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ABSTRACT
Asn460 of f-ga1actosidase (E. Coil) was substituted with Asp, Ser, Thr, Ala, and
Gly. Inhibitor studies and crystal structures of the substituted and wild type

f3-

galactosidases indicated that position 460 is part of anetwork of amino acids at the active
site that have effects on binding the reaction components (substrate, transition state,
covalent intermediates, and products) and that this affected the activity. The evidence
indicated that the effect of Asn460 on activity is mainly through its interaction with
Glu46 1, which is the acid /base catalyst and is important for binding reaction
components on galactosylated adducts. The effect seems to be mainly indirect and
mediated through Glu4 16 and Mg2 and possibly awater molecule. Direct interactions of
Asn460 with the C2-hydroxyl of the galactosyl moiety are of less importance. A method
of using Arrhenius plots to obtain the values of the two catalytic rate constants and their
activation energetics was developed. The unfavorable activation enthalpies and favorable
activation entropies of the substituted enzymes (relative to wild type f3-galactosidase)
occurred because the substituted enzymes differentially stabilized the reaction
components.

111

ACKNOWLEDGEMENTS
Iwould like to thank Dr. R.E. Huber (the cheese) for giving me the opportunity to
get my master degree. No matter what obstacles faced me during this time, Dr. Huber
always believed that Icould get over them

-

and Idid. Iwould also like to thank Dr.

M.E. Fraser for practically being asecond supervisor to me. Dr. Fraser was very patient,
very available, and very kind in helping me with all the crystallography presented in this
thesis. Both Dr. Huber and Dr. Fraser also helped me on apersonal level, which often is
more valuable then the learning experience it self. There are anumber of project students
that also made significant contributions to this work: Jen Hahn, Sonya Lipkewicb, and
Judy Liu.
Iwould like to thank Lyndsay Anderson for always being available to support
me. Iwould like to thank Gopi Sutendra for his support, friendship, and ability to make
me laugh no matter what the situation. Finally Iwould like to thank my family for being
so supportive throughout my life especially my son Bohdi. After his birth Iwas inspired
to up grade my high school. Inever imagined at that time that 11 would end up with a
Masters degree in biochemistry.

iv

To my family and my closest friends

V

TABLE OF CONTENTS
Approval page
Abstract
Acknowledgements
Dedication
Table of contents
List of Tables
List of Figures
Alphabetical list of abbreviations and symbols

ii
iii
iv
v
vi
ix
x
xiii

1Introduction:
1.1 The general mechanism
1.2 Glu461, G1u537, Mg2 ,and Na
1.3 Substrate binding
1.3.1 Galactosylation
1.3.2 Degalactosylation
1.4 Transgalactosylation
1.5 The loop (794-803)
1.6 Residues involved in transition state stabilization
1.7 Postulated interactions with Asn460

1
6
8
12
15
17
19
21
26
28

2Objectives:

40

3Materials:
3.1 Sources of biochemical reagents
3.2 Instruments, hardware, and software
3.2.1 Spectrophotometers
3.2.2 pH meters, centrifuge, incubator, and storage
3.2.3 Crystallization equipment and software
3.2.4 Presentation of material and other programs for analysis
3.3 Microbial reagents
3.3.1 Growth media reagents
3.3.2 SDS Phast-Gel (PAGE) reagents
3.4 Buffers
3.4.1 Assay buffers
3.4.2 SDS Phast-Gel (PAGE) buffer
3.4.3 Nickel column buffers
3.4.4 Crystallization buffers
3.5 E.coli strain
3.6 Plasmid

42
42
43
43
43
44
45
45
45
45
46
46
46
46
46
47
47

4Methods:
4.1 Statistical programs and error
4.2 13-Galactosidase substitutions
4.3 Bacterial Growth

48
48
48
49

vi

4.3.1 LB-broth
4.3.2 LB-plates
4.4 Transformation of E. coli LMG194
4.5 Growth of transformed cells
4.6 Purification and storage of the 3-galactosidases
4.6.1 Removal of imidazole
4.6.2 Enzyme purity, storage, and use
4.7 Fluorescence
4.8 Assays and kinetic analysis
4.8.1 Michaelis Menten and Eadie Hofstee plots
4.8.2 Calculation of kcat
4.8.3 Inhibition and acceptor studies
4.8.3.1 Acceptorstudies
4.8.3.2 Analysis of hyperbolic appkcat vs. acceptor graphs
4.8.4 Arrhenius plots
4.8.4.1 Calculating thermodynamic values
4.8.4.2 Problems with calculations for data that gave curved
Arrhenius plots
4.8.4.3 An example of estimating kinetic constants and
thermodynamics for data that gave curved Arrhenius
plots
4.8.4.4 Systematic error (absolute or relative error)
4.8.4.5 Decreasing the ranges of k2,k3,E2,and E3 for curved
Arrhenius plots
4.8.4.6 Calculating ranges for Arrhenius plots with straight
lines
4.8.4.7 Calculating ranges for thermodynamic values
4.8.5 Substrate dissociation (Ks)
4.8.6 Mg2 studies
4.8.7 pH effects
4.8.7.1 EC50 values and F-tests for pMg and pH plots
4.9 Crystallography
4.9.1 Further purification for crystallization
4.9.2 Crystallographic technique
4.9.2.1 Rough crystals and seed solution
4.9.3 Cryoprotectant, soaking, and mounting
4.10 Screening crystals and data collection
4.11 Solving crystal structures
5Results:
5.1 Enzyme purity
5.2 kc at and Km values
5.3 Arrhenius plots
5.4 Acceptor studies
5.5 Inhibition constants
5.6 pNPG and oNPG binding constants and pNPG binding thermodynamics

vii

49
49
49
50
51
51
52
52
53
54
58
59
62
64
64
68
70

71
73
77

.

80
80
81
81
82
83
84
84
84
86
87
88
88
91
91
91
91
105
111
113

5.7 Mg studies
5.8 pH studies
5.9 Crystallization

115
118
120

6Discussion
6.1 Overall enzyme conformation
6.2 Inhibitors and crystal structures
6.2.1 Crystal structures
6.2.2 Shallow mode inhibition
6.2.3 Transition state inhibition
6.2.4 Product mode inhibition
6.2.5 Summary of the inhibition and crystal structure studies
6.3 Kinetics and thermodynamics
6.3.1 Binding of oNPG and pNPG (ground state)
6.3.2 Bind enthalpy (H0)and entropy (S)
6.3.3 Activation enthalpy (AH) and entropy (AS)
6.3.4 Confirmation of the rate constants obtained from Arrbenius
plots by acceptor studies
6.3.5 Possible reasons for the decreased reactivities of substituted
enzymes
6.3.5.1 Possible reasons for the reactivity of N460D--galactosidase
6.3.5.2 Possible reasons for the reactivity of N46OS-3-galaetosidase
6.3.5.3 Possible reasons for the reactivities of N460T-, N460A-, and
N460G-3-galaetosidase
6.3.5.3-1 Differences between the reactivities of N460T-,
N460A-, and N460G-3-galactosidase
6.3.6 Reactivity summary of substituted enzymes
6.4 Mg 24 binding

125
125
125
125
136
144
149
152
154
154
155
158

6.5 pH effects
6.6 Conclusions

176
177

7References

181

8Appendix

186

viii

163
164
164
166
168
171
173
174

LIST OF TABLES
Table 1.1 Distances between amino acids of the Asn460 network with
various inhibitors bound to f3-galactosidase
Table 1.2 Distances between amino acids of the Asn460 network to the
hydroxyls of various inhibitors bound to -ga1actosidase
Table 5.1 kc at and Km values for ONPG and PNPG
Table 5.2 Rate constants and theromodynamic values with pNPG
Table 5.3 Rate constants and theromodynamic values with oNPG
Table 5.4 k4,Ki, and Ki" values with oNPG and glucose
Table 5.5 Competitive inhibitor constants
Table 5.6 Ks values for pNPG and oNPG, and binding thermodynamics of
PNPG
Table 5.7 X-ray Data collection and Refinement Statistics

ix

32
37
93
96
101
110
112
114
121

LIST OF FIGURES
Figure 1.1 Crystal representation of tetrameric 3-galactosidase
Figure 1.2 Crystal representations of the 5domains of one monomer of
-galactosidase
Figure 1.3 Proposed folding scheme of -galactosidase
Figure 1.4 Crystal representation of ligands to the active site Mg2+ and Na
of -galactosidase
Figure 1.5 General mechanism of f-galactosidase
Figure 1.6 Generalized outline for adouble displacement reaction
catalyzed by f-galactosidase
Figure 1.7 Crystal representation of ligands to active site Mg2 with deep
and shallow mode inhibitors bound to f3-galactosidase
Figure 1.8 Crystal representations of some active site residues at various
stages of catalysis of f3-galactosidase
Figure 1.9 Schematic representation of lactose present in the shallow
mode of -galactosidase
Figure 1.10 Schematic representation of lactose present in the deep mode
of f3-galactosidase
Figure 1.11 Schematic representation of galactose covalently attached
to Glu537 of f3-galactosidase
Figure 1.12 Schematic representation for the activation of an acceptor
by f-galactosidase
Figure 1.13 Schematic representation of galactose leaving the active
site of 3-galactosidase
Figure 1.14 General mechanism of -galactosidase in the presence of
inhibitor! acceptor
Figure 1.15 General scheme for the action of 3-galactosidase on the
natural substrate lactose to produce allolactose
Figure 1.16 Crystal representation of the loop in the open conformation
of -galactosidase
Figure 1.17 Crystal representation of the loop in the closed conformation of
f3-galactosidase
Figure 1.18 Crystal representation of residues involved in stabilization
of the transition of3-galactosidase
Figure 1.19 Crystal representation of the network of interactions from
Asn460 to active site residues of -galactosidase
Figure 1.20 Crystal representation of the network of interactions in the
active site of f-galactosidase with IPTG bound
Figure 1.21 Schematic of the hydrogen bond interactions occurring in the
Asn460 network of f3-galactosidase in the shallow mode

2

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

55
56
57
61

3
5

+

Sample plot of initial velocity Vs. time
Sample Eadie-Hofstee plot
Sample Michealis-Menten plot
Sample assay of inhibitor and/ or acceptor Vs acontrol

x

5
7
9
11
13
14
16
16
18
18
20
22
22
23
27
30
33
35

Figure
Figure
Figure
Figure

4.5 Sample plot of acceptor concentration Vs appkcat
4.6 Sample of astraight and curved Arrhenius plots
4.7 Sample plot of kcat Vs temperature
4.8 Sample curved Arrhenius plot using best fit lines between data
points at high and low temperatures
Figure 4.9 Sample curved Arrhenius plot using best fit lines from
non-linear regression
Figure 4.10 Sample curved Arrhenius plot using best fit lines from
non-linear regression that are not reasonable
Figure 4.11 Sample crystallization tray
Figure 5.1 Fluorescence spectra of each substituted enzyme Vs wild type
-galactosidase
Figure 5.2 Arrhenius plot showing the effect of temperature (T K)
with pNPG
Figure 5.3 Thermodynamic ranges for reaching the transition (k2)state
with pNPG
Figure 5.4 Arrhenius plots showing the effect of temperature (T K)
with oNPG
Figure 5.5 Arrhenius plot showing the effect of temperature (T K)
with oNPG, and pNPG on N460D-13-galactosidase and wild type
l-galactosidase
Figure 5.6 Arrhenius plot showing the effect of temperature (T K)
with oNPG, and pNPG on N4605-]3-galactosidase and wild type
13-galactosidase
Figure 5.7 Arrhenius plot showing the effect of temperature (T K) with
oNPG, and pNPG on N460T-13-galactosidase and wild type
13-galactosidase
Figure 5.8 Arrhenius plot showing the effect of temperature (T K)
with oNPG, and pNPG on N460A-13-galactosidase and wild type
13-galactosidase
Figure 5.9 Arrhenius plot showing the effect of temperature (T K)
with oNPG, and pNPG on N460G-13-galactosidase and wild type
13-galactosidase
Figure 5.10 Thermodynamic ranges for reaching the transition state (k2)
with oNPG
Figure 5.11 Thermodynamic ranges for reaching the transition state (k3)
with oNPG
Figure 5.12 appkcat as afunction of glucose concentration with oNPG and
PNPG
Figure 5.13 appkcatas afunction of(appk cat-k cat)/[Glc] using oNPG and
glucose
Figure 5.14 appKmlappk cat with oNPG and glucose to determine Ki values
Figure 5.15 van't Hoff plot on the binding of pNPG
Figure 5.16 The effect of the free Me concentration on the relative Vo
using oNPG

xi

63
67
69
72
74
75
85

92
95
96
98

98

99

99

100

100
104
106
107
109
110
116
117

Figure 5.17 The effect of pH on the relative Vm using oNPG
Figure 5.18 Difference electron density map for N460T-, and N460Df-galactosidase
Figure 5.19 Difference electron density map for N460S--galactosidase
and N460S-3-ga1actosidase complexed with galactotetrazole
Figure 6.1 Crystal representation of the network from Thr460 to G1u537
and Glu461
Figure 6.2 Crystal representation of the network from Asn460 to G1u537
and Glu461
Figure 6.3 Crystal representation of the network from Asp460 to G1u537
and Glu461
Figure 6.4 Crystal representation of the network from Ser460 to G1u537
and Glu461
Figure 6.5 Crystal representation of the network from Ser460 to Glu537
and Glu461 complexed with galactotetrazole
Figure 6.6 Crystal representation of the network from Asn460 to G1u537
and Glu461 complexed with galactotetrazole
Figure 6.7 Stereoview of residues 460, 461, 461 and Mg2 from substituted
enzyme over lapped with wild type 3-ga1actosidase
Figure 6.8 Galactotetrazole bound to N460S-f3-galactosidase and wild type f3galactosidase and overlapped
Figure 6.9 Scheme representing the LHt in going from the ground state and
covalent intermediate to each transition state
Figure 6.10 Energy diagram for binding substrate to reaching the first transition
state for N460T-, N460A-, and N460G--ga1actosidase relative to wild
type f-ga1actosidase

xli

119
123
124

126
128
129
131
132
133
141
145
161

170

ALPHABETICAL LIST OF ABBREVIATIONS AND SYMBOLS

A: Angstrom (10.10 m)
Abs: Absorbance
Amp: Ampicillin
AppVm: Vm in the presence of the acceptor (mabs/min)
appkcat: kcat in the presence of the acceptor or inhibitor (.1)
appKrn: Km is the presence of the acceptor or inhibitor (s)
A280 :Absorbance at 280 nm
A260 :Absorbance at 260 nm
A420/min: Change in absorbance at 420 mn per minute
A550 :Absorbance at 550 nm
Bis-tris: Bis-Tris(hydroxymethyl)aminomethane
CPRG: chiorophenol red--D-galactopyranoside
Da Dalton
DMSO: dimetbylsulfoxide
DTT: Dithiothreitol
-

EDTA: Ethylenediaminotetraacetic acid
G: Change in free energy
g: gravity
Mi: Change in enthalpy
h: Planck' sconstant 6.6260755

