientation of the

group within the specificity region or would strain the

interactions within the catalytic site. If the inter-

actions in the catalytic site are weak by nature (i.e.,

van der Waals contacts and hydrogen bonding only). it

is conceivable that the multiple contacts in the

specificity region would govern the orientation and

conformation of the inhibitor. This apparently occurs

with PPBA and PBBA, and is suggestive of the similar

observations made recently with alkyl isocyanates (110)

Although there is a slight displacement of the phenyl

ring by about 0.3 A along the x-direction away from

it is apparent from the available free volumeSER 195.

of this region (193-312 A3), that the aromatic group

does not reposition itself, but maintains apparently
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optimalinteractions as observed with PEBA within the

specificity region. However, the alkyl chain of PPBA

is forced to reorient in an attempt to maximize its

interaction in the catalytic region. Thus the boronate

group is forced to extend past SER 195 OY’ which weakens

their interaction and accounts for the low occupancy.

This interpretation also explains the smaller occupancy

observed with PBBA in the catalytic region. These

results are indicative of the cooperativity which exists

between the specificity and catalytic regions of the

active site and indicate that the specificity pocket

establishes the initial orientation of the substrate

for subsequent interaction and catalysis at SER 195.

The results further confirm the hydrophobic nature

of the specificity of a-CHT as did the comparisons made

between alkyl and phenyl alkyl side-chains. The elec-

tronic factors involved in substrate specificity were

not specifically detailed in this study although further

analysis of the data of Dupaix gt_al. (108) indicates

complexities with halo-alkyl side-chains. A further

point of interest concerns the behavior of branched

alkyl side-chains. (l-CHT appears to exhibit restrictive

catalytic behavior if extensive branching occurs at Ca

wiifli‘the restriction decreasing for C8 branching. This

is most probably due to strained interactions in the

catalytic region of the active site, particularly the
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inability of the apparently important hydrogen bond

with GLY 193 NH to form.
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V. DIAGONAL PLOT ANALYSIS

A. Analysis of the Distance Diagonal Plot of a-CHT

(Native, pH 3.6)

Because inhibitor binding affects the conformation

of the active site of native a-CHT and produces conforma-

tional changes in regions of the molecule removed from

the catalytic site, the structure of a-CHT (Native, pH

3.6) will be discussed in terms of a distance plot

representation. The distance diagonal plot comprises

one diagonal half (1 3 j or i g j) of a square matrix of

order N, where N is the number of amino acids in a poly-

peptide chain with the point (ij) indicating the

separation (in A) of alpha carbon atoms i and j (Figure

41). The plot of the native a-CHT structure is shown

0

in Figure 42, with all regions < 15 A darkened. Using

the alpha carbon positions for each of the independent

molecules of the a-CHT dimer, both molecules can be

represented in the same diagonal plot, one above and the

other below the diagonal. This permits convenient

comparisons to be made across the diagonal between the

independent monomers.

The inherent organization of a distance plot provides

a natural progression between sequential relationships

and secondary and tertiary structure. Closed segment

features include nearest-neighbor interactions (Ii - .1120).
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which occur at or along the diagonal, mid-range distance

interactions (Ii - .ll 1 W4) are slightly offset from the

diagonal, while open segment features involve long-range

interactions (|i - j| >N/4) and are located distant from

the criagonal. Although a-helices (broadened segments

along the diagonal) are nearest-neighbor interactions,

anti-parallel B-strands (extending perpendicular to the

<iiagonal) are mid-range or long-range depending on the

length of the polypeptide chain segment connecting the

strands of the B-loop (Table 22) (lll). Parallel B-strands

(features parallel to but offset from the diagonal) are

typically long-range. Table 22 summarizes these several

features as well as others of tertiary structure observed

in a-CHT. These examples are idealized as distortion

from these occurs in actual diagonal maps of proteins.

The mid-range features are primarily those discussed by

Kuntz (ll2).

Further examination of the distance diagonal plot

ofcrtHT shows the presence of long-range features

related by mirror planes of symmetry, oriented about 45°

to thecfiagonal and located distantly from it. These

offcfiagonal long-range interactions of a-CHT displaying

IMrrorsymmetry have not heretofore been discussed. The

reghum are designated in numbered blocks in Figure 42

mm wfll be called: crosses (l), anti-crosses (2), "v's"

(3)andinverted "v's" (4) and they arise from the
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TABLE 22

Structural Features of a-CHT

Diagonal Plot
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structural features shown schematically in Table 22.

The B-strand-B-strand interaction gives rise to mm

symmetry in the diagonal plot and the particular strands

involved in the interaction can be identified from the

intersection of the symmetry elements with the diagonal.

'The {Hasitions of the intersections define the sequential

positicni of the bend of the B-strand. For instance, the

crosses of Figure 42 arise from B-strands with bends

near (37-l48) and (49-204), respectively (Table 23).

The intersection of the mirror plane of the "v's" and

inverted "v's" can be interpreted in the same manner.

Thus, the "v" of Figure 42 arises from the interaction

of the carboxyl terminal helix of a-CHT with a B-strand

possessing a bend near residue 49 while the inverted "v"

arises from a similar interaction but with a bend near

97 and with the helix running in an opposite sequential

sense. It should be noted that these interactions are

all of an interdomain type.