•

i0 -34 J•s

IPTG: isopropyl-3-D-thiogalactopyranoside
keat :The overall catalytic rate constant ()
Ki competitive inhibitor constant for the acceptor or inhibitor (mM).
Ki": the dissociation constant of the acceptor to the galactosylated enzyme (mm)
Km: substrate concentration that half saturates the enzyme
Ks: Substrate dissociation constant (mlvi)
k2 is the rate of galactosylation (s)
k3 is the rate of degalactosylation ()
k4 is the rate of transgalactosylation (1)
-

LB: Luria-Bertaini
mabs: milli absorption units
Mm: Minute
N: Avagadro' snumber 6.022 1367

•

10

23

mol -1

oNPU: o-nitro-phenyl-3-D-galactopyranoside
PAGE: Polyacrylamide gel electrophoresis
PDB: Protein data bank
PETG: phenyl-ethyl-f3-D thiogalactopyranoside
PEG: polyethylene glycol
pMg: -log[Mg]
pNPG: p-.nitro-phenyl- f3-D-galactopyranoside
Psi: Pounds per square inch
R: gas constant 8.148433 J/mol•K
rpm: Revolutions per minute
SDS: Sodium dodecyl sulfate
Sec or 5: second
SEC: Size exclusion column
S: Change in entropy
t: time
T: absolute temperature (°C + 273.15)
TAE: Tris acetate EDTA
TES: N-tris [hydroxmethyl]methyl-2-aminoethansulfonic acid
TE: Tris EDTA
TIM: Triosephosphate Isomerase
ToNPG: 2-nitrophenyl 1-thio-f3-D-galactopyranoside
Tris: Tris(hydroxymethyl)aminomethane
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I
1. Introduction:
In 1961 Jacob and Monod introduced the lac operon (E. coli) as amodel for gene
regulation (Jacob and Monod, 1961). The gene lacZ of the lac operon codes for 3galactosidase. The functional form of 3-galactosidase is atetramer of 4identical subunits (Appel et al., 1965) each consisting of 1,023 residues (Fowler and Zabin, 1978;
Kalnins et al., 1983). The tetramer is formed through interactions on the activating and
long interfaces (Figure 1.1). The molecular weight of the tetramer is 465,412 Da (Fowler
and Zabin, 1978, Kalnins et al., 1983). Each monomer consists of 5domains plus the -50
residues at the N-terminus (c-peptide) that contributes to the activating interface and acomplementation (Figure 1.2).
Domain 1consists of residues 52-219 and forms ajelly roll 3-barrel (Figure 1.2).
Domain 2consists of residues 220-334 and forms afibronectin type ifi fold. A loop
(residues 272-288) of domain 2extends across the activating interface to the next
monomer. Domain 3(residues 335-627) is adistorted TIM barrel. It contains the catalytic
site. A normal TIM barrel consists of 8a/f repeats. However, domain 3lacks the fifth
helix and the sixth parallel strand is distorted. This produces aspace that is occupied by
the loop (mentioned above -residues 272-288) that extends in from domain 2of the
adjacent subunit. This loop produces part of the active site. Domain 4consists of residues
628-736 and it is topologically similar to domain 2. Domain 5consists of residues 7371,023 and forms af3-sandwich (Figure 1.2). It is the core of the enzyme and contains a
novel 18 stranded anti parallel sandwich (each strand rotates by over 90°). It also contains
an irregular assembly of segments that pack against the back of the first n-sheet and

2

Figure 1.1 Crystal representation of tetrameric 3-galactosidase showing where the
activating interface and long interface are located (1DPO). Monomer A and B are given
the color grey and white to show amonomer in its entirety. Monomer D and C are color
coordinated with Figure 1.2 with each domain in each monomer the same colors are
used for both. The first crystals of -ga1actosidase had 4tetramers per asymmetric unit
(space group P2 1;a=107.9 A, b=207.5 A, c=509.9 A, B=94.7°, Jacobson and Matthews,
1992; Jacobson et al., 1994). Juers et al. (2000) were able to produce acrystal form
(orthorhombic) with one tetramer per asymmetric unit that diffracted to 1.7A resolution.
-

3

Figure 1.2 The 5domains (plus the a-peptide) of one monomer of 3-galactosidase
(Jacobson et al., 1994).

4
position Trp999 (an important active site residue) at the active site. It also contains
another loop (residues 794-803) that is near the active site and is important for catalysis
and binding (Juers et al., 2003).
Juers et al. (2000) speculated on how folding occurs (Figure 1.3). The scheme in
Figure 1.3 is consistent with the stability of monomers. There is amuch larger surface
area buried when domains coalesce to form monomers than when monomers form
tetramers, which suggests that the monomers should fold prior to the formation of dimers
or tetramers. The long interface is flat while the activating interface is S-shaped and
involves the loop (residues 272-288) that protrudes into domain 3of the adjacent
monomers as well as the complementation a-peptide. This suggests that D' (Figure 1.3) is
formed by 2monomers with interactions at the long interface (Juers et al., 2000). Then
two dimers take up aconformation that readily forms one tetramer by interacting at the
activating interface.
13-Galactosidase (E. coil) has several divalent and monovalent binding sites (Juers
et al., 2000). Four to five Mg2 were modeled into the crystal structures per monomer
(depending on the monomer and structure) on the basis of octahedral geometry and the
nature of the ligands (Juers et al., 2000, 2001). One Mg2 bridges between the
complementation peptide and domain 1(Juers et al., 2000). One of the
interact with Glu797 (Huber and Sutendra 2004

-

Me

seems to

unpublished) and seem to be important

in catalysis. The active site Mg2 is ligated by His4 18, Glu4 16, Glu46 1, and 3water
molecules (Edwards et al., 1990; Roth and Huber, 1994, 1996; Juers et al., 2000, 200 1)
(Figure 1.4a). The other two Mg2 probably have structural roles.

5

fast

4Mu_) 4M
______

5b0v )

______

2D'

Slow

2D

fist

)

T

Figure 1.3 Proposed folding scheme for 3-galactosidase where Mu represents the
unfolded monomer; M represents the folded monomer; the reaction from 4M to 2D'
represents aslow event to form 2dimers that are not able to form tetramers; the reaction
from 2D' to 2D represent aslow event to form two dimers with the correct conformation
to be able to form active tetramers; T is the final tetramer and is formed rapidly from 2
dimers.

Galactose

Figure 1.4 a) Ligands to the active site Mg2 (green) include Glu461, Glu416, His418,
and 3water molecules (not shown). These ligands are about 2.OA away from the Mg 2 .
The residues themselves are about 3A away from each other. b) Ligands of the active
site Na (blue) include the carboxyl group of Asp2O 1the main chain carbonyls of Asn6O4
and Phe6O1, as well as 2water molecules (not shown). When substrate is present, the C6hydroxyl of the galactose moiety (in this case galactose) replaces one of the 2water
molecules.

6
Each monomer of 13-galactosidase (E. coli) contains about 5Na ions per
+

monomer (Juers et al., 2000). One is at the active site and affects binding and activity (Xu
et al., 2004). This W

forms asquare pyramidal structure and is ligated by the carbonyls

ofPhe601 and Asn604 as well as two water molecules, and the carboxyl ofAsp201
(Figure 1.4b). If substrate is present the C6-hydroxyl of galactose (Juers et al., 2001)
replaces one of the waters. The other Na are located near the surface and interact with
backbone carbonyls, water molecules and in one case, the oxygen of DMSO (DMSO was
the cryoprotectant of these crystals) (Juers et al., 2000).
1.1 The general mechanism:
f3-Galactosidase hydrolyzes f3-D-galactopyranosides and carries out
transgalactosidie reactions. The active site is specific for D-galactose, but is promiscuous
for the aglycone attached to the galactosyl moiety. The natural substrate for 13galactosidase is lactose. The non-reducing monosaccharide of lactose is agalactose and it
is attached to aglucose molecule with a 3(1-4) bond. For kinetic assays the synthetic
nitrophenol substrates (oNPG and pNPG) were used since cleavage of the nitrophenol
moiety during galactosylation can be measured at A420. A generalized kinetic mechanism
of the action on synthetic nitrophenol substrates can be seen in Figure 1.5.
3-Galactosidase is aretaining glycosidase. It cleaves with adouble displacement
reaction and thus the product keeps the same stereochemistry as the starting state. For this
to occur there has to be anucleophile. A model was originally suggested by Koshland
(1953). The active site of this enzyme has been described in terms of galactose and
glucose subsites. However, the concept of galactose and glucose sub-sites has since been
changed to shallow mode and deep mode binding (Juers et al., 2001). Simply stated,

7

Figure 1.5 The general mechanism of B-galactosidase where Ks is the dissociation
constant of the enzyme complex with either oNPG or pNPG. k2 is the rate constant for
the galactosylation step (the bond between the nitrophenol product (NP) and galactose is
cleaved, and galactose becomes covalently attached to Glu537). k3 is the rate constant for
the degalactosylation step (the covalent bond is broken between Glu537 and galactose).

8
shallow mode binding refers to interactions that locate substrate (or shallow mode
inhibitors) to the Trp999 region of the active site. Deep mode binding refers to the
binding of the transition state, the covalent complex, and galactose. Interactions locate
these deeper in the active site near to the Trp568 region of the active site. The presently
accepted mechanism based on Juers et al. (2001) and asimplified look at shallow and
deep mode binding is shown in Figure 1.6.
1.2 Glu461, Glu537, Mg

2+,

and Nat:

In 1984, Herrchen and Legler used radioactively labeled

(3 1-1)1,

2-anhydro-epi-

inositol as an active site directed inhibitor of 13-galactosidase. Incubation (16 hours) with
this compound resulted in complete loss of catalytic ability. Fragments of B-galactosidase
showed that acovalent bond between Glu461 and 1, 2-anhydro-epi-inositol had formed.
Glu461 was thought to be the nucleophile. Through nucleophilic cleavage of fragmented
13-galactosidase, labeled (
3H) allo-inositol was released from the enzyme and it had the
same stereochemistry as the starting state. In 1992, Gebler et al. identified Glu537 as the
nucleophile using the active site directed inhibitor 2-deoxy-2-fluoro-J3-Dgalactopyranosoide. In this experiment the inhibitor was found covalently bonded to
Glu537. It was then proposed that Glu461 acts as the acid catalyst.
There has been controversy over whether or not the active site Mg2 rather than
Glu461 is the acid catalyst (Case and Sinnott, 1972). There is no doubt that Me is
important for activity (Cohn and Monod, 1951; Hill and Huber, 1971; Sinnott, 1978;
Edwards et al., 1990; Richard et al., 1996). However, recent x-ray crystallographic
evidence (Juers et al., 2001) indicates that Glu461 is more likely the acid/base catalyst
than Mg2 .13-Galactosidase structures with substrate or inhibitors attached show no

9

I

Trp568

a)

o

0

Trp999
OH

G1u537 Glu461

TI

-

OH

G1u537

Trp999

MuMl

b)

I

Trp56

i)

o

0

Trp999
OH

G1u537 G1u461

'

Figure 1.6 A generalized outline for adouble-displacement reaction catalyzed by f3galactosidase. The active site shows Trp999 (represents the region of shallow mode
binding), Trp568 (represents the region of deep mode binding), the nucleophile (G1u537),
and the acid/base catalyst (Glu461) (a). Substrates interact in the shallow mode first (b).
As galactose moves towards the deep mode region, the attached aglycone (OR) is pulled
near the shallow region (c). The substrate forms aquasi covalent a-D-galactosyl enzyme
intermediate with the nucleophile G1u537 with the assistance from an acid (Glu461). This
is the first transition state (d). Galactosyl transfer to the nucleophile to form acovalent
bond is concerted with glycosidic bond cleavage (e). After cleavage, the aglycone is free
to leave the active site. These reactions constitute galactosylation k2.An acceptor
molecule (HOR') is free to enter the active site (f). The second transition state forms (g).
When R' is ahydrogen the acceptor is water which leads to degalactosylation (k3). When
R' is asmall sugar or alcohol, transgalactosylation (k4)can occur. During the second
transition state (degalactosylation k3)formation of galactose is facilitated by the base
G1u46 1, which deprotonates the acceptor molecule. The acceptor molecule attacks the
anomeric carbon breaking the covalent bond between galactose and Glu537 (g). Again
this is aconcerted reaction. Galactose is free to leave the active site (h). The active site is
left in the same state (i) as it started.
-

-
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contact between them and the Mg2 .Structures with transition state inhibitors indicate
that Glu461 is in perfect position to donate aW to the glycosidic oxygen in the deep
mode (Figure 1.7). If Me was the acid catalyst it would need to form adirect interaction
with the glycosidic oxygen. However, Mg-O-PNP (pNPG) or Mg-O-ONP (oNPG) could
not be modeled into the active site without introducing unreasonable steric clashes. It also
appears that the J{ donated by Glu461 is in the plane of the galactose ring (Figure 1.7b)
and is thus the most likely residue to donate ahydrogen atom to the glycosidic oxygen
(Juers et al., 2001). Glu461 is aligand to Mg2 at the active site (Edwards et al., 1990;
Juers et al., 2000) (Figure 1.4a, 1.7). Thus, Me may help fme tune the pKa of Glu461.
This is unusual since interactions between Glu461 and Mg2 should lower the pKa, but
the pKa is more than 7, which is very high for acarboxylate (Richard et al., 1996).
Richard et al. (1996) postulated that the positioning of Glu461 to Mg2 while going from
the galactosylated form of the enzyme to the free form of the enzyme causes the pKa of
Glu461 to increase. Other residues may have an effect of raising the pKa. One such
residue may be Asn460. It is close to Glu461 and Glu416, which are ligands of Me and
Asn460 is also close to Arg388 (Figure 1.7). All these residues may play arole in tuning
the pKa of Glu46 1. Mg

may also, of course, be important for the general conformation

of the active site. Mutations ofHis418 and Glu416 have dramatic effects on binding in
the shallow and deep modes (Huber

-

unpublished observations).

The effect of the Na ion was already being studied in the 1950s (Lederberg,
1950; Kuby and Lardy, 1952). In the 1960's the activity of 13-galactosidase with Na, Cs 1
and W were compared (Neville and Ling, 1967). It was found that Na increases the
activity more than other monovalent cations for oNPG, but W is better for lactose and
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Ca1actono1actoie

C1u461

Figure 1.7 Ligands to the active site Mg 2+ (green) include Glu461, Glu416, His418, and 3
water molecules (not shown). These ligands are about 2.0 Aaway from the Mg 2t All the
other interactions (except the ones shown) are less than 3.2 Aa) When the substrate
(pNPG) is bound the Mg 2 is about 5.5 Afrom the glycosidic oxygen, and Glu46l is
about 4.5 Afrom the glycosidic oxygen (pNPG is not hydrolyzed because Glu537 was
substituted by Gln for this structure). b) When the deep mode and transition state
inhibitor galactonolactone is bound, the Cl-hydroxl is 5.1 Afrom Mg 2 and 2.5 Afrom
Glu461. Glu537 and G1u461 are at 90° angles to each other.
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pNPG (Reithel and Kim, 1960). Detailed studies of the effects of Na and K with
different substrates have been done (Xii et al. 2004) and show that the sizes of Na and
were important to these effects. Structural work has now shown that the active site
Na forms square pyramidal geometry with 2water molecules and 3protein ligands
(Juers et al., 2000). As stated earlier, the protein ligands are the carbonyl oxygen
atoms ofPhe601, Asn604, and the carboxyl oxygen of Asp201 (Figure 1.4b). Xu et al.
+

+

(2004) quantitated the interactions of Na and K with Asp201. When Na binds with the
+

C6-hydroxyl of substrate, 5.8 kl/mol of binding energy is released, while 3.7 kJ/mol is
released with K. When Asp201 is substituted by Asn, neither Na nor K bind.
Therefore, the negative charge of Asp201 is required for Na or K to bind.
1.3 Substrate binding:
When substrate enters the active site and binds in the shallow mode it stacks with
Trp999 (Huber et al., 2003, Juers et al., 2001), while the transition state, covalent
intermediates, and galactose bind in the deep mode, closer to Trp568 (Figure 1.8).
Several residues and Ne are involved in attracting the galactose part of the
substrate into the shallow mode (Figure 1.9). In addition there is stabilization by Trp999.
Asp201 (Juers et al., 2001) interacts electrostatically with Na or W and the Na or W in
turn form strong interactions with the C6-hydroxyl of the galactose part of the substrate
(Xii et al., 2004). When the galactosyl moiety enters the shallow mode of the active site,
the C6- hydroxyl of galactose replaces one of the water molecule ligands to the Na
(Figure 1.4b). As the galactose moves further into the active site, the C6-hydroxyl moves
20° on the Na sphere and 0.1 to 0.2

Afarther away from the Na (with respect to how

shallow mode inhibitors bind). Asp201 also forms hydrogen bonds with the
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Trp999

b)

a)

Trp999
Trp999

Galactotetrazole

C)

d)

Figure 1.8 Some of the active site residues at various stages of catalysis are shown.
Trp568 (deep mode) and Trp 999 (shallow mode) are shown as black wire structures.
Glu46 1is the acid /base catalyst and Glu537 is the nucleophile. Asn46O is also shown. a)
oNPG is shown binding in the shallow mode of E537Q-13-galactosidase (a substituted Bgalactosidase that will not catalyze this substrate); b) 2-F-galactose in the deep mode
covalently attached to Glu537; c) transition state analog, galactotetrazole, bound in the
deep mode; d) galactose bound in the deep mode. Approximate distances are shown in A
in some cases.
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Figure 1.9 A schematic representation of lactose present in the shallow mode of 3galactosidase. Red lines indicate direct contacts with lactose, while the blue lines show
contacts within the active site. The yellow circle represents deep mode binding (near
Trp568 not shown), while the blue circle represents shallow mode binding (near Trp999
not shown). Part of galactose and part of glucose rest on Trp999.
-

-
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C4-hydroxyl and water. Binding at the C4-hydroxyl is very important for galactose
specificity (Huber and Gaunt, 1983). Indirect interaction from Mg2 (via H20) to the C4hydroxyl also occurs. His540 is involved in weak binding of the ground state substrate to
the C6-hydroxyl (Roth and Huber, 1996). Besides being an acid catalyst, Glu46l
interacts with the C2- and C3-hydroxyls of the galactose part of the substrate. Besides
being the nucleophile, G1u537 interacts with the C3-hydroxyl. In the shallow mode,
Glu46l is about 6Afrom the glycosidic oxygen, while Glu537 is about 6Afrom the
anomeric carbon (Figure 1.8a).
1.3.1 Galactosylation:
There is no direct evidence that the whole substrate moves into the deep mode,
but in order for Glu461 to be close enough to act as an acid catalyst and Glu537 to be
close enough to be the nueleophile, the substrate would have to move into the deep mode.
Thus, as the substrate moves deeper into the pocket (about 1-4

A; depending on the part

of the galactose being considered), Glu461 forms ahydrogen bond with the glycosidic
oxygen, and Glu537 becomes close to the anomeric carbon (Figure 1.8c, 1.10). The
interaction with the C4-hydroxyl and the C6-hydroxyl (via Na or K) is maintained for
both the substrate and the transition state. Asp20 1may therefore anchor the switch of the
binding mode from shallow to deep, while the galactose moiety rotates 90° in going from
shallow to deep binding (Figure 1.9 and 1.10). The galactose moiety then stacks on
Trp568. When galactose cannot move any further, Glu461 would be about 3Afrom the
glycosidic oxygen, and Glu537 about 3Afrom the anomeric carbon (Figure 1.8c).
Flattening of the pyranose ring seems to improve binding of the transition state since
galactonolactone and galactotetrazole (both of which have planar conformations) bind
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Figure 1.10 A schematic representation of lactose in the deep mode. The galactose rotates
90° while G1u46 1donates ahydrogen to the glycosidic oxygen which is about 2.5 A
away. G1u537 attacks the anomeric carbon which is about 3Aaway.

Figure 1.11 A schematic representation of galactose covalently attached to Glu537, and
glucose leaving the active site.
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103 to

108

times better than galactose (Huber and Brockbank, 1987; Juers et al., 2001)

(Figure 1.8c, and 1.8d). Glu461 probably donates its W to the glycosidic oxygen at this
point, and Glu537 reacts covalently with the anomeric carbon (Figure 1.8b). When the
covalent bond has formed, the galactosyl ring takes up anormal chair conformation with
an a-link to Glu537, and the aglycone (HOR) diffuses from the active site (Figure 1.11)
(unless it is glucose, when 50% remains long enough to react to form allolactose (Huber
et al., 1976)).
Several residues are involved in binding in the deep mode. The galactose moiety
stacks on Trp568. Asn460 and Glu537 are believed to bind the C2-hydroxyl (Juers et al.,
2001). His39 1makes direct contact with the C3-hydroxyl and His3 57 makes contact with
the C3-hydroxyl via awater molecule (Roth et al., 1998; Huber et al., 2001) (Figure
1.11).
Asn604, His540, and Asp201 (via the Na) keep the same interactions as in the
shallow mode (Figure 1.9, 1. 10, 1.11), but the HisS 40 interaction is much stronger in the
deep mode compared to the shallow mode (Roth and Huber, 1996). Glu461 changes its
interaction from the C3-hydroxyls in the "shallow mode" to contact with the glycosidic
oxygen in the "deep mode" while ligated to the Mg2 and the C2-hydroxyl in both modes
(Figure 1.9, 1.10). The bond between Glu461 and the C2-hydroxyl weakens in going
from the shallow to deep mode (since the distance of the hydrogen bond increases by
about 1A). Glu537 changes interactions from the C3-hydroxyl in the "shallow mode" to
the C2-hydroxyl in the "deep mode" (Figure 1.9, 1. 10, 1.11).
1.3.2 Degalactosylation:
If the R' in Figures 1.12 and 1.13 is aproton, the acceptor is water. However,
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Figure 1.12 The acceptor is water when R' is ahydrogen. The acceptor is activated via
deprotonation by G1u46 1. The activated acceptor attacks the Cl-carbon of galactose,
which causes breakage of the covalent bond with Glu537 to form the transition state.

Figure 1.13 After the covalent bond is broken, galactose leaves the active site.
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sugars, or alcohols can also be acceptors to catalyze transgalactosylation reactions (Huber
at al, 1984). Before the covalent interaction, Glu537 has anegative charge. However,
when the covalent bond is formed, Glu537 is neutralized and this probably raises the pKa
of Glu461 (due to the proximity of Glu537 to Glu46l) making it abetter base for
deprotonation of the water molecule (Richard et al., 1996). As aresult of the action of the
base, the acceptor will have amore negatively charged oxygen, which attacks the
anomeric carbon (Figure 1.12) to form the transition state. While this occurs the sugar
rotates and the C2-hydroxyl moves across the Glu537 carboxylate plane. During the
attack by the activated water molecule on the anomeric carbon, the length of the covalent
bond between Glu537 and galactose increases. The side chain of Tyr5O3 probably helps
to break the covalent bond by forming apartial hydrogen bond with the oxygen between
Glu537 and the anomeric carbon (Penner et al., 1999). At this point the covalent bond
breaks and galactose (or galactosyl adduct if the acceptor is not water) is free to leave the
active site (Figure 1. 13, 1.8d).
1.4 Transgalactosylation:
Small alcohols or sugars bind to the free enzyme (Ki) acting as competitive
inhibitors and to the galactosylated enzyme (Ki") acting as acceptors (Figure 1.14). When
acompetitive inhibitor binds, the substrate and acceptor does not. Acceptors bind the
galactosylated enzyme allowing transgalactosylation (k4)reactions to take place to form
galactosyl-acceptor adducts (Figure 1.14). Glucose is the most important acceptor of Bgalactosidase because it is the acceptor for the formation of allolactose (the natural
inducer of the lac operon). Crystal structures of glucose diffused into f3-galactosidase
crystals with galactose bound in the deep mode could not be refined enough to show how
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Figure 1.14 The general mechanism of 13-galactosidase in the presence of inhibitor!
acceptor. The inhibitor/ acceptor bind to both the free and the "galactosylated" enzyme.
When bound to the galactosylated enzyme, the acceptor can react (k4)to form galactosyl
adducts. The dots indicate that some sort of complex exists with the enzyme (E), 13galactosidase, while adash indicates that there is acovalent bond; Gal-OR', 13-galactosyl
substrate; Gal, galactose; HOW, aglycone product; A, inhibitor (acceptor); Gal-A,
galactosyl-inhibitor adduct. Ki is the competitive inhibitor dissociation constant. Ki" is
the dissociation constant of the E-Gal•A complex.
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glucose binds (Juers et al., 2001). Some electron density was found near Trp999, which
suggests that glucose binds somehow near this residue and this could be considered to be
bound in the shallow mode. There may also be interactions with Asn102 and His418.
When f3-galactosidase cleaves the 3(1—* 4) bond of lactose, about 50% of the glucose
molecules leave while 50% remain bound long enough to react (via their C6-hydroxyl) to
the galactose moiety of the galactosylated enzyme (Huber et al., 1976 and 2003; Juers et
al., 2001). A 0(1—* 6) bond is formed and allolactose is produced. Glucose binds quite
well to the galactosylated enzyme (Ki"

=

17mM (Huber et al., 1984)). Juers et al. (2001)

speculates that the C6-hydroxyl can reach into the deep mode better than any of the other
hydroxyls of glucose due to the extra length from the extra carbon (Figure 1.15).
Allolactose is agood substrate of J3-galactosidase (Huber, 1975). Galactosyl-f3galactosidases with substitutions for Trp999 react much faster with glucose than does
wild type 13-galactosidase (probably because it can approach more closely since it is not
bound to Trp999) (Huber et al., 2003). Despite the fast reaction, very few allolactose
molecules are formed when Trp999 is substituted because glucose binds very poorly
(probably because residues substituted for Trp999 do not interact well with glucose).
1.5 The loop (794-803):
Residues 794-803 make up aloop that is close to the active site and changes its
conformation during the reaction. The loop can either be in the "open" (Figure 1.16) or
"closed" (Figure 1.17) conformation. In the closed conformation, the loop seems to
partially block the active site. The loop is in the open conformation in the free enzyme
form, when shallow mode inhibitors are bound and when substrate are bound. When
transition state analog inhibitors are bound (galactonolactone or galactotetrazole), or
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Transgalactosyiation

Hydrolysis

Figure 1.15 A general scheme for the action of 3-galactosidase on the natural substrate
lactose. The enzyme can either perform hydrolysis, cleaving lactose into galactose and
glucose, or transgalactosylation, where the f3 (1—* 4) bond of lactose is changed to af
(1—* 6) bond producing allolactose. The allolactose is also hydrolyzed.

Figure 1.16 Crystal representation of the loop (residues 794-803) shown with athick
black line running through the main chain in the open conformation and with the
substrate, oNPG (green), bound close to Trp999. Trp568 is also near by. Hydrogen bond
distances (boxed in red) show the backbone oxygens of Gly794 and of Ser796 interacting
with aside chain nitrogen of Arg599, while the side chain oxygen of GIu797 hydrogen
bonds to the c-nitrogen of Arg599. The hydrogen bond interactions with distances boxed
in red change when the loop is in the closed conformation. Gly797 hydrogen bonds to the
Mg 2+ with 2water molecules (not shown). A network of interactions occurs between
Asp598, Phe601, Asn 102 and Na'. A1a798 is 11.2 Afrom Asp598 in the open
conformation (this distance decreases to 2.6 Ain the closed conformation).

23

Figure 1.17 Crystal representation of the loop 794-803 (shown with athick black line
running through the main chain) in the closed conformation with the transition state
inhibitor, galactonolactone (green), bound close to Trp568 (wire frame). Trp999 is near
by. The hydrogen bonds (boxed in red) show the backbone oxygen of Ser796 interacting
with the side chain nitrogen of Asn 102. The interaction distance from the backbone

nitrogen of A1a798 to the side chain oxygen of Asp598 is 2.6 A. A network of
interactions occurs between Asp598, Phe601, Asn102 and the Na'. A hydrophobic
interaction occurs between the side chain carbon of Ser796 and the aromatic ring of
Phe601 (blue line).
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when there is acovalent bond between Glu537 and the galactose moiety (2-F-galactose,
or 2-deoxy-galactose), (Juers et al., 200 1) the loop is in the closed position. This may
stabilize the possible transition states (galactosylation, degalactosylation, or
transgalactosylation). When the deep mode inhibitor (or product inhibitor), galactose, is
bound, the loop is in the open conformation. Since galactose is the product of
degalactosylation, and will be released, it is expected that the loop would be in the open
conformation (Juers et al. 2001, 2003).
When substrate initially binds in the shallow mode hydrogen bonds between
Gly794, Ser796, and Glu797 to Arg599 hold the loop open along with the Mg2 that
Glu797 interacts with via two water molecules (Figure 1.16). As the substrate moves
further into the active site the C6-hydroxyl of the galactose moiety moves 20° on the Na
sphere and 0.1 to 0.2

Afurther away from the W

(Figure 1. 16, 1.17). This provides

room for Phe601 to rotate and swing in closer to the active site (Figure 1.17). The loop
also forms new hydrogen bonds to stabilize itself by swinging closer into the active site
(Figure 1.17). The main chain nitrogen of Ala798 moves about

9Acloser to the active

site forming ahydrogen bond with Asp598 (Figure 1.17). Ser796 moves 10

Ato pack

with Phe601 (Figure 1.17) and its main chain oxygen forms ahydrogen bond to Asn102.
As cleavage of lactose occurs, the C2-hydroxyl of galactose moves through the G1u537
carboxylate plane. As this occurs Phe601 moves away, this in turn may cause the loop to
be open, thus releasing the product (galactose).
Gly794 and Pro803 act as hinges of the loop. When the loop is in the open
conformation Gly794 is in alower energy region of the Ramachandran plot than anonglycine residue would be in that are in the same region. Non-glycine residues at the 794
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position would be in ahigh energy region of the Ramachandron plot when the loop is
open. Thus, substituting an Ala for Gly at position 794 should favor the closed
conformation. When astudy of this type was done the loop did prefer the closed
conformation (Juers et al., 2003). The loop in the closed conformation binds glucose
better, but allolactose production is slower, (Juers et al., 2003). Thus the hinge is no
longer as effective. Results indicate that G794A-L-galactosidase has an increased rate of
galactosylation and adecreased rate of degalactosylation relative to wild type (Juers et
al., 2003).
Unpublished results (Sutendra and Huber, 2004) indicate that there is alack of
effect from Mg2 on E797V-, and E797L-13-galactosidase. An increase in Mg2
concentrations increases the activity of wild type J3-galactosidase with apMe mid-point
of about 4, while increasing the concentration of Mg2 has no effect on the activity of
E797V-, and E797L-J3-galactosidase. This suggests that there is aMg2 binding site near
Glu797 that neither Val nor Leu interact with that is important for activity. Further
evidence that this Mg2 is important is shown in the crystal structures with oNPG or
pNPG bound (Juers et al., 2001). Since the distances from the active site Mg2 is too long
for direct interaction to Glu797, the Mg2 near Glu797 (Juers et al., 2000) must be
responsible (Figure 1.16) for the increases in activity when position 797 is aGlu.
Substituting Ser796 with an Ala seems to cause the loop to prefer the closed
conformation. This is probably because the methyl side chain of Ala forms stronger
hydrophobic interactions than the side chain of Ser when packing with Phe601 (Figure
1.17) (Sutendra, Jancewicz, and Ruber— unpublished).
At this time there is not enough evidence to determine the exact role of the loop.
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Juers and colleagues (2002) speculate "that the loop does not totally block off the active
site, although it probably needs to move from the closed to the open conformation for
galactose to be released." A mutant 13-galactosidase with the loop deleted still makes
allolactose, so the loop may "fine tune the process of allolactose production." (Huber and
Juers

-

unpublished observation, 2002).