The long-range interactions which appear as symme-

trical features in the region 1 3_l23, j < 122 reveal

the humrdomain contacts to involve beta structures.

It Muwld be apparent that by examining these diagonal

:flotscm a finer contour scale and extending them to

uneeafimensional surfaces, observation of distance

grmfients (sharpness, etc.) would allow the calculation

ofdinmrtions from the idealized interactions of
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TABLE 23

Intersection of Mirror Planes with Diagonal

of Distance Plot of a-CHT

 

 

 

 

 
 

RESIDUE fl) INTERCHANGE (245-n)

ASN 18 ——————227 VAL

THR 37 —————1~--1------ 208 THR

ASN 50 —-— ‘— 1——————— 195 SER

SER 76—1- — — l——————l69 LYS

LEU 97 4 - - — —————— 149 ALA

TYR 146]--— ~— -——— — — -—- 99 LEU

TRP 172—4—4 -— —— ————— 73 GLN

GLY 197—- - -— ————— 48 ASN

THR 208 ———1— ————— 37 THR

SER 221 ————— 24 PRO  

 Palindromy observed in a-CHT

--------------- Predicted by interchange (245-N)
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Table 22. It would thus be possible to approximate

separation angles between sheets and helices, sheet

strand separation, etc.

Nishikawa and Ooi (45) have noted that the distance

plot of a-CHT (Figure 42) possesses an approximate mirror

plane of symmetry perpendicular to the diagonal, which

separates the molecule into two similar structural

domains (domain A, residues l-l22 and domain B, 123-245).

This qualitative feature based on a comparison of the

plot contoured at a l5 A level is indicative of the presence

of two segments of chain of approximately equal length

(122 residues) and conformation. Matthews (38) originally

noted that the main chain hydrogen bonding scheme of

a-CHT implied the presence of two approximately cylindrical

surfaces of anti-parallel pleated sheet structure.

Birktoft and Blow (49) later reported the details of these

cylindrical surfaces in terms of six adjacent anti-

parallel chains and four disulfide bridges. Their exam-

ination of this intramolecular symmetry led them to

conclude that a-CHT contained two structurally similar

halves in one segmented polypeptide chain, and suggested

this was the result of gene duplication (49). This type

of folding is not unique since Shotton gt 31. (9l) have

made similar observations with sequentially homologous

elastase. However, the domain structure in the distance

diagonal plot contradicts the possibility of gene
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duplication, since the cylinders show greatest similarity

in structure when the sequence in one of the domains is

reversed. The algorithm for generating the corresponding

residue in domain B from domain A simply involves sub-

tracting the sequence number of the residue from the

length (245) of the peptide chain termed "interchange."

This observation suggests that the implication of gene

duplication is incorrect since the latter does not give

rise to a palindromic or interchanged polypeptide sequence.

Although sequence homologies do not exist between the two

domains, various structural features are observed to be

present in both.

Five interchain loops occur in a-CHT, three of which

are closed by disulfide bridges and two of which are

approximately palindromic to two others (Table 24).

TABLE 24

Intrachain Loop Palindromy

 

 

Loop Name Residues (N) Interchange (245-N)

Histidine 42-58* 203-187

Methionine 168-182* 78-63

Serine 190-220* 55-25

Aspartic Acid 84-ll0 lGl-l35

Auto1ysis 133-164 81-112

where (*) denotes 100p closure by disulfide bridge
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It can be further noted that part of the specificity

pocket of the active site TRP 215-SER 2l7 is sequentially

palindromic with part of a secondary binding site of

a-CHT formed by a cluster of three tryptophan residues

(TRP 27, TRP 29 and TRP 209) (42).

The segments with mirror symmetry reveal several

interesting points concerning the inter-domain inter-

actions and the dimeric structure. Locating the residues

involved at the beta-bends (intersection points on the

diagonal) shows that they are on the surface of the

molecule, within approximately 5 A from one of two non-

crystallographic two-fold axes which are approximately

parallel to the a*-axis (Figure 43). The construction of

line segments connecting the alpha carbons of each pair

of these palindromically related residues in the three-

dimensional structure gives a series of lines with

colinear mid-points. A new intra-molecular dyad axis can

now be constructed passing approximately through the mid-

points of these line segments. This dyad passes through

the active site region and is perpendicular to the non—

crystallographic two-fold axes discussed above (Figure

43). There is only one pair of residues which does not

show this relationship (TYR l46-LEU 97). If a correction

is made to the TYR l46 position based on the position of

this residue in the zymogen (51), the pair then satisfies

the new dyad. Thus the a-CHT dimer can be approximated
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FIGURE 43. Domain Configuration of a-CHT Dimer:
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by a tetramer comprised of domains A, B, A', and 8'.

Such a tetrameric organization of quaternary structure

might be a basic format observed in nature in other

macromolecular systems. The new dyad might exist to

define the region of intra-domain contact; it is inter-

esting that both the active site and the secondary site

(tryptophan cluster) (42) are situated around this dyad

(Figure 43). In the crystal, the domains of a-CHT occur

as alternative rows of A and B type, extending parallel

to the crystallographic c-axis.