1.6 Residues involved in transition state stabilization:
His540, His357, and His391 seem to be important for stabilizing the transition
states (Figure 1.18) (Huber et al., 2001; Roth et al., 1998; Roth and Huber, 1996; Juers et
al., 2001). His540 makes astrong interaction directly to the C6-hydroxyl of galactose. It
binds the transition state with more strength than the ground state (Huber and Roth 1996).
His357 interacts with the C3-hydroxyl of deep mode inhibitors via water molecules, and
His3 91 interacts directly with the C3-hydroxyl of deep mode inhibitors. Each (His540,
His357, and His39 1) provide 16.9-32 kJ/mol of transition state stabilization (Roth and
Huber, 1996; Roth et al., 1998; Huber et al., 2001). Asn460, Glu461, and Glu537 are also
in position to form hydrogen bonds (Juers et al., 2001) with the C2-hydroxyl of the
transition state in the deep mode (Figure 1.18). Trp568 probably also stabilizes the
transition state. The loop (residues 796-803) probably also plays arole in transition state
stabilization. Initially it was thought that the C2-hydroxyl is not important for binding. DTalose (which has an axial C2-hydroxyl) was aslightly stronger inhibitor than Dgalactose (which has an equatorial C2-hydroxyl), but 2-deoxy-galactose (which has no
C2-hydroxyl) was only aslightly weaker inhibitor (Huber and Gaunt, 1983). However,
reversion reactions were studied using capillary gas liquid chromatography (Huber and
Huriburt, 1986). When 3-ga1actosidase is mixed with high concentrations of D-glucose
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Figure 1.18 The transition state (represented by galactonolactone) is stabilized by His39 1,
His54O, and through an indirect contact via awater molecule (not shown) with His357.
The nitrogen group of Asn46O is thought to bind the C2-hydroxyl during the transition
state. The nucleophile (Glu537) and the acid/ base catalyst (Glu461) also hydrogen bond
to the C2-hydroxyl of the transition state. Distances are shown in A.
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and D-galactose, relatively large amounts of allolactose and smaller amounts of every
other possible isomer of 3-ga1actosyl-glucose was produced. However when D-galactose
was replaced by D-talose, D-2-deoxy-galactose, or D-2-amino-galactose there was no
activity. These results show that there has to be an equatorial hydroxyl at the C2 position
of galactose in order for there to be activity. There is probably strong binding at the C2hydroxyl, but the binding energy is probably used to distort the galactose moiety to the
transition state conformation and thus the observed energy does not change. Reactions
with -galactosidase using deoxy and fluoro analogues of 2, 4-dinitrophenyl galactosides
showed that the C2-hydroxyl provides about

32 kJ/mol of transition state stabilization

(McCarter et al., 1992). This large stabilization from the C2-hydroxyl may occur because
of hydrogen bond interactions with Asn460 and/or Glu46 1and/or Glu537 (Figure 1.18).
During the reaction the C2-hydroxyl moves through the Glu537 carboxylate plane. Since
ahydrogen bond to the carboxylate would be strongest when it is exactly in the same
plane as the carboxylate, the true transition state probably lies on that point in the reaction
coordinate at which the C2-hydroxyl is in plane with the carboxylate of Glu537. The
interactions with the other hydroxyls probably anchor the rest of the galactosyl moiety
while the C2-hydroxyl is being pulled through the Glu537 carboxylate plane (Juers et al.,
2001).
1.7 Postulated interactions with Asn460:
Structures of 13-galactosidase with and without inhibitors have been solved (Juers
et al., 2001). Using these structures, distances between the residues close to Asn460, and
of these residues (i.e. those close to Asn460) to the hydroxyls of the substrates, transition
state and covalent form were measured. In this discussion distances of 3.2

Aor less are
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considered to be close enough to suggest that ahydrogen bond or ionic interaction with
another residue or substrate could be present. Juers et al. (2001) used 3.2

Aas the

maximum hydrogen bond distance. This distance was arbitrarily chosen because
distances longer than this usually result in poor hydrogen bonds. It should be stated
however, that hydrogen bonds to sulfur are usually longer than 3.2

Abecause sulfur is a

larger atom, but in this discussion only one sulfur atom (of the shallow mode inhibitor,
IPTG) is involved, and it does not have any interactions of importance. Distances that
change by more or less than 0.2

Afrom one structure to the next are considered to be

significant within the error range (as opposed to error). Figure 1.19 shows the distances
of the probable hydrogen bond interactions of Asn460 in the free enzyme. The atoms on
the residues are labeled in accordance with convention. This figure can be used in
conjunction with the text, tables and other figures to compare the atoms that are being
discussed.
Asn460 forms anetwork with other amino acids (Figure 1.19). It is close enough
to form direct interactions with Glu46 1, and Glu4 16. Glu4 16 is aligand for the active site
Mg2 and is important for substrate binding (Huber, unpublished), while Glu461 is also a
ligand of the active site Mg2 and is the acid/ base catalyst (Gebler et al., 1992; Richard et
al., 1996; Juers et al., 2001). Glu461 and Glu4 16 have direct contact to one another (Juers
et al., 2001). Asn460 is also close to Arg388, and Arg388 is close enough to form
interactions with Glu412 and Glu537. Glu537 is the nucleophile (Gebler et al., 1992,
Juers et al., 2001). Asn460 is also close to His 391 and His391 is important for
stabilization of the transition state (Roth and Huber, 1996; Roth et al., 1998; Huber et al.,
2001). Glu537, Glu461 and Asn460 are all close enough to form interactions with the
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Figure 1.19 The network of interactions from Asn460 that make connections to the
nucleophile (Glu537) and the acid/ base catalyst (Glu46 1) of the free enzyme. All
distances shown are 3.2 Aor less. Atoms are labeled in the same convention as the PDB
files (Berman et al., 2000). This figure is the basis of comparison for other figures and
tables.
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same water molecule in the free enzyme and when bound by IPTG. Juers et al. (2001) did
not discuss the significance of this water molecule since very little was known about
Asn460.
Table 1.1 shows the distances between the residues of the Asn460 network when
various inhibitors are bound to wild type 13-galactosidase and E537Q-13-galactosidase
variant (which is like wild type, but is un-reactive because it no longer has areactive
nucleophile). Distances not included in Table 1.1 with respect to Figure 1.19 are
distances that do not change much when inhibitors are bound to the free enzyme.
Distances to the water molecule are not listed in Tables 1.1 because this water molecule
is only present in the free enzyme and the structure with IPTG bound (Figure 1.20).
At pH 7.0 and during all points of catalysis the hydroxyls of IPTG, the nitrogen atoms of
Asn460 and Arg388, are protonated, Glu537 is deprotonated because it is expected to be
anucleophile. Glu461 is expected to be protonated (0E2) to act as an acid during

-

galactosylation, but is expected to be deprotonated to act as abase during
degalactosylation. The hydrogen atoms of the water molecule shown in Figure 1.19 and
1.20 most likely have hydrogen bonds to OE1 of Glu537 and the C3-oxygen of IPTG for
these reasons: Firstly the angle between the hydrogen atoms of water should be 104.9°
apart. For the water molecule in Figure 1.19 and 1.20 the angle shown is the closest to the
ideal angle. Secondly the distances between the hydrogen atoms and OE1 of Glu537 and
the C3-oxygen of IPTG are the shortest. Thirdly, these hydrogen atoms are in the same
plane as OE1 of Glu537 and the C3-oxygen of IPTG. It is unlikely that G1u461 shares
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Table 1.1 Distances (in A) between the amino acids of the network of Asn460 when
different inhibitors are bound to the free enzyme and the substituted enzyme
537Qa)
Numbers in bold are more than or equal to ±0.2 Adifferent from those in the free
enzyme. Distances to Mg2 and G1u412 are not included since these distances do not
change much from the distances in Figure 1.19. PDB (Berman et al., 2000).
Residue number
Atom notation

461 460
OE1-ND2

416 460
OE1-ND2

460 388
OD1-NH2

388 537
NH1-OE1

PDB
Code

Free enzyme

3.1

3.0

2.9

3.0

1DPO

Early complexes
E537Q/ONPGa
E537Q/pNpGa

3.0
3.0

2.9
2.9

2.9
3.0

2.9
2.9

1JYV
1JYW

IPTG

3.1

2.9

2.8

2.9

1JYX

3.3
3.2
3.0

2.9
3.0
3.0

2.7
2.8
2.9

3.0
3.0
2.8

1JZ6
1JZS

3.0
2.9

3.1
2.6

3.0
3.3

3.3
3.8

1JZ3
1JZ2

3.1

2.9

2.9

2.9

1JZ7

Transition state:
Galactotetrazole

Galactonolactone

L-Ribose

b

Covalent complexes:
2-deoxy-galactose
2-F-galactose
Product complexes:

D-galactose

a E537Q refers to the 13-galactosidase with asubstitution of Gin for Gin at position 537. This was done so that the
enzyme was catalytically inactive and it could be crystallized with asubstrate bound.
b B-galactosidase with L-ribose bound has not been published yet.
-

-
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Figure 1.20 The network of interactions (Figure 1.19) to the water molecule when IPTG
is bound to the enzyme. All distances shown are 3.2 Aor less. Atoms are labeled in the
same convention as the PDB files (Berman et al., 2000). The blue lines represent the
hydrogen atoms from water to Glu537 and the C3-oxygen of IPTG. These hydrogen
atoms are 98.7° (common for awater molecule).
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any contacts with the water molecule since the carboxyl group of Glu461 does not sit in
the plane of the hydrogen atoms or the lone pair electrons of the water molecule. Since
the hydroxyls of all inhibitors are protonated the C2-hydroxyl is ahydrogen bond donor
to 0E2 of Glu461 and the C3-hydroxyl is ahydrogen bond donor to 0E2 of Glu537.
ND2 of Asn460 is ahydrogen bond donor to OE of Glu416, and to the water molecule.
The angle and the increased distance of the hydrogens of ND2 of Asn460 to OE of
Glu461 would be an unlikely hydrogen bond. NH2 of Arg388 is the hydrogen bond
donor to OD

of Asn460 and OE of Glu412 (OE1 is more likely the hydrogen bond

acceptor since the distance is closer than 0E2 of Glu4 12). NH1 of Arg3 88 is ahydrogen
bond donor to OE1 of Glu537. The protonated OF1 of Glu461 is likely ahydrogen bond
donor to 0E2 of Glu416.
When IPTG is bound to the enzyme the water molecule moves further from
Asn460, and closer to Glu537 and Glu461 (Figure 1. 19, 1.20). Crystal structures with
oNPG or pNPG bound do not indicate any electron density for this water molecule. This
may be because rather than Glu at position 537 there is aGin. The nitrogen of Gin may
decease the binding affinity for awater molecule at that position. When deep mode
inhibitors are bound, the crystal structures indicate that the C2-hydroxyl of the deep mode
inhibitors occupies the same space were the water molecule was in the free enzyme and
when IPTG is bound (Figure 1.18). This is another reason to assume that the hydrogen of
water makes ahydrogen bond with the C3-oxygen of IPTG since vander Waals repulsion
would be the most likely reason to displace the water molecule as substrate goes from
shallow mode binding to deep mode binding. A schematic of the most likely hydrogen
bonds based on this discussion can be seen in Figure 1.21.
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Figure 1.21 A schematic of the most likely hydrogen bond donors (those with ahydrogen
covalently bound) to the hydrogen bond acceptors (blue lines) of the Asn46O network to
galactose (bound in the shallow mode on Trp999 yellow circle) covalently attached to
the aglycone (R). For the free enzyme, shallow mode binding, and galactosylation the
oxygen (OE I) of Glu461 would be protonated (to act as an acid), but during
degalactosylation Glu46 1would be deprotonated to act as abase. During
degalactosylation the C2-hydroxyl of substrates would have displaced the water
molecule. The other residues probably maintain the same protonation states for both
galactosylation and degalactosylation (except during the covalent intermediate when
Glu537 forms acovalent bond with the anomeric carbon).
-
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The distances between the residues with the early complexes, the transition state
and galactose show very little difference from the enzyme in the free state. The transition
state inhibitor galactotetrazole caused the distance between the side chains of Glu46 1to
Asn46O to increase (relative to wild type), which indicates that there is no hydrogen bond
interactions directly between Asn46O and Glu461. The distance from Asn46O to Arg388
decreased (thus increasing the strength of this hydrogen bond).
The distances changed the most for the covalent intermediate with 2-F-galactose.
The distance between Glu416 and Asn46O decreased (thus increasing the strength of this
hydrogen bond) while the distances from Asn46O to Arg388 increased (thus decreasing
the strength of this hydrogen bond). The distance from Arg388 to G1u537 increased so
much that this hydrogen bond does not exist. When 2-deoxy-galactose is covalently
bound the distance from Arg388 to G1u537 also increased. In general the distance from
Asn46O to G1u537 (via Arg388) increases, when the covalent intermediate is formed, and
the possible hydrogen bond between Arg388 and Glu537 is lost.
Table 1.2 shows the distances between residues that are part of the Asn46O
network and specific hydroxyls (or variants of the hydroxyls) of various inhibitors at
various stages of the reaction. Although Trp568 and Trp999 are not included in Table
1.2, these residues must play amajor role in both shallow and deep mode binding (Juers
et al., 2001; Huber et al., 2003). All of these distances are from Juers et al. (200 1) except
for L-ribose (which is from apersonal communication from D.H. Juers). Asn460 is close
enough to make contacts with the C2-hydroxyls of the transition state, the product
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Table 1.2 Distances (in A) between specific groups within the Asn46O network to the
hydroxyls (or variants of the hydroxyls) of inhibitors bound to wild type or the
substituted enzyme (E537Q°). Bold numbers are distances that are 3.2 A or less and
would probably be in ahydrogen bond. Distances to Me and Glu412 are not included
since the distances do not change much from Figure 1.19.
Complexes
InJiibitor

Early

Transition state

Intermediate

Product

ONPG PNPG IPTG Galacto- GalactonoL2-deoxy- 2-FDtetrazole lactone
Ribose galactose galactose Galactose

C1-OH(N)(S)'
E4610E2
4.7
E5370E2(NE2)° 7.2

4.5
7.2

4.5
7.3

2.7
3.8

2.5
3.2

2.8
3.1

5.4
c'

5.6
Cd

2.6
4.0

7.2
6.6
4.4
2.5
6.3
5.0

7.0
6.4
4.1
2.5
6.1
4.8

7.1
6.5
4.1
2.5
6.0
4.8

3.7
3.1
3.0
3.4
2.6
3.1

3.5
3.0
3.1
3.2
2.6
3.1

5.4
3.8
3.8
4.8
4.5
4.3

n/a
n/a
n/a
n/a
n/a
n/a

3.2
3.0
3.2
4.0
3.0
2.9c

3.7
3.0
3.0
3.4
2.7
3.1

C3-OH
E4610E2
3.1
E5370E2(NE2)° 3.0

3.1
3.0

3.5
2.8

5.5
4.6

5.5
4.4

4.6
6.4

5.6
4.3cc'

5.6
4.3cd

5.3
44

C5-OH
E5370E1

8.2

7.9

n/a

4.7

2.9

3.9

3.9

5.5

2OH(F)a
N4600D1
N460ND2
E4610E1
E4610E2
E5370E1
E5370E2(NE2)c

8.2

n/a (not applicable) no interaction can occur since there is no group to interact with.
a 2-F-Galactose has aC2-F group rather than aC2-hydroxyl group.
b For galactotetrazole there is no C1-hydroxyl, since there is anitrogen ring in its place. As aresult distances were
measured to the nitrogen that would be consistent with the Cl position. For IPTG the group at the Cl position is a
sulfur.
c E5370E2(NE2) refers to the substitution of GIn instead of On at position 537. This was done so that the enzyme
was catalytically inactive so that it could be crystallized with asubstrate bound.
d the symbol crefers to the covalent bond between Glu537 0E2 and the Cl hydroxyl.
-

-

-

-

-
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(galactose) and the C2-F of 2-F-galactose. Note, however, that the distances are 3.0

A

and longer and thus the hydrogen bonds could be on the weaker side of the scale. Glu46l
makes close contacts with the C2-hydroxyl of all the inhibitors except L-ribose. Some of
these contact distances are very small (particularly to oNPG, pNPG, and IPTG). Glu537
makes close connections with the C2-hydroxyl of the transition state, with the product
galactose, and the C2-F of 2-F-galactose. Glu537 and Glu46l make connections with the
C3-, and C2-hydroxyl (respectively) during early complexes, but not for the other stages.
Glu537 and Glu461 make connections with the Cl-hydroxyl during the transition state
and covalent intermediates (Glu537 forms acovalent bond with Cl of the galactosyl
moiety). Glu46l also maintains aconnection to the Cl-hydroxyl of galactose (the
product). Glu537 has an interaction with the C5-hydroxyl of L-ribose. In summary,
Asn460 directly contacts inhibitors during the transition state, the covalent intermediate,
and the product, and may interact indirectly to shallow mode inhibitors via tightly bound
water molecules. Glu537 and Glu46 1have at least one connection with inhibitors at each
stage. Most of these interactions occur during the transition state, and the least during the
early complexes.
Galactonolactone and the covalently bound 2-F-galactose have the most
connections to the network. This is not surprising since galactonolactone is an analog of
the transition state, and one would expect the transition state to be held in the active site
very tightly. When 2-F-galactose is bound the distances within the network change the
most. The connections to the product (galactose) are quite similar to those of the
transition state analog, galactotetrazole. This is interesting because while the Ki values
indicate that the transition state is held tightly, the product (galactose) is bound poorly for
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release. However, Trp568 probably plays amajor role in binding the transition state
which may account for this. Galactal was used to form the covalent intermediate for 2deoxy-galactose. Thus, theonly connection with 2-deoxy-galactose (except with Trp568)
is acovalent bond with Glu537. L-Ribose is bound only via its Cl- and C5-hydroxyls.
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2. Objectives:
The objective behind this study was to determine the role of Asn460 (E. coil) in
the mechanism of 13-galactosidase. If Asn460 stabilizes the transition state, transition state
analogs should bind more poorly to enzymes with substitutions than to wild type, and
substitutions for Asn460 should catalyze the reaction slowly in comparison to wild type.
If the main role of Asn460 is structural, this study should indicate this since it would have
no catalytic role. In addition, since Asn460 is close to other catalytically important
residues, substitutions for Asn460 should help to decipher the possible roles of these
other residues. Using site directed mutagenesis, Asn460 will be substituted by Asp, Ser,
Thr, Ala, and Gly. It is expected that the Ala and Gly substitutions would show similar
results since neither has afunctional group. It was expected that the Ser and Thr
substitutions would have similar results since they both contain ahydroxyl on their side
chain, and because they are similar in length. Asp is the same as Asn except the
functional group is acarboxyl rather than an amide.
Studies of inhibition will be carried out using shallow, deep, and transition state
analog inhibitors. This should indicate how Asn460 is involved in binding at different
stages of catalysis. Acceptor studies and temperature assays will be done to help
determine the changes in the values of individual rate constants involved. Arrhenius plots
will be used to determine the activation thermodynamics involved in attaining the
transition state(s). Determination of the crystal structure of substituted enzymes with and
without inhibitors bound will be done to help determine substrate binding effects at the
molecular level, and should show the position of the substituted side chain charges.
13-Galactosidase is amodel disaccharidase and this research should add to the
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overall understanding of the mechanism. Understanding this mechanism is important
because it can be compared to similar glucosidases with similar mechanisms in order to
gain abetter overall understanding of their mechanisms.
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3. Materials:
3.1 Sources of biochemical reagents:
-

-

-

-

-

-

-

ABCR (A Better Choice for Research Chemicals)
Commercial Alcohols, Inc.

D-talose.

Ethanol.

-

Aldrich Chemical company

-

-

D-galactose.

Qiagen— QlAquick Gel Extraction kit.
MO BIO Laboratories, Inc.

-

Ultraclean mini plasmid prep kit.

EM (Emanuel Merck) Science

-

Yeast extract, NaCl, Agar, Methanol.

BDH (Berufsorganization der Hebammen), Inc.

-

Tryptone, MgSO 4,NaOH, HCl, .

Glycerol.
-

Roche diagnostic, GmbH (Gesellschafl Mit bescbaenkter Haftung)

-

Amp, Complete

protease inhibitor.
-

Sigma

-

TES, EDTA, oNPG, imidazole, NaCl, D-glucose, PETG, ToNPG, D-

galactonolactone, L-ribose, 2-amino-galactose, 2-deoxy-galactose, 1-amino-galactose,
Bis-Tris, PEG8000, L-histidine. ICN, Inc.

-

TES, pNPG, L-arabinose, (NH4)
2SO4

(ultrapure).
-

Boehringer Mannheim

-

CPRG, DTT. Invitrogen

-

IPTG, ProBond Resin,

pBAD/His/lacZ plasmid.
-

VWR scientific

Spectra/Por membrane tubing, culture tubes, 18x 18m plastic cover

-

slips.
-

Amersham —8-25% gradient gels, PD-1O SEC desalting columns containing SephadexTh1

G-25 Medium, Sephacryl
-

S-300 high resolution.

Fisher Scientific NaH2PO4,Na2HPO4,acetic acid, CaC12,MgCl2,DMSO.
-
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-

-

Pharmacia

-

Phast gel Blue R tablets.

Galactotetrazole ((5R, 6S, 7S, 8S)-5-hydroxymethyl-6, 7, 8-trihydroxy-tetrazolo[1,5-

A]piperidine) was generously donated by Dr. Doug Juers (Whitman College, Walla
Walla, Washington).
3.2 Instruments, hardware, and software:
3.2.1 Spectrophotometers:
-

Shimadzu Corporation

-

UV-2101 UV-Vis Scanning spectrophotometer with aPackard

Bell 386SX-ll computer with UV-2101/31O1PC software (3.0) and UV-2101/3101PC
Kinetics software (version 2.0).
-Varian

-

Cary 1UV-Vis spectrophotometer with .
aPower Comp computer and Cary

Software with aCary temperature controller attached.
-

Varian— Cary 100 Bio UV-visible spectrophotometer with a56x MTRPTh1 Pentium 4X-

86 based PC computer with Cary Software.
-

Jobin YVON Spex Horiba Group

-

Fluorolog ISA containing aEurosep fluorescence

lamp with aDell computer.
3.2.2 pH meters, centrifuge, incubator, storage:
-

-

-

-

IQ Scientific Instruments
Hanna Instruments

-

-

pH meter and thermometer.

H1223 pH meter.

Cole-Parmer Instrument Co.

-

Digi-sense ThermoLogR thermometer.

DuPont Instruments Sorvall- RC-5B refrigerated super speed centrifuge (rotors SS-34,

GSA, and GS-3).
-

-

New Brunswick Scientific Co., Inc.
Pharmacia

-

-

Controlled Environment Incubation Shaker.

PhastSystem (for PAGE)
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3.2.3 Crystallization equipment and software:
-

Hampton Research

-

18 mm Cryocaps, 0.5-1.0 and 1.0-2.0 mm cryoloops, 4x6 2mL

crystallization trays.
-

GmbH X-Ray Research

-

Mar345 Image Plate System using Mar345 software on a

Silicon Graphics computer. This system was used to screen crystals with copper K alpha
x-rays.
-

-

Advanced Light Source (Berkeley, California)

-

Data collection

Millennium 2000 computer was used for processing, refinement, and electron density

maps with the following programs:
Scalepack and Denzo (Otwinowski and Minor, 1997)

-

Processing of crystal

data collection.
AmoRe (Navaza, 1994)

-

An automated package for molecular replacement.

XtalViewlXfit (McRee, 1999)

-

A versatile program for manipulating atomic

coordinates and electron density.
Procheck (Laskowski et al., 1993)

-

A program to check the stereochemical

quality of protein structures.
CNS (Brunger et al., 1998)

-

A software system for macromolecular structure

determination.
-

Collaborative Computational projects, No. 4, 1997 (ccp4)

-

Programs for

protein crystallography.
-

Molscript (Kraulis, 1991)— A program to produce both detailed and schematic
plots of protein structures.
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Bobscript (Esnouf, 1999)

Further additions to moiscript version 1.4

-

including reading and contouring electron density maps.
3.2.4 Presentation of material and other programs for analysis:
-

-

-

Graphpad Software, Inc.

-

Prism III and IV (data analysis and error).

Microsoft Excel and Word (presentation of results and analysis).
-

Rasmol

-

version 2.7.2.1 (for crystal representations except electron density maps)

3.3 Microbial reagents:
3.3.1 Growth media reagents:
All reagents were dissolved in ddH2O, and all were adjusted to pH 7.0 at 25°C
unless otherwise stated.
-

LB Broth

-

5g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl, adjusted to pH 7.5 at

37°C using NaOH.
-

LB plates

-

5g/L yeast extract, 10 g/L tryptone, 15 g/L agar, 10 g/L NaCl, adjusted to

pH 7.5 at 37°C using NaOH.
-

-

-

Amp

-

0.05 g/mL sterilized with afilter.

L-Arabinose for induction of pBAD
Glycerol stock

-

-

0.2 g/L L-arabinose sterilized with afilter.

A mix of 80% LB-broth (with E. coil of interest) and 20% glycerol

(v/v).
3.3.2 SDS Phast-Gel (PAGE) reagents:
-

-

-

Buffer strip solution— 0.2 M Tricine, 0.2 M Tris, 0.55% SDS, pH 8.1.
Buffer strips —2 gagarose and 100 mL buffer strip solution.
Phast-gel stain —4 Phastgel Blue R tablets, 320 mL ddH2O, 480 mL methanol, then

filtered. Add this to 35 mL 20% acetic acid (v/v).
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-

-

Phast-gel de-stain

-

30% methanol and 10% acetic acid (v/v).

Phast-gel preserving solution

-

10% glycerol and 10% acetic acid (v/v).

3.4 Buffers:
3.4.1 Assay buffers:
-

-

TES Buffer —30 mM TES, 145 mM NaCl, 1mM MgSO 4,adjusted to pH 7.0 (25°C).
TES-His Buffer

-

30 mM TES, 145 mM NaCl, 1mM MgSO4,30 mM L-histidine in the

pH range 6-11 (25°C).
3.4.2 SDS Phast-Gel (PAGE) buffer:
-

-

50x TAB buffer

-

0.04 M

Tris*acetate,

SDS-PAGE sample buffer

-

2M EDTA, pH 8.0.

10 mM Tris*HCl, 1mM EDTA, 2.5% SDS, 5% 13-

mercaptoethanol, 0.01% bromophenol blue, pH 8.0.
3.4.3 Nickel column buffers:
-

Native binding buffer

-

1part (200 mM NaH2PO4,5mM NaCl): 16 parts (200 mM

Na2HPO4,5mM NaCl) (v/v), adjusted to pH = 7.8.
-

Native wash buffer —3 parts (200 mM NaH2PO4 5mM NaCl): 1part (200 mM

Na2HPO4,5mM NaCl) (v/v), adjusted to p11=6.0.
-

Imidazole stock buffers

-

50 and 500 mM imidazole dissolved in native wash buffer.

3.4.4 Crystallization buffers:
-

Crystallization buffer

-

100 mM Bis-Tris, 100 mM NaCl, 200 mM MgCl2,10 mM

DTT, pH .6.5 with HCl at 14°C.
-

Mother Liquor (crystallization buffer with PEG)

-

1part (200 mM Bis-Tris, 200 mM

NaCl, 400 mM MgC12,20 mM DTT, pH 6.5 with HC1 at 14°C): 1part (18, 19, 20, 21, 22
% PEG 8000 with water (w/w).
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3.5 E. coli strain:
LMG194: F-AlacX74 gal E thi rpsL iphoA (Pvull) Aara714 leu::TnlO
(Sambrook et al., 1989). This strain was obtained from Invitrogen. Its genome does not
contain the gene for f3-galactosidase.
3.6 Plasmid:
pBAD/His/lacZ. This 7.1 Kb vector contains the gene for -galactosidase with a
fused His-tag peptide at the N-terminal. This plasmid is Amp resistant.
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4. Methods:
4.1 Statistical programs and error:
Programs from the Prism ifi and N (Motuisky, 1999) package were utilized to
determine unknowns (Km, kcat ,Vrn, appKm, appVm, k2,k3,E2,E3,slopes, Y-intercepts
and inflection points) and their error with linear (Eadie-Hofstee, van't Hoff, and linear
Arrhenius plots) and non-linear Michaelis

-

Menten, pH studies, Mg2 studies, and

curved Arrhenius plots) regression plots. These plots will be described later. The
statistical programs (F-test, confidence intervals, and standard error) from PRISM III and
N were used to determine significant difference between wild type f3-galaetosidase and
substituted enzymes To calculate the error for Ki values, the uncertainty principles from
.