An additional point of interest related to the domain

structure but which is not yet fully understood, centers

around the location of the ordered sulfate molecules of

a-CHT (identified by sulfate-selenate exchange experiments)

(94). Each of the sulfates can be assigned to a specific

amino acid residue according to proximity. Except for

CYS l, all residues so indicated (Table 25) are in domain

B. CYS l-122 constitutes both termini of domain A and is

located on the intramolecular dyad.

The foregoing construction arises from the fact that

the bio-architecture of a-CHT relies on the presence and

interaction of structurally similar domains. It is

therefore of particular interest to study the correlation

of both the domain sub-structure with other members of a

particular enzyme class, and the domain conformational

changes which occur upon inhibitor binding or chemical
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TABLE 25

Residues in Proximity of Localized Sulfate Ions (94)

 

 

Sulfate (Residue #) Domain Location

l95/l95' - B, B'

l/l' Terminus of A domain:

covalently linked to

122, A'

149/149' B, B'

l54/l54' B, B'

l77 B

192/l92' B, B'

2l7/217' B, 8'

236/236' B, B'
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modification with respect to variability in protomer

structure. Potentially, this can form a basis for

molecular recognition. Since domain structures occur

in other proteins and enzymes, the basic concepts

operative in the o-CHT system might, in fact, be of more

general application.

B. Comparison of the Structures of a-CHT with Pancreatic
 

Trypsin Inhibitor by_Use of Distance Diagonal Plots
 

Due to the similarity in the active site regions of

enzymes belonging to the serine protease class, it is of

interest to examine their three-dimensional structures

in an attempt to recognize common structural features

which might provide a basis for better understanding the

structure-function relationship of this enzyme class. It

would appear that the distance plot affords an efficient

means by which to catalog these structures for detailed

comparisons.

The domain of a-CHT centers around an observed beta-

barrel. The representation of this region in the distance

plot has been discussed above as a "multi-loop super-

helix" in a-CHT, but Kuntz (ll2) also assigned this feature

to extended segments of anti-parallel B-sheet structure.

It would be of particular interest to further evaluate

these conformations, as described above, in terms of the

packing of ideal sheet and helical structures to establish
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whether these configurations are possibly formed as

functional segments of the polypeptide chain, or as

simple minima on conformational energy surfaces. This

aspect appears even more significant upon the examination

of the crystallographic structure of PTI.

PTI (101) is a natural inhibitor of trypsin found

in bovine pancreas as well as other organs. It consists

of 58 amino acid residues, with a molecular weight of

6500 amu. It is anomalously stable towards standard

denaturants, chemical agents and heat, and resists

proteolytic digestion, while being capable of inhibiting

either a-CHT or T in a stoichiometric (l:l) complex.

The three-dimensional structure of PTI has been determined

by Huber's group (101).

The folding of PTI is based on a twisted double-

stranded anti-parallel B-sheet from ALA l6 to GLY 36.

The N-terminal segment is in an extended conformation and

is anti-parallel to the first strand of the B-sheet. The

remaining C-terminal segment consists of a short extended

region (39-43) and three turns of a-helix, both of which

are anti-parallel to the second strand of sheet and the

N-terminal segment. Thus, the folding consists of four

anti-parallel and two parallel structural features with

about l2 and 10 residues between turns.

The overall folding of PTI is similar to half of

that of cylinder 1 of a-CHT. The latter is based on six
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B-sheet features arranged in a fairly distorted cylindrical

fashion with about 12, 10, 15 and 22 residues between

turns. The resemblance can be seen from Figure 44 which

compares the diagonal distance map of a-CHT and with that

of PTI translated by 21 residues from the N-terminal to

obtain the best congruence in folding with a-CHT. This

suggests that the folding of an a-CHT cylinder might be

based upon and related to that of PTI. The closest

structural similarity occurs between the double-stranded

anti-parallel sheet of PTI (CYS 14-39) and the double-

stranded sheet of the HIS loop of o-CHT (CYS 42-58). The

principal difference between the two occurs in the

vicinity of and beyond residue 60 in a a-CHT (37 in PTI):

from Figure 44, it can be seen that the C-terminal a-helix

of PTI leads to a broader interaction perpendicular to

the diagonal at residue 60. In the folding of PTI, the

o-helix corresponds closely to the position of the fourth

strand of the o-CHT cylinder so that the PTI folding

resembles part of the cylindrical well. Removal of the

helix and duplication of the remainder of the chain

could conceivably lead to a cylinder.

The distance plot of PTI is shown in Figure 44, along

with that of a 58 amino acid segment of a-CHT which bears

a structural resemblance to PTI. It is apparent that this

segment of a-CHT which occurs in domain A (residue 24-81)

is quite similar to PTI when comparing alpha-carbon
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FIGURE 44. Comparison of Distance Diagonal Plots of

a-CHT and PTI [contouring program courtesy

of S. Ernst (18)].
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separation distances although the comparison of their

respective amino acid sequences does not yield the same

conclusion (Table 26). The distance plots show similar

placement of anti-parallel sheet structure originating

at residues 37(221), 49(204) and 75(172) in a-CHT, and

10, 23 and 48 in PTI, as well as similar "helical"

thickening along the diagonal near the segment termini.