Harris (1999) were used. Ranges were calculated for some unknowns (k2,k3,E2,E3,
k4,
Ki", ASt, AW, AS,,,

H0). The calculations that determine these ranges will be described

later. Statistical crystal information was collected from the programs that were used to
process and refine the final structures (section 3.2.3 and 4.11), and this data is reported
for the tetrameric form of 3-galactosidase.
4.2 D-Galactosidase substitutions:
pBad/HisllacZ plasmid with the gene for wild type 3-ga1actosidase was isolated
according to directions in the QIAGEN Plasmid Purification Handbook using the
QIAGEN plasmid midi protocol. The plasmid was then sent to Bio S&T Inc. (Lachine,
QC, Canada) where the codon for Asn46O (AlT) on the gene for 13-galactosidase was
changed. Five substitutions were selected: Ala (GCT), Gly (GOT), Asp (OAT), Ser
(AGT), and Thr (ACT). Sequence analysis done by Bio S&T Inc. showed that all of the
mutations were successful.
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4.3 Bacterial Growth:
Cells were grown in LB-broth starting from single colonies on LB-plates. Amp
was not added to the plates or the broth if no plasmid was present since E. coli LMG1 94
is not Amp resistant. Amp was added to cells with the plasmid in order to select for the
cells since the plasmid is Amp resistant.
4.3.1 LB-broth:
LB-broth was autoclaved. Once cooled (to the point when one can safely touch
the glass container) sterile Amp was added (1 tL of 0.05 gIL Amp to 1mL LB broth)
using sterile techniques. A single colony from the agar plates was inoculated into the LBbroth for growth of cells.
4.3.2 LB-plates:
LB-broth with agar was autoclaved to sterilize the solutions. Once cooled (to the
point where one could safely touch the glass container but before the agar hardened)
sterile Amp was adding for afinal concentration of 50 pg/mL. For growth of competent
cells, Amp was not added. The solution was then poured into petri dishes. The plates
could be stored at 4°C (up to 3months) by wrapping parafilm around the plate (to prevent
moisture loss). When plates were needed the paraflim was removed and the plates were
warmed to 37°C in the incubation oven. Then, using sterile techniques, ametal loop was
stabbed into the glycerol stock and the E. coli was streaked onto the plates. The plate was
incubated overnight in the oven at 37°C.
4.4 Transformations of E. coil LMG194:
LMG194 was streaked onto LB-plates without Amp and one of the resulting
colonies was inoculated into 5mL of LB-broth. After 16 hours at 37°C, 300 j.tL of the E.
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coli LMG194 cultures was added to astarter culture of 30 mL LB-broth. When the A550
was greater than 0.7 absorption units, the cells were collected by centrifugation with an
SS-34 rotor in polycarbonate tubes at 7,500 rpm (4,400 xg) for 5mm. The cells were
made competent by resuspending the pellet (which contains the cells) in 10 mL of 50 mM
CaCl2.This was put on ice for 20 mm. The cells were collected again by centrifugation at
7,500 rpm (4,400 xg) for 5mm, and resuspended in 2mL of 50 mM CaCl2.This
procedure makes the membrane permeable enough for aplasmid to enter the cell. A
sample (300 pL) of these competent cells was put into amicrotube with 1j.tL of mutated
plasmid. This was placed into ice for 40 min and then put in a42°C water bath for 2mm.
A sample (200 pL) of the liquid in each transformed microtube was spread onto an LB
plate that contained Amp. Only transformed cells should grow since they contain the
Amp resistant plasmid. The LB-plate was incubated overnight at 37°C. A control of
competent E. coli LMG194 cells that were not transformed was also incubated with Amp.
These cells should not grow since they are not Amp resistant.
4.5 Growth of transformed cells:
One colony of the transformed cells was inoculated into astarter culture of 30 mL
LB-broth containing Amp (since the transformed cells should be Amp resistant, and thus
should grow). This was incubated for 16 hours at 37°C with ashaking speed of 250 rpm.
Cells that grew in 30 mL of LB-broth with Amp were inoculated into 1L of LB-broth
with Amp and incubated for 4hours at 37°C, shaking at 250 rpm. Sterile L-arabinose (0.2
g/L) was added in a10 mL (L-arabinose) to 1L (LB-broth with Amp) ratio to induce the
pBAD promoter. This was then incubated for afurther 16 hours to obtain maximum
growth of cells.
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4.6 Purification and storage of the

-gaIactosidases:

The Xpress System.TM Protein Purification (version C, 1.4) from Invitrogen was
used with afew variations. '
After the incubation period (of 16 hours), cells were collected
by centrifugation with aSorvall GS-3 rotor at 5,000 rpm (4,500 xg) for 5min at 4°C.
The pellet was resuspended in aminimal volume of native binding buffer. Complete
proteaseTM inhibitor tablet was added (1 tablet per 50 mL resuspended volume) in order
to prevent degradation of the proteins via cellular proteases. The cells were broken by
two passes through an SLM-Aminco French Press at 850 psi. Insoluble cellular debris
and unlysed cells were removed by centrifugation with aSorvall SS-34 rotor at 12,000
rpm (16,250 xg) for 1hour. Purifications of the substituted -galactosidases were done
using —'5 mL ProBond resin in a10 mL syringe with Kimwip as afilter. Instead of a
gradient, step elution was done with 50 and 500 mM imidazole stock buffers. The
enzymes eluted when washed with the 500 mM imidazole. Each fraction from the Nicolumn was spot tested for activity using 3jiL of highly concentrated CPRG in water and
3p.L of the fraction on paraflim over awhite background. Spots that turned red rapidly
had active 3-galactosidase. Fractions with activity were assayed with oNPG and plotted
(as fraction number versus activity) to determine the fractions with the highest activity.
4.6.1 Removal of imidazole:
The high concentration of imidazole (from the nickel column) interfered with the
A280 readings that are required to obtain accurate protein concentrations. Thus; fractions
with high activity were pooled and placed into Spectrapor dialysis tubing (cutoff 12,00014,000). Dialysis was performed in 1L of TES buffer for 2hours, again with fresh
buffer for 5hours, and again with fresh buffer overnight. Such larger batch desalting of
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enzyme was used for most assays. However, when kc atvalues and fluorescence spectra
were required the fresh enzymes were eluted through small PD-10 SEC desalting
columns containing SephadexTh1 0-25. Eight bed volumes of TES buffer was initially run
through the column to equilibrate it and a0.5 mL fraction with high activity from the
nickel column was desalted and used for keat values and fluorescence. A fraction (with
high activity) from the PD- 10 column that eluted the earliest was chosen to be used (for
kcat and fluorescence) because imidazole elutes shortly after the enzyme does.
Further purification procedures were done in order to crystallize the enzyme.
These procedures will be discussed in section 4.9.1.
4.6.2 Enzyme purity, storage, and use:
Fractions with the highest activity were run on SDS Phast-Gels (PAGE) to check
purity. Only fractions with enzymes that were greater than 95% pure were used for
kinetic studies. Enzymes purified for crystallization were stored on ice in a4°C cooler.
Purified enzymes used for assays were frozen in liquid nitrogen and stored in a-86°C
freezer until needed. The samples were thawed by placing the vials into tepid tap water
just before use.
4.7 Fluorescence:
Fluorescence was used to determine if the substitution for Asn460 caused gross
structural changes. After elution from asmall PD-10 SEC column (section 4.6.1), the
sample with enzyme was purged with nitrogen gas and sealed to stop oxidation by free
oxygen radicals. Each substituted enzyme was compared to wild type over emission
wavelengths from 290 nm to about 440 nm with excitations at 275, 280, and 285 nm.
Freshly purified substituted enzymes and wild type enzyme were diluted to aprotein
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concentration of —0. 1mg/mL with TES buffer. If asubstituted f3-galactosidase had the
same fluorescence spectra as wild type -galactosidase it was assumed that the
substitution had not grossly affected the structure. Since -galactosidase is very large
(4,092 amino acids in the tetrameric form), and contains 148 Trp (and 124 Tyr),
fluorescence only detects large structural changes.
4.8 Assays and kinetic analysis:
The purified wild type and substituted enzymes were assayed at various
concentrations of oNPG or pNPG (appendix A) centered around the Km. The
approximate Km value of the substituted enzymes were 0.07 mM for oNPG, and 0.009
mM for pNPG. As aresult, assays were set up with oNPG concentrations of 5.0, 1.0, 0.5,
0.2, 0.05, and 0.02 mM and pNPG assays were set up with 0.45, 0.2, 0.05, 0.02, 0.0 1, and
0.005 mM, so that there were some substrate concentrations above and some below the
Km. It is difficult to assay the enzyme at substrate concentrations below 0.005 mM since
substrate is used up so rapidly that the rate slows down shortly after adding enzyme. As a
result it is difficult to obtain true initial activities (Vo) at concentrations less than 0.005
mM and thus assays with such low substrate concentrations were not used. The rate of
reaction was determined from the continuous production of oNP or pNP at A420 .All
assays were done in TES buffer (section 3.4. 1) at 25°C (except temperature assays) and
pH 7.0 (except pH studies) with 1mM Me (except for Mg2 studies). EDTA (0.1 mM)
was added in every case (except Mg24 studies) because -galactosidase can denature at
the glass wall-liquid surface in the presence of trace amounts of heavy metals Edwards
and Huber, 1991). All assays were done in duplicate and an average initial velocity was
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calculated from the slope (mabs/min) of the initial linear portion of the analysis (see
example in Figure 4:1).
4.8.1 Michaelis-Menten and Eadie-Hofstee plots:
Km and Vm were obtained using both linear regression of Eadie-Hofstee plots
(Figure 4.2; Equation 4.1) and by non-linear regression of aMichaelis-Menten plots
(Figure 4.3; Equation 4.2). The Km is equal to the concentration of substrate that gives
Vm/2, and Vm is the theoretical activity obtained at infinite substrate concentration. The
equation for these plots are:
Eadie-Hofstee:

Vo

=

-Km (Vo/[S]) + Vm

Equation 4.1

Michaelis-Menten:

Vo

=

Vm[S] /([S] + Km)

Equation 4.2

Simple visual inspection of Eadie-Hofstee plots shows how scattered the data is (Figure
4.2) since the data points should be close to the line. Data points far from the line were
repeated to look for any systematic error. If the Eadie-Hofstee plots were badly scattered,
the data collection was completely re-done.
Data with agood fit on Eadie-Hofstee plots were then plotted using the
Michaelis-Menten plot and analyzed by non-linear regression. The Eadie-Hofstee plot is
linear, thus requires linear regression to be analyzed. Linear regression assumes that all
uncertainty is in Y (abs/mm), while X ([S]) is precisely known. In the Eadie-Hofstee plot
both Y and X are uncertain since the X axis contains the uncertain Y (abs/min) data. In
order to obtain more accurate Km and Vm values the Michaelis-Menten plot is used
since X is assumed to be precisely known (Figure 4.3).
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Figure 4.1 Sample plot of the initial velocity (Vo) at aconstant concentration of substrate
(black arrow). Vo is the initial slope of the curve. As time increases the concentration of
substrate decreases. As aresult the rates decrease (indicated by the red arrow) giving a
false Vo.
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Figure 4.2 A sample Eadie-Hofstee plot showing the initial velocities (Vo) obtained at
each substrate concentration versus Vo /[S] (blue dots). The value of the slope is -Km,
while the Y-intercept is the Vm.
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Figure 4.3 Sample Michaelis-Menten plot. Vm is the maximum velocity of an enzyme
which is only achieved at infinite substrate concentration (red arrow). The Km is the
substrate concentration when Vm = Vm/2. This is the amount of substrate (mM) that half
saturates the enzyme (blue arrow).
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Non-linear regression works by adjusting the values of the variables in the chosen
equation to find the curve that best predicts Y from X. Non-linear regression determines
these values from the curve that produces the lowest possible sum of squares of the
vertical distances of the data points from the curve. This is done using iterations. Prism
stops iterating when two iterations in arow change the sum of squares by less than 0.01%
(Motuisky, 1999). The values that fit into the equation that give the lowest possible sum
of squares are the values of the best estimates of the unknowns. For aMichaelis-Menten
plot -non-linear regression predicts the best Vo values from the concentration of the
substrate to produce acurve with the lowest sum of squares, in order to obtain Km and
Vm.
4.8.2 Calculation of k:
kcat is the overall catalytic rate constant of an enzyme and is proportional to Vm
(Equation 4.3):
kcat =Vm /[E] t, where
Equation 4.3
[Bi tis the total concentration of the enzyme (monomer) used during the assay.
-

Vm changes in proportion to enzyme concentration, but kcatremains constant. The
concentration of the enzyme (monomer) used during the assay and the concentration of
the product catalyzed during the assay are required to determine the keat of the enzyme. In
order to determine the concentration of enzyme (monomer) and amount of product
catalyzed, Equation 4.4 (Beers law) is used:
[Enzyme or Product] = Abs/(a.pathlength), where
pathlength length of the cuvette (1 cm)
-

Equation 4.4

-

An A280 reading of the concentrated enzyme was determined in aquartz cuvette. Then
using Equation 4.4 with the extinction coefficient

() of 13-galactosidase (2.09 mg/mL

-
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1'cm'),

the concentration of 13-galactosidase was obtained (mg/mL). The concentration

was then converted to jmol/mL using the weight of one monomer of!3-galactosidase (1
iimol/ 116 mg).
The Vm (mabs/min with oNPG and pNPG) was obtained by non-linear regression
of the Michaelis—Menten plot as was explained above (section 4.8.1). This value is
substituted into Equation 4.4 (Abs) along with the extinction coefficient (c) for either
oNP (2.67 mIVf'cm 1•at pH 7and 25°C at A420)or pNP (6.55 mM 1•cm' at pH 7and
25°C at A420)to give the concentration of product produced per mm. (jimol/minlmL).
These two values (concentration of the enzyme, and Vm) were substituted into
Equation 4.3 with mm. expressed in sec. to give kcat (s 1). Only freshly purified enzyme
that had been desalted with asmall P- 10 SEC column (section 4.6. 1) was used to
determine the kcatvalues. The Km value determined from the assay that determines keat is
the Km value that is reported.
4.8.3 Inhibition and acceptor studies:
Inhibition studies were done to determine whether substitutions for Asn46O
affected the deep and /
orshallow mode binding and whether interactions of Asn46O with
the C2-hydroxyl are important. oNPG was the only substrate that was used since Ki
values are substrate independent (the use ofpNPG would have given the same results). In
classical competitive inhibition, the inhibitor reversibly binds to the active site of the free
enzyme preventing binding of the substrate and thus catalysis. For 13-galactosidase,
however, most competitive inhibitors also act as acceptors (Figure 1.14). A competitive
inhibitor that is also an acceptor can change the rate of the reaction. As aresult appkcat
and appKm include Ki" (binding of the acceptor to the galactosylated enzyme), and k4
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(the rate of transgalactosylation) (Figure 1.14). Equation 4.5 and Equation 4.6 are derived
from Figure 1.14:
appkcat

=

iic

+

k2k4[X1/Ki"

Equation 4.5

k2 + 1(3 + (k2 +

appKm = Ks (1 + [I] /Ki).

k3±.i(I11 /Ki")
k2 + k3 + (1(2 + 1(4). ([]]/Ki")

Equation 4.6

Dividing Equation 4.6 by Equation 4.5 gives Equation 4.7 which takes appk cat into
account when determining Ki values (Desehavanne et al., 1978):
(appKmlappk cat)= (Kfll1kcat)' [1 + ([I]! Ki)] where,
Equation 4.7
Km/k cat is the ratio obtained in the absence of inhibitor! acceptor.
appKm/appk cat is the ratio in the presence of inhibitor! acceptor.
-

-

-

-

One set of assays at various concentrations of substrate was done in the absence of
inhibitor, and another set was done with aconstant concentration of inhibitor to
determine Vm, Km, appVm, and appKm (Figure 4.4). Since the concentration of the
inhibitor is known, Ki can be calculated from Equation 4.7. Ki values are dissociation
constants. Thus, alarge Ki means weak binding of the inhibitor to the free enzyme while
asmall Ki means strong binding. If asubstituted enzyme binds an inhibitor exactly as it
binds to wild type, the substituted enzyme should have the same Ki values as wild type. If
aKi value for asubstituted enzyme increases for an inhibitor, the substitution has a
negative effect on binding since this inhibitor binds more poorly to the substituted
enzymes than to wild type. Ki values that decrease in comparison to wild type indicate
that the substitution changed the active site so that it binds the inhibitor better.
The structures of all inhibitors used in this study are shown in appendix A. The
shallow mode inhibitors studied were IPTG, ToNPG, and PETG. Deep mode inhibitors
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AppKm
Substrate concentration (mM)

Figure 4.4 In the set of assays without inhibitor present (red) the red arrow to the vertical
axis gives Vm, while the red arrow to the horizontal axis gives Km. For the set of assays
with inhibitor present (black) the black arrow to the vertical axis gives appVm (which can
be greater, equal or less than Vm), while the black arrow to the horizontal axis gives
appKm (which is usually greater than Km). The values of Vm, Km, appVm, and appKm
were determined by non-linear regression using Michaelis-Menten plots.
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studied are classified into product inhibitors (2-amino-galactose, 2-deoxy-galactose, Dgalactose, D-talose, and 1-amino-galactose), and transition state analogs
(galactotetrazole, D-galactonolactone, and L-ribose). L-ribose is thought to represent one
of the forms of the transition state as the reaction progresses. Shallow mode inhibitors
were used to see if substitutions for Asn46O had any effect on binding in the shallow
mode. Transition state analogs were used to see what effects Asn46O had on binding the
transition state. Product inhibitors were used to help determine how the substitutions
affected product binding in the deep mode.
4.8.3.1 Acceptor studies:
Studies to determine how acceptors affected the rate of reaction (Figure 1.14)
were done in the same fashion as inhibitor studies (section 4.8.3) except that analyses are
done at aseries of increasing acceptor concentration for each assay set. The initial
analysis is done using aplot of appkcat vs. concentration of acceptor from Equation 4.5
(Deschavanne et al., 1978). This plot is usually hyperbolic, but can be astraight line with
aslope greater or less than zero. If the acceptor does not affect the appk cat (Figure 4.5) the
plot will be ahorizontal line (with aslope equal to zero). This plot is used to determine
which catalytic steps are rate limiting, or partially rate limiting. If the k2 and k4 values are
larger than the k3 value and if the concentration of acceptor used is equal or greater than
the Ki" value (since enough acceptor is required to bind the galactosylated form of the
enzyme), the appkcat vs. [acceptor] graph will be hyperbolic. If the concentration of
acceptor is much smaller than Ki" (because it binds very poorly) it gives astraight-line
first order plot because one is in the linear area of the hyperbola (bold yellow lines in
Figure 4.5).
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a) appk

>

kcae

b) appkcat=kcat

c) appk

<

[Acceptor] (mIVE)
Figure 4.5 a) If appkc at is greater than kcat ,k4 must be greater than k3,and k3 must be less
than k2 or about equal to k2 (see Figure 1.14). In this relationship k3 is rate limiting or
partially rate limiting, so there is abuild up of the galactosylated enzyme, and as the
acceptor is increased, the rate will increase to atheoretical maximum of k2k4/(k2 + k4)at
infinite acceptor concentration. If the rate increases more than 10 fold, k2 and k4 are at
least 10 fold greater than k3 and thus k3 is essentially rate determining. b) If appkcat does
not change as acceptor is added, it means that k4 is greater than k3,but k2 is rate limiting,
or that k3and k4 are equal. If k2 is rate limiting, kcat would be equal to k2.Since k3 and k4
are faster than k2,there is no build up of the galactosylated enzyme, and the overall rate
cannot be greater than the rate of galactosylation. c) If appkcat decreases as acceptor is
added, k4 is smaller than k3 and k2.Since k4 is slower than k3,the overall rate will be
slower and no definitive information about whether k2 or k3are rate limiting can be
obtained. The bold yellow areas of a) and c) represent the linear area of the plots.
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4.8.3.2 Analysis of hyperbolic appk

vs. acceptor graphs:

For those plots of appk cat vs. acceptor concentration [X] that are hyperbolic,
Equation 4.5 (Deschavanne et al., 1978) can be rearranged to give an equation for a
straight line (Huber et al. 1984) (Equation 4.8) that was used to estimate the Ki" and k4
values:
appkcat = {(appk cat —kcat)I[XJ)° {(k2+k3)/(k2+k4)}.Ki"} + {(1c2k4)/(k2+k4)} Equation 4.8
[X] the concentration of the acceptor.
Ki" dissociation constant for binding of X to the galactosylated enzyme.
-

-

-

-

A plot of appkcat Vs. (appkcat

-

kcat)/[XI is alinear relationship and has aY-intercept equal

to (k2k4)I(k2+k4). If k2 is known, k4 can be calculated. The slope equals
{(k2+k3)/(k2+k4)} 'Ki". If k2,k3,and k4 are known, Ki" can be calculated.
4.8.4 Arrhenius plots:
For construction of Arrhenius plots, kcat values were obtained at various
temperatures between 5°C and 49°C. TES buffer was carefully adjusted to pH 7.0 at each
temperature because the pH of the buffer is temperature dependent. TES buffer was
heated or cooled to the desired temperatures in awater bath. A Digi-Sense ThermoLogR
thermometer was used to check the temperature of each buffer. This thermometer has an
accuracy of ±0.03°C in the range of —40°C to 100°C. A microprocessor-based pH meter
(RE 223) hooked to aglass body pH electrode was used to monitor the pH of the buffers
at each temperature. This pH meter and probe have an accuracy of ±0.01 pH units at
20°C, and presumably as good at other temperatures. Stock solutions of oNPG and pNPG
in TES buffer were also adjusted to apH of 7.0 at each temperature. A Cary UV-Vis
spectrophotometer with an attached Cary temperature controller was used for all assays.
The temperature controller allows one to heat or cool a6cell block with aprecision of
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±0.01°C. One of the 6cells in the block had acuvette with TES buffer that was not part
of the assay. The same temperature probe that was used to monitor the temperature when
the pH of the buffers were adjusted to 7.0 in the water bath was inserted into this cuvette.
The other 5cells contained the solutions to be assayed. Use of the same temperature
probe was important in order to minimize the error between different temperature probes.
The spectrophotometer also has atemperature probe, but this probe was ±1-2°C different
from the accurate Digi-Sense ThermoLogR thermometer. Another reason why it was
essential to use the same probe is that the Cary software heats the block to aset
temperature, but the temperatures obtained are not the same as the set temperatures. For
example, if the block is set to 45°C, the buffers may only get to 43°C when the block
equilibrates. In this case the block had to be set at ahigher temperature to get the buffers
to 45°C. Aluminum blocks were constructed to conform to the shape of the cuvette and
these were placed in the cells of the block to ensure that the cuvette was heated as evenly
as possible. Once the buffer was stabilized at aspecific temperature, the assay was
carried out. Because all of the assays could not be done in one day and because the
activity of the enzyme decreases slowly over time, the Vin at 25°C was done each day as
acontrol and the data were normalized if necessary. The keat values obtained were plotted
using Equation 4.9 (Arrhenius equation when activation energy is assumed to be
independent of temperature (Price and Dwek, 1979)):
lnk cat
-

-

-

(1/T)(E/R)+ In
A is the pre-exponential factor (1)•
T is the absolute temperature (K).
E is activation energy (J/mol).

Equation 4.9

If either k2 or k3 is rate limiting across all temperatures, the data will produce astraight
line with the slopes equal to —E2/R) or —(E3/R) respectively, depending on which is rate
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determining (Figure 4.6a) (a step is considered to be rate determining if it is at least 10
fold slower than that of the other steps in amechanism). In this case the activation energy
(at 25°C) is determined by multiplying the slope by R (Equation 4.9), and the rate
constant (k2 or k3 depending on which is rate determining at 25°C) is determined by
letting T equal 298.15K and solving Equation 4.9 for kcat.Since the degalactosylation
step is the same for oNPG as for pNPG, k3 and the thermodynamics should be the same
for both substrates even if the k3 value was only obtained for one substrate. It is also
known that the change in entropy for k2 is positive, while the change in entropy for k3 is
negative (Huber et al., 2003). As aresult, alinear oNPG Arrhenius plot that has negative
entropy (section 4.8.4.1) probably represents the thermodynamics for k3. Either k2 or k3
and their activation thermodynamics can be obtained quite easily if the line is linear. A
linear plot also represents the rate determining step (k2 or k3). The rate constant of the
rate determining step (k2 or k3) is usually equal or slightly larger than keg. Thus, it is not
possible to substitute the value of the rate constant of the rate determining step (k2 or k3)
and the experimental value for kc at into Equation 4.10 and solve with accuracy the value
of the step that is not rate determining.
kcat = k3k2 I(k2+k3),

Equation 4.10

If k2 and k3 are approximately equal and the activation energies along with the constant
(A) are different in the temperature range from 5°C to 49°C, the plotted line will curve.
At high temperatures (Figure 4.6b) the kcat for 13-galactosidase mainly represents k3 since
k3 is rate determining, and at low temperature kcatmainly represents k2because k2 is rate
determining (Huber et al., 2003). The Arrhenius equation (Equation 4.9) can be
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Figure 4.6 Examples of Arrhenius plots. (a) The straight line shows that only one
catalytic step (k 2 or k3)is rate limiting. The slope is either —E 2IR or —E 31R respectively.
(b) The slope at low temperatures is —E 2/R (blue), and the slope at high temperatures is
-E 3/R (red).
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rearranged to give Equation 4.11. The equation for kcat (Equation 4.10) can be substituted
into Equation 4.11 giving Equation 4.12 (adapted from Ayala and Ceri (2000)):
k= k0exp(-(E/R)(1/T lIT0))
Equation 4.11
kis the value of the rate constant at any temperature (T).
k0 is the rate constant at astandard temperature (To = 298.15K).
-

-

-

kcat =

(lcexp( -(B2 + E1)/R)(1/T lIT0))
(k2exp(-(E2/R)( l/T 1/To)) + k3exp(-(E3/R)( l/T 1/To)))
-

-

-

-

Equation 4.12

-

k2 and k3 are the rate constants at astandard temperature (T0 298. 15K).
E2 and E3 are the activation energies (T0=298. 15K).
T is set to each temperature in the data set.

When the data gave curved Arrhenius plots (Figure 4.6b), the rate constants (k2 and k3 at
25°C) and activation energies (E2 and E3)were determined by non-linear regression
(PRISM IV) using Equation 4.12. An example plot is shown in Figure 4.7. For
discussion purposes however, the data will be displayed using the Arrhenius plot (In kcat
Vs. l/T) as in Figure 4.6. Before non-linear regression was available to analyze curved
data, the raw data was manipulated to give astraight line. However, since non-linear
regression allows one to analyze raw data that curves it should be used (rather than data
that has been manipulated to create astraight plot) (Motuisky, 1999). Thus, the data were
analyzed using kcatVs. temperature (rather than in keat Vs l/T) because error is not
exaggerated or distorted by data manipulation. The reason the data are presented as it is
in Figure 4.6 (as an Arrhenius plot) is because straight lines that represent in k2 and/ or In
k3 and slopes that represent E2 and/ or E3 can be easily visualized.
4.8.4.1 Calculating thermodynamic values:
When the Arrhenius plots were linear, the slope and intercepts were estimated by
linear regression of Equation 4.9 and the k2 or k3 values (at 25°C) were calculated from
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Figure 4.7. An example of aplot of kcat(s) Vs. temperature (K). This plot was used for
non-linear regression analysis Equation 4.12) of data from systems that gave curved
Arrhenius plots.
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the slopes and Y-intercepts. In this case kcat (Equation 4.9) was equal to either k2 or k3
(depending on which was rate limiting). The activation energy (E2 or E3)was obtained
from the slope. Activation enthalpy

(AH)

(Equation 4.13), activation entropy (AS)

(Equation 4.14), and activation free energy (G) (Equation 4.15) could then be easily
calculated. TAS (at 25°C) was obtained by multiplying the value for activation entropy
(J/mol

•

K) by 298.15°K giving TL\S (at 25°C). TASI is useful when comparing

activation enthalpy and entropy since both have the same units.
1\HL [E (R. T)]
ASI [R (in {(constant N • h)/(RT)})
AGT [H (TAST)]
-

=

=

-

-

-

-

-

-

R]

Equation 4.13
Equation 4.14
Equation 4.15

T equals 298.15K (25°C)
Activation energy (E) and the constant (A) are obtained from Equation 4.9.
Avogadro' snumber (N = 6.0221367 • 1023 mol ')
Planck' sconstant (h = 6.6260755 • 10 34 j*s)