The major differences between domain A(24-81) and PTI

interestingly involve a region which exhibits variability

between domains A and B in native a-CHT. A possible

interpretation is that this region of the molecular con-

formation is more susceptible to evolutionary change, and

this is further buoyed by the comparison of this domain

with elastase as described (45). This variability would

not produce significant changes in the overall structure

of a-CHT as the residues involved occur on the surface of

the molecule, frequently with exposed side-chains. The

three segments approximate a single loop (class C) of the

multi-loop super helix. a-CHT also exhibits other "class"

examples as previously indicated, most notably the

approximately three strand loop beta structure (class B)

which encompasses the region 75(172) to 97(146).

Concerning the possible structure-function relationship

present in PTI, it should be noted that there are three

disulfide bridges within the 58 residue chain. It is

observed in a-CHT that only one disulfide appears in
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domain A (CYS 42-CYS 58), while three appear in domain B

(136-301; 168-182; and 191-220), and two of the latter

are linked externally to the 58 residue segment. It is

possible that the disulfide links, themselves, are

responsible for the relative chemical stability of the

inhibitor molecule as compared to the serine proteases,

in general. This conjecture is supported by the observa-

tion that upon the reduction of the disulfide bond CYS 14-

38, the LYS lS-ALA l6 peptide bond is cleaved by T (114).

Based on the above observations, it is interesting

to hypothesize on the evolution of the class of serine

proteases and their natural inhibitors. It is possible

that the domains of a-CHT represent conservative struc-

tures present in all serine proteases (cylinders have

been identified in elastase) (91) resulting from a

common evolutionary gene, and that the different speci-

ficities and three-dimensional structures are representa-

tive of presently stable gene mutations. The observation

of domains in other protein classes suggests that

proteins consist of several building blocks (domains),

which might have specific conformational properties or

functions associated with them. It is interesting to

note that several of the bacterial serine proteases (e.g.,

Staphylococcus aureus) are of a molecular weight about
 

12,000-13,000 daltons (approximately 100-110 residues in
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length), consistent with the size of the a-CHT domain.

PTI is one-half this size (58 residues) which might

imply the presence of still smaller domains or domain

cores. The comparison with other members of this enzyme

class and its inhibitors should prove most useful in

establishing domain conservation. The functional

importance with respect to a-CHT:inhibitor interactions

is discussed below, examining both the reversible and

irreversible inhibitors used in this study.

One last hypothesis incorporates the concept of a

master macromolecule comprised of both the zymogen

(inactive enzyme) and its natural inhibitor. This, in

effect, would provide a bio-feedback mechanism by which

a single molecule, consisting of sub-segments (domains),

could be employed to generate the independent zymogen,

the active enzyme and/or its natural inhibitor by appro-

priate cleavage. This concept is particularly of interest

when one considers that the activation of the serine

proteases from their zymogens appears to function with

cleavage by other serine proteases--principally tryptic

or chymotryptic attack. The idea of a single macro-

molecule structured as an internally complete system would

further explain the observation of the large, apparently

non-allosteric enzyme structures necessary to maintain a

small, concerted active site configuration.
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C. Perturbations to the Tertiary Structure Accompanying
 

Active Site Binding
 

The intermolecular cooperativity exhibited by the

tetrameric hemoglobin molecule gave early indications

of the manner in which protein transmits conformational

changes through its three-dimensional structure. In

describing his theory of proton fluctuation, J. G.

Kirkwood (88) stated:

Relatively distant groups may influence

local interactions of complementary sites on two

protein molecules by serving as sources or sinks

of mobile charges supplied or withdrawn from the

interacting sites.

And more recently, R. w. Lumry (89) has proposed the

notion of mobile defects:

Proteins in solution are in a constant state

of restless conformational fluctuation due to the

presence of 'mobile defects' resulting from the

evolution of imperfect bonding solutions. In

addition to high mobility in most regions of

protein, the mobile defects provide a store of

potential energy necessary for specific function.

Both of these ideas emphasize the importance of mid- and

long-range tertiary interactions and the dynamic nature

of the three-dimensional structure of an enzyme,

suggesting the ability to recognize and accommodate a

substrate or inhibitor molecule and transmit this informa-

tion through conformational changes. The group of

structurally/functional1y related inhibitors used in this

study provides an excellent basis for the comparison of

such structural adaptability. This will be accomplished
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using a new technique developed in the course of this

study, a distance plot of the difference electron

density of a derivative which will be referred to as a

difference diagonal plot. The construction of these

difference diagonal plots has been described in the

Methods section.

The difference diagonal plot considers the distance

of a peak in a difference electron density map from the

alpha-carbon atoms of residues i and j. The quantity

plotted in the difference diagonal plot is the sum of

the magnitudes of these distances (Figure 41b). The

derivative difference distance plot shows structural

changes on two levels. The primary level identifies the

difference electron density peaks associated with individ-

ual alpha-carbon atoms (or residues) as contours along

the diagonal. These represent the close approach of a

peak in the difference electron density to a residue

although, presently, positive and negative difference peaks

are not distinguished. The peaks which appear off-

diagonal are representative of changes occurring in the

tertiary structure at both mid-range (Ca. i = j)1 - Ca'J.

and long-range (i >j). Since the diagonal plot is

symmetrical about the diagonal, the difference diagonal

plot of the two monomers of o-CHT can be plotted on

either side of the diagonal. Thus, any asymmetry about

the diagonal represents an asymmetry in response of the



184

dimer to a perturbation. Some maps displaying the

application of this new approach are shown in Figure

45(a-e), from which it is immediately apparent that,

in general, mirror symmetry about the diagonal is not

present, thus showing the asymmetrical response of the

dimeric molecule. The difference peaks used in

generating the plots of Figure 46(a-e) are listed in

Appendix C. The asymmetry simply reflects the variability

in structure observed in the dimer and between domains A

and B.

The optimum correlation between the difference

electron density distance plot and the structure of the

native enzyme comes only after the distance diagonal

plot of the enzyme itself has been elucidated. The

detailed interpretation of the features of the three-

dimensional structure which have been found in the

distance diagonal plot of a-CHT (Figure 42) suggests the

capability of this technique. It would be of further

interest to determine the variability in interaction

that could be caused by rotation, twisting or bending

of adjacent regions of helices, B-sheets, random coils

or combinations thereof. As this mode of examination of

tertiary interactions of macromolecular structure is

still under development, the interpretations and compari-

sons reported here may be subject to some revision.
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The features of the difference diagonal plots to

be discussed below are denoted as 1-10 and l'-10' in the

distance diagonal plot of native a-CHT shown in Figure

46 and detailed in Table 27. These correspond to the

B-barrel (cylinder), B-sheet loops and B-sheet stacking

which were discussed in the previous section. Several

observations can be made from this comparison which

relate to the relative adaptability of the structural

facets represented by these features.

1. Features (1,1') and the domain-symmetry related

features (4,4'), are regions of the structure

which show the greatest tendency to change,

with (4,4') being generally more susceptible.

(1,1') appears to be more sensitive to pH

change than (4,4') due to the presence of

ILE 16, 16' and H15 40, 40'. The local two-

fold agreement appears to improve with pH in

(1,1') and with duality of interaction within

the catalytic region and specificity region of

the active site for (4,4'). Comparison of

(4,4') with PMS points out the variability

in specificity site dimensions discussed above

for the two independent molecules and might be

indicative of differences in specificity.

2. Features (2,2') and the domain-symmetry related

features (3,3') exhibit a greater fluctuation
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molecule 1'
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FIGURE 46. Identification of Diagonal Plot Features of

Native o-CHT to be Compared in Difference

Diagonal Plots
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in their variability with only light occupancy

in (2,2') and slightly heavier occupancy in

(3,3'), indicative of respective conformational

adaptability. In (2,2'), of domain A, there

again appears a greater pH susceptibility, now

due to the presence of ASP 102, while in (3,3')

the pH fluctuation appears to function coopera-

tively with the side-chain specificity difference.

Neither feature exhibits extremely good or

consistent two-fold correspondence.

The features (5,5'), (6,6'), (7,7') and (8,8')

are the tertiary interactions of the B-strands

(loops) between the two domains and along with

(9,9') and (10,10') reveal the conformational

adaptability in the inter-domain interface.

The interactions of a-helix and B-loop, (9,9')

and (10,10') (Table 22), show only slight if

any change upon inhibitor binding. The princi-

pal change observed occurs only with (10,10')

upon pH variation and only in molecule 1'.

This adaptability is tempered (eliminated) upon

incorporation of PEBA.

Feature (5,5') represents conformation fluctua-

tion which includes the segmented loop

containing TYR 146, 146'. Although this feature

is somewhat complex, involving two interactive
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features, one with ILE 16 and one with HIS 40

(Figure 19), perturbations to this feature

are combined in this discussion. These features

exhibit the best two-fold symmetry of the more

heavily changing features. There is no

apparent correlation other than a greater

degree of fluctuation occurring at pH 7.3 (with/

without PEBA), or at pH 3.6 where the orienta-

tion of the boronate implies a more direct

interaction than simple conformational adapta-

bility.

Features (6,6'), (7,7') and (8,8') reflect the

interactions between the loop involving LYS 203

and ILE 16, H15 40 and ASN 48, respectively.

In general, these features exhibit fairly good

two-fold agreement, indicative of their generally

non-dimer interface involvement. (6,6') reveals

a greater density of adaptation as would be

expected when considering that the 203 loop

includes MET 192, SER 195 and both CYS 191 and

CYS 201. Feature (7,7') exhibits a similar

degree of adaptability and the best two-fold

agreement of any of the features examined.

Feature (8,8') reveals fairly good two-fold

symmetry between molecule 1 and l', but
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differences in the intensity of the adaptability,

with pH influencing molecule 1 more than mole-

cule 1'.

The availability of the difference electron density

maps of two competitive reversible inhibitors, N-formyl-z-

tryptophan and N-formyl-z-phenylalanine (unpublished

results of this laboratory), permitted an interesting but

tentative generalization to be made from an examination

of their difference electron density distance plots

(Figure 45). The implication of the map is that changes

which result from the occupation of the specificity region

of the active site, as with these two inhibitors, are

confined to the B domain of the structure. It is of

interest to note that the two distance plots are very

similar, generally differing in magnitude. The two-fold

symmetry of the distance plots is best in the (4,4')

region. The (3,3') features shows less change than with

inhibitors which interacted more directly with both the

catalytic and specificity regions of the active site.

Thus it becomes apparent that TYR 146, 146' is essentially

not involved in the interaction and its importance lies

in the catalytic triad interaction in the dimer inter-

face. Among the off-diagonal features, (5,5') exhibits

the same changes in both derivatives, but only a fair

degree of two-fold symmetry and is very light in substi-

tution. The (6,6') feature exhibits greater substitution,
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two-fold symmetry and similarity between the two deriva—

tives.

Another comparison of changes in structure

accompanying the introduction of inhibitors or pH change

has been carried out using difference electron density

peaks within the active site region. Only those peaks

which occur within 1 8 A of the center of the active site

in the x and y directions, but extending across the local

two-fold axis separating the active sites of the dimer

in the z direction, were considered. The correlation

among those peaks is presented in Table 28, where further

delineation is made between the catalytic and the

specificity regions of the active site. Two peaks were

assumed to be equivalent if both appear above the three

sigma (difference electron density) level, both had the

same sign and were located within 1 A of one another.

It is apparent from examination of Table 28 that,

in general, the difference electron density peaks other

than the substitution are fairly conserved and reproducible

in terms of observation of combined effects of inhibitor

and pH change. This conservation is in agreement with

concepts of molecular recognition and conformational

adaptability. One intention of this work was to introduce

and explore these concepts by X-ray crystallographic

methods and studies in order to establish the feasibility

of such approaches. Although this work cannot expound
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with finality of ultimate results, it has established

new methods and techniques with which to examine concepts

of bio-molecular architecture utilizing specific enzyme

inhibitors and potential transition-state analogs.
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Appendix A-l (cont'd.)
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PPBA
 

 

 

 

 

Molecule 1

Atom Name x y 2

C 1 0.6003 0.2711 0.3727

C 2 0.5725 0.2707 0.3621

C 3 0.5578 0.2527 0.3600

C 4 0.5700 0.2356 0.3699

CP3 0.5971 0.2364 0.3819

CP2 0.6126 0.2539 0.3824

CA 0.6161 0.2903 0.3750

CB 0.6467 0.2862 0.3745

CC 0.6623 0.3061 0.3745

B 0.6938 0.3019 0.3748

0 1 0.7010 0.3099 0.3557

0 2 0.7111 0.3117 0.3931

0 3 0.6988 0.2802 0.3759

PBBA

Molecule 1

Atom Name x y z

' C 1 0.6017 0.2697 0.3691

C 2 0.5748 0.2672 0.3574

C 3 0.5610 0.2491 0.3580

C 4 0.5730 0.2341 0.3717

CP3 0.5990 0.2373 0.3847

CP2‘ 0.6139 0.2546 0.3826

CA 0.6166 0.2891 0.3685

c3 0.6479 0.2852 0.3705

CC 0.6644 0.3039 0.3789

co 0.6835 0.3100 0.3641

B 0.7142 0.3040 0.3739

0 1 0.7265 0.2935 0.3582

0 2 0.7145 0.2907 0.3918

0 3 0.7306 0.3221 0.3808
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C5 ATOM LABELS

C4 (PBBA shown)
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APPENDIX A-2

Bond Distances and Bond Angles of Inhibitors

Determined in This Study

As described in the text, the deviations in bond distances and

bond angles for the inhibitors determined in this study are very

similar to ideal values, as summarized below:

1) Carbon-Carbon Distances
 

1A010653

 

 

 

 

 

<r>aromatic =

<r>phenyl~alkyl = 1.50 :_0.05 A

walk),1 = 1.64 :_0.05 A

2) Carbon-Sulfur Distances

<r>c_S = 1.83 :_0.05 A

3) Carbon-Boron Distances

<r>C_B = 1.57 :_0.05 A

4) Oxygen Distances

<r>s_0 = 1.47 :_0.05 A

<r>B_0 = 1.48 :_0.05 A

5) Aromatic Ring Bond Angles

<0> = 120 :_1°

6) Alkyl Chain Bond Angles

<e>phenyl-alkyl 120 i-1

= 109.45 :_1°
<6>211<y1
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7) Boronate/Sulfonate Bond Angles
 

<e>-B(0H)2 120 :1

3

8) Deviations from Planarity 0f Phenyl Rings
 

<Ar> = 1_0.02 A from least-squares plane





APPENDIX B

Calculated van der Waals Contacts of TOS, PMS, TOS (MRC),

PEBA pH 3.6, PEBA pH 5.4, PEBA pH 7.3, PPBA and PBBA
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APPENDIX B-2

Calculated van der Waals Contacts Between a-CHT (MRC)

and Tosyl Inhibitor (MRC Results) (49)

 

 

Inhibitor Atom Residue # Contact Atom (Distance A)

cs 216 ca (3.6), N (3.9), c (4.0)

217 0 (4.0), N (4 0)

C4 215 c (3.8)

216 N (3.5), ca (3.8)

CP3 216 N (4.0)

CP2 191 c (3.8), o (3.9)

192 N (4 0) .

195 0Y (3.9)

C3 215 c (3.8)

02 191 0 (3.7)

195 0Y (3.0)

213 CY] (3.7)

Cl 191 0 (3.4), c (3.9)

195 CB (3.9), 0Y (2.6)

s 191 0 (3.8)

195 N (3.5), ca (3.5), 08 (2.5),

0Y (l.5)

0E1 191 c (3.2), 0 (2.7), N (3.3)

192 ca (3.2)

195 0Y (2.8)

0E2 191 0 (2.9)

192 ‘ ca (3.3), N (3.1)

193 N (3.5)

194 N (2.9)

195 ca (3.5), 08 (2.9), 0Y (2.5)

0Y 194 N (2.6)

195 Cu (2.4), CB (1.8), 0Y (0.8)
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Calculation of Difference Diagonal Plots
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APPENDIX C

Coordinates of Difference Fourier Peaks Used in

Calculation of Difference Diagonal Plots

(a = 49.2 A, b = 67.2 A, c = 65.95 A, 8 = 101.8°)

 

 

TOS

Peak Height* Derivative x y z

-9 TOS 0.197 0.716 0.000

-9 TOS 0.328 0.333 0.650

-9 TOS 0.552 0.333 0.500

-9 TOS 0.684 0.366 0.350

-9 TOS 0.697 0.266 0.600

9 TOS 0.802 0.216 0.000

12 TOS 0.815 0.366 -0.0l6

-8 TOS 0.302 -0.050 0.333

8 TOS 0.460 0.416 0.600

8 TOS 0.500 0.266 0.400

-8 TOS 0.526 0.316 0.433

-8 TOS 0.552 0.250 0.400

-8 TOS 0.578 0.250 0.333

-8 TOS 0.605 0.350 0.583

—8 TOS 0.697 0.450 0.666

-8 TOS 0.828 0.283 0.433

8 TOS 0.881 0.283 0.400

8 TOS 0.907 -0.033 0.266

-8 TOS 0.947 -0.033 0.433

8 TOS 1.000 0.500 -0.050
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PMS

Peak Height* Derivative x y z

10 PMS 0.118 0.783 0.600

-10 PMS 0.157 0.783 0.566

10 PMS 0.250 0.800 0.616

10 PMS 0.276 0.616 0.366

10 PMS 0.289 0.816 0.650

-10 PMS 0.289 0.783 0.466

11 PMS 0.302 0.633 0.666

-10 PMS 0.315 -0.050 0.333

-14 PMS 0.447 0.750 0.600

10 PMS 0.473 0.666 0.916

10 PMS 0.526 0.166 0.083

-12 PMS 0.526 0.316 0.450

-14 PMS 0.552 0.250 0.400

10 PMS 0.684 0.366 0.350

11 PMS 0.697 0.133 0.333

-10 PMS 0.697 0.450 0.666

-10 PMS 0.710 0.316 0.350

-10 PMS 0.710 0.283 0.533

10 PMS 0.723 0.116 0.633

10 PMS 0.750 0.300 0.383

12 PMS 0.815 0.366 -0.016

-10 PMS 0.842 0.283 0.433

10 PMS 0.881 0.283 0.400
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PEBA pH 3.6

Peak Height* Derivative x y z

9 PEBA 0.592 0.366 0.383

-11 PEBA 0.605 0.300 0.416

-9 PEBA 0.644 0.266 0.516

-9 PEBA 0.697 0.283 0.516

-9 PEBA 0.750 0.283 0.466

9 PEBA 0.763 0.283 0.550

9 PEBA 0.789 0.333 0.500

10 PEBA 0.802 0.216 0.000

10 PEBA 0.815 0.383 -0.016

8 PEBA 0.236 0.266 0.266

8 PEBA 0.355 0.050 0.433

8 PEBA 0.381 0.650 0.633

-8 PEBA 0.434 0.233 0.433

-8 PEBA 0.434 0.350 0.433

-8 PEBA 0.434 0.016 0.766

-8 PEBA 0.565 0.250 0.333

-8 PEBA 0.565 0.516 0.233

8 PEBA 0.618 0.150 0.366

-8 PEBA 0.631 0.300 0.416

8 PEBA 0.657 0.450 0.566

-8 PEBA 0.684 0.450 0.666

-8 PEBA 0.710 0.266 0.366

8 PEBA 0.723 0.316 0.416

-8 PEBA 0.736 0.300 0.500

-8 PEBA 0.802 0.116 0.266
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PEBA pH 5.4

Peak Height* Derivative x y z

-13 PEBA 0.171 0.166 0.383

12 PEBA 0.171 -0.050 0.500

14 PEBA 0.315 0.433 0.566

12 PEBA 0.355 0.650 0.466

-13 PEBA 0.434 0.233 0.433

-12 PEBA 0.539 0.250 0.383

12 PEBA 0.644 0.150 0.533

-13 PEBA 0.684 0.166 0.500

-14 PEBA 0.684 0.183 0.533

-14 PEBA 0.684 0.416 0.416

-13 PEBA 0.802 0.233 0.616

12 PEBA 0.828 0.450 0.500

14 PEBA 0.855 0.333 0.616

-13 PEBA 0.881 0.350 0.783

~13 PEBA 0.894 0.400 -0.050

-13 PEBA 0.947 -0.016 0.433

21 PEBA 0.947 0.000 0.400

-12 PEBA 0.986 0.233 -0.116
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pH 5.4

Peak Height* Derivative x y z

—11 pH 5.4 0.052 0.066 0.416

—11 pH 5.4 0.052 0.633 0.416

-9 pH 5.4 0.078 -0.033 0.550

-10 PH 5.4 0.289 0.066 0.366

9 pH 5.4 0.381 -0.066 0.600

9 pH 5.4 0.434 0.616 0.366

9 pH 5.4 0.565 0.116 0.633

11 pH 5.4 0.565 0.266 0.466

9 pH 5.4 0.631 0.433 0.400

-13 pH 5.4 0.684 0.166 0.533

-9 pH 5.4 0.684 0.416 0.416

-10 pH 5.4 0.723 0.566 0.633

-9 pH 5.4 0.763 0.333 0.483

-9 pH 5.4 0.789 0.466 0.383

9 pH 5.4 0.868 0.000 0.000

12 pH 5.4 0.881 0.316 0.600

-9 pH 5.4 0.921 0.333 0.583

-9 pH 5.4 0.934 0.400 0.450

-11 pH 5.4 0.947 0.133 0.583

-11 pH 5.4 0.947 0.566 0.583
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Appendix C (cont'd.)

 

 

PEBA pH 7.3

Peak Height* Derivative x y 2

ll PEBA 0.118 -0.066 0.333

11 PEBA 0.315 0.416 0.566

-13 PEBA 0.434 0.250 0.433

-11 PEBA 0.500 0.300 0.466

-12 PEBA 0.526 0.250 0.483

12 PEBA 0.578 0.250 0.483

-12 PEBA 0.592 0.300 0.516

11 PEBA 0.605 0.400 0.600

11 PEBA 0.684 -0.083 0.433

-14 PEBA 0.684 0.183 0.533

-11 PEBA 0.763 0.300 0.483

11 PEBA 0.881 0.433 0.666

12 PEBA 0.947 0.000 0.400
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pH 7.3

Peak Height* Derivative x y z

13 pH 7.3 0.052 0.500 0.600

-11 pH 7.3 0.092 0.516 0.633

-13 pH 7.3 0 276 0.066 0.366

-15 pH 7.3 0.315 -0.083 0.583

11 pH 7.3 0.368 -0.066 0.600

-11 pH 7.3 0.605 0.233 0.533

11 pH 7.3 0.631 0.433 0.400

-18 pH 7.3 0.671 0.183 0.533

-14 pH 7.3 0.671 0.416 0.416

-13 pH 7.3 0.723 0.566 0.633

14 pH 7.3 0.789 0.200 0.016

-12 pH 7.3 0.828 0.300 0.583

11 pH 7.3 0.881 0.316 0.600

-11 pH 7.3 0.907 0.016 0.366

-11 pH 7.3 0.921 0.333 0.583

13 pH 7.3 0.947 0.000 0.400
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PPBA

Peak Height* Derivative x y z

-9 PPBA 0.171 0.283 0.466

-9 PPBA 0.233 0.266 0.166

10 PPBA 0.315 0.583 0.566

10 PPBA 0.328 0.100 0.250

-9 PPBA 0.368 -0.033 0.083

-10 PPBA 0.434 0.250 0.433

-9 PPBA 0.644 0.466 0.933

-9 PPBA 0.671 0.350 0.466

10 PPBA 0.671 0.600 0.750

10 PPBA 0.684 -0.066 0.433

12 PPBA 0.855 0.333 0.616

10 PPBA 0.868 0.550 0.616

9 PPBA 0.894 0.433 0.666

10 PPBA 0.947 0.000 0.400

-10 PPBA 0.947 0.283 0.433
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Appendix C (cont'd.)

 

 

PBBA

Peak Height* Derivative x y z

9 PBBA 0.052 0.350 0.200

11 PBBA 0.052 0.500 0.600

10 PBBA 0.315 0.433 0.566

9 PBBA 0.328 0.100 0.250

-9 PBBA 0.368 0.033 0.083

-19 PBBA 0.434 0.233 0.433

9 PBBA 0.486 0.333 0.500

9 PBBA 0.671 0.600 0.750 -

9 PBBA 0.789 0.333 0.016

12 PBBA 0.855 0.333 0.616

11 PBBA 0.868 0.333 0.616

-9 PBBA 0.947 0.283 0.433

11 PBBA 0.947 0.000 0.400

-9 PBBA 1.000 0.316 0.300

 

* °_

Electrons/A 3 = (Peak Height)]50.