When the data gave curved Arrhenius plots (Figure 4.6b), the thermodynamics were
calculated by non-linear regression using Equation 4.12 (with data like that in Figure
4.7), but astraight line representing k2 at low temperature and astraight line representing
k3at high temperature was drawn onto Arrhenius plots, such as is shown in Figure 4.6b.
4.8.4.2 Problems with calculations for data that gave curved Arrhenius plots:
The Y-intercept of the straight lines from Arrhenius plots is very important for
determining the activation entropy needed to reach the transition state (Equation 4.14).
However, Cornish-Bowden (2002) feels that, at best, the Y-intercept of Arrhenius plots
can only give arough idea of the activation entropy of enzymes. That is because the data
covers only avery narrow temperature range (5-49°C). However, the temperature range
could not be increased because the enzyme denatures when the temperature is greater
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than about 50°C. Slopes of Arrhenius plots (obtained from the E2 and E3 values from
Equation 4.12 and data like Figure 4.7) determine the activation energy required to reach
the transition state. These values are less likely to be in error than the Y-intercepts
(Comish-Bowden, 2002). The data that resulted in curved Arrhenius plots were analyzed
by non-linear regression of keat Vs T data. Overall, reporting any value from data that
gave curved Arrhenius plots requires some method to estimate the possible range for the
values estimated since these values are very error prone. Analyzing the results in terms of
95% confidence intervals (see section 4.8.4.5) may give amore realistic idea of the range
of results and so this was done.
4.8.4.3 An example of estimating kinetic constants and thermodynamics for data that
gave curved Arrhenius plots:
Analysis by non-linear regression and display of data that gave Arrhenius plots
that were curved can best be explained using an example enzyme (Figure 4.8) with akcat
of 50 s_ i (at 25 °C). Non-linear regression requires initial estimates for the rate constants
and activation energies. For enzymes with data that gave curved plots, k2 and k3 are more
or less equal at 25°C (differing by less than 5fold). In addition, if k2 and k3 are more or
less equal they are always greater than kcat at 25°C (i.e. since both k2 and k3 are positive
numbers it is mathematically impossible for either k2 or k3 to be less than (k2k3)/(k2 +
k3)). Initial estimates of the values of k2 and k3 at 25°C (Equation 4.12) were therefore
each set to twice the keat value at 25°C (for the example enzyme, k2 and k3 would both
have initial estimates of 100

1)•

The activation energies for E2 and E3 were given initial

values based on the best fit straight lines of the data points between 5-15°C (E2)and
between 39-49°C (E3). The slopes of these lines times R gives estimates of the two
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Figure 4.8 An Arrhenius plot of the example enzyme. The best fit straight line using
linear regression of the data points between 5-15°C gives ak2 of 80 s_ iand an E2 of
100,000 J/mol. The best fit line from linear regression through the data points between
39-49°C gives ak3 of 70 s1 and an E3 of 50,000 J/mol. Dark circles represent the data
points that were used to determine the best fit lines, and the numbers above (k2)and
below (k3)indicate the temperatures (°C).
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activation energies (Figure 4.8). For this example the initial estimate for E2 is 100,000
J/mol and the initial estimate for E3 is 50,000 J/mol. All unknowns of Equation 4.12 were
constrained to be greater than zero (since none of these values can be negative). Nonlinear regression was then carried out and non-linear regression estimates of E2 and E3,
and of k2 and 1(3 (at 25°C), were obtained (Equation 4.12 using data like that in Figure
4.7). These E2 and E3values were then converted to slopes of the corresponding
Arrhenius plots by dividing the values by R (for Equation 4.9). The rate constants (k2 and
k3 at 25°C) obtained were used to determine the Y-intercepts (In A) using Equation 4.9
(with In kcatreplaced by In k2 or In k3)and the slopes. These slopes and Y-intercepts were
then used to draw straight lines (Equation 4.9) on the corresponding Arrhenius plot to
illustrate the dependence of temperature for k2 and for k3 (Figure 4.9). A visual
inspection of these lines over the data range allows one to determine if the results make
sense. Figure 4.9 shows how lines resulting from reasonable estimates of the unknowns
determined by this method would look. However, this did not always turn out to be the
case. Sometimes the lines were as on Figure 4.10. The fit may be poor because anarrow
temperature range was used, and/ or because non-linear regression mathematically
determines the best lines based upon the lowest sum of squares of the data, regardless of
whether the values obtained are physically possible. When non-linear regression lines
that did not fit well with the data were obtained, some data points were re-done. If that
did not produce reasonable results, data points were examined for systematic error.
4.8.4.4 Systematic error (absolute or relative residuals):
Residuals are the differences between actual data points and the theoretical data
points obtained by regression analysis using data like that in Figure 4.7. It was found that
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Figure 4.9 An Arrhenius plot of the example enzyme after non-linear regression was
performed. The values estimated at 25°C were 90
for k2,110,000 J/mol for E2,110
for k3,and 40,000 J/mol for E3.The vertical line represents 25°C, the temperature at
which k2 and k3 were determined.

s_ I
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Figure 4.10 Examples of lines predicted by non-linear regression that are in error. In
some cases the line determined by non-linear regression at low or high temperatures were
below the data points (black line). This is impossible and indicates that the Y-intercept
and/ or the slope that were calculated were incorrect. Sometimes the line was too far
above the data points (red line). In other cases the slope was too large (green line) or too
small (blue line) in comparison to the data points.
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as the temperature increased, the absolute values of the residuals increased. This is
probably because the larger kcat values (Figure 4.7) lead to larger residuals. Relative
residuals were determined by dividing the absolute residual (obtained by the PRISM IV
program) at aspecific temperature by the keat obtained at that temperature. It was found
that the kcat values obtained at low temperatures had the largest relative residuals. The
point with the highest relative residual was excluded for each data set and non-linear
regression was repeated. Changes of the rate constants and activation energy values were
very small in every case. There were also only small changes even when the two or three
worst data points (i.e. with the largest relative residuals) were removed. However, when
points with large absolute residuals (which occurred mainly at higher temperatures) were
removed the estimates of k2,k3,E2, and 133 often changed dramatically. The point at 49°C
(the highest temperature studied) was almost always found to have the greatest absolute
residual. This suggested that some systematic error may have been occurring (possibly a
small amount of denaturation at the high temperatures was causing false Vo values

-

this

would be most notable at lower substrate concentrations since substrate protects enzyme
from denaturation. Also, as temperature increases the rate increases and this would
increase the chance of obtaining false Vo values at lower substrate concentrations).
Therefore, if the point at 49°C had the greatest absolute residual, it was excluded on the
assumption that there was systematic error and non-linear regression was carried out
without the 49°C data point (Equation 4.12). A visual inspection of the lines estimated by
non-linear regression without this point was compared to the lines estimated with this
point (Figure 4.9). The plots that gave lines that were not obviously in error (such as
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those in Figure 4.10) were used and the k2,k3,E2,and E3 values for that plot were
reported.
4.8.4.5 Decreasing the ranges of k2,k, B,, and E3for curved Arrhenius plots:
Since the data gave values that changed significantly in some cases by simply
removing one data point, and because the results are inherently error-prone because they
cover only asmall temperature range, it was decided that the 95% confidence limits (see
section 4.8.4.2) were abetter way of reporting the error of the data than simply reporting
the standard error (using the standard error rather than the 95% confidence limit range
would have made the estimates look better). The 95% confidence interval of each
activation energy (E2 and E3)and rate constant (k2 and k3)were calculated using the
PRISM IV non-linear regression program.
In some cases the 95% confidence limits were very large or started at zero (since
the unknowns were constrained to be greater than zero). The initial estimates (section
4.8.4.3) that were obtained by using the lines between the data points for 5-15°C and 3949°C (Figure 4.8) were then used to decrease these intervals. The points (from 5-15°C
and from 39-49°C) at both ends of the lIT scale sometimes lined up in astraight line (as
in Figure 4.8). In the majority of the cases however, there was still acurve and the best fit
straight line was drawn through them even though the points curved. The true rate
constants (at 25°C) will either be equal to (if the points are lined up in astraight line) or
greater (if the points are still curving) than the rate constants resulting from linear
regression of the data points over the 5-15°C and 39-49°C ranges (see Figure 4.8). So,
the lines should give alower limit for each of the k2 and k3values. Substituting the k2
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value (25°C) obtained from the line between 5-15°C (which is its lower limit) into
Equation 4.10 (using the experimental kcat
at 25'C), gives the highest possible k3 value,
and substituting the k3 value (25°C) from the line obtained between 39-49°C (which is its
lower limit) into Equation 4.10 gives the highest possible 12 value. In most cases, these
upper limits of k2 and k3 gave asmaller range than the 95% confidence interval (section
4.8.4.3). This method will be illustrated using the example enzyme (with akcat of 50 s_ i at
25°C). According to Figure 4.8, the k2 value (at 25°C) determined from the data points 515°C is 80 s1.This is the minimum value for k2.If data could be collected at
temperatures below 5°C (which was very difficult with the instrumentation used) the k2
value would either be the same or would increase depending on whether the data is still
curving. Substituting this value (80 s') into Equation 4.10 (using the experimental keat of
50 s_ I at 25°C) gives ak3 value that must be less than 133 s1.According to Figure 4.8 the
minimum value of k3 (at 25°C) determined from the data points 39-49°C is 70 s1.Again,
substituting 70 s_ I as the k3 value into Equation 4.10 shows that the k2 value must be less
than 175

s 1.Thus,

k2 is in the range 80-175 s' and k3 is in the range 70-133 s'. If either

the highest or lowest or both the highest and lowest value in the range for k2 or k3
calculated with this method decreased the range to less than the 95% confidence range,
the range was adjusted to the smaller range. For example, if non-linear regression
resulted in a95% confidence interval for k2between 30 and 130 s_ i,the range for k2
would be reported to be between 80 and 130 sW'. It should be noted that the actual k2 or k3
values estimated by non-linear regression were not altered, only the ranges.
To be more confident with the results obtained for k2 and k3 other kinetic studies
were used. The values for k2 and k3 obtained by non-linear regression can be substituted
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into Equation 4.10 to see how close these values approximate the experimental kcat
(section 4.8.2). Acceptor studies (section 4.8.3.1) also provide evidence about the k2 and
k3 values obtained from the Arrhenius plots. The k2 value obtained from the Arrhenius
plots has to be equal to or larger than the Y-intercept of plots of Equation 4.8 using
acceptors and oNPG (section 4.8.3.2). If k2 is larger than the Y-intercept, k4 can be
calculated (Equation 4.8). The value for k4 must be larger than the k3 value (section
4.8.3.2) obtained from the Arrhenius plots. If k2 is greater than k3,the increase in activity
from Equation 4.5 should be significantly larger than if k2 is less than k3(section 4.8.3).
The Y-intercept of acceptor studies (Equation 4.8) can also help reduce the interval for
k2.If the lowest limit in the k2 interval is less than the Y-intercept of Equation 4.8, this
lower limit can be adjusted to equal the Y-intercept of Equation 4.8. Since k2 must be
greater than the Y-intercept of Equation 4.8, the value can be stated to be ≥the Yintercept.
The ranges for E2 and E3were adjusted using the slope of the line produced
between the data points 39-49°C for E3 and 5-15°C for E2 (Figure 4.8), similar to the way
that the ranges for k2 and k3 were adjusted. If data could be collected beyond 49°C, the
slope would either remain constant or decrease. That is, the points would either follow
the same straight line if the points represent only k3 (i.e. if k3 is rate determining at high
temperatures and the points are therefore lined up in astraight line) or they should
decrease if the points between 39 and 49°C are still influenced by k2 (i.e. still curving).
Therefore, for the example enzyme, E3 should be equal to or less than the slope times R
(50,000 J/mol) for the line produced between 39-49°C (Figure 4.8). This value is
therefore the upper limit of E3.If this value is less than the upper limit of the 95%
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confidence interval, it would replace that upper limit. Figure 4.8 shows that E3 is
estimated (between 39-49°C) to be 50,000 J/mol. If the 95% confidence interval obtained
by non-linear regression for E3 is between 20,000 and 60,000 J/mol, the range can be
reduced to be between 20,000 and 50,0000 J/mol. If data points could be collected at
temperatures lower than 5°C the slope would either remain the same (if k2 is rate limiting
and the points were therefore in astraight line) or get larger (if the points were still
curving). Therefore, E2 should be greater than the slope times R (100,000 J/mol) for the
line produced between 5-15°C (Figure 4.8). This value is the lower limit of E2.If this
value was greater than the lower limit of E2 reported from the 95% confidence range
from non-linear regression (Figure 4.9), the lower limit of the range was adjusted to the
new lower limit in the same way that E3 was adjusted.
4.8.4.6 Calculating ranges for Arrhenius plots with straight lines:
The slopes and Y-intercepts were determined along with 95% confidence
intervals using linear regression for Arrhenius plots with straight lines. From Eqaution
4.9, the Y-intercept (A) equals

e(t1t)

and the slope times R gives the E value. The

values of E and A were substituted into Equation 4.9 to determine values of the rate
constants. The appropriate 95% confidence limits for A and E were determined from the
confidence limits of the slope and Y-intercept and these were used to get the confidence
limits for the kvalues. These were the ranges reported.
4.8.4.7 Calculating ranges for thermodynamic values:
The ranges reported for L\Ht and LS were calculated based on the ranges for the
k2 and E2 values for galactosylation, and/ or the best limits for the k3 and E3 for
degalactosylation from curved (section 4.8.4.5) and straight (section 4.8.4.6) plots.
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Substitutions were made into Equations 4.13, and 4.14 to obtain the ranges for activation
enthalpy and entropy respectively.
4.8 .3 Substrate dissociation (Ks):
The substrate dissociation constant (Ks) equals {((k2+k3)/ k3))

Km}. If k2 is rate

limiting, Ks equals Km since k2 can be neglected and k3/k3 cancels. If k3 is rate limiting
Ks equals (k3/k2)• Km, and unless one knows the values of k2 and k3,the value of Ks
cannot be obtained. Acceptor studies (sections 4.8.3.1) and Arrhenius plots (section
4.8.4) can be used to show if k2 is rate limiting. The values of k2 and k3 obtained from
Arrhenius plots allow Ks to be calculated regardless of whether k2 or k3 is rate limiting.
If k2 is rate limiting across all temperatures, avan't Hoff plot can be used to
calculate the thermodynamics of substrate binding since each Km value would be equal
to the Ks at that temperature. The Km values for the pNPG data obtained from Arrhenius
plots (where k2 was rate limiting across all temperatures; i.e. Km equals Ks) were plotted
as in (1/Km) vs. (lIT) using the van't Hoff equation (Equation 4.16; Price and Dwek,
1979) for binding the substrate (i.e. since 1/Ks is abinding constant).

-

-

-

ln(11Ks) = (-AH0IR)(1IT) + (SJR)
Ks is the substrate dissociation (niM) constant.
AlT0is the standard enthalpy of substrate binding.
AS 0is the standard entropy of substrate binding.

Equation 4.16

The van't Hoff equation (Equation 4.16) has alinear relationship. Using linear regression
(PRISM IV) the slopes (-AH'R) and Y-intercepts (AS'R) were determined (at 25°C).
The AH0 and AS 0values were determined from these slopes and intercepts, respectively.
4.8.6 Mg2 studies:
Duplicate assay tubes were set up using oNPG concentrations that were greater
than 1OOx the Km (when oNPG concentration is greater than 1OOx Km, Vo is
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approximately equal to Vm). oNPG (50 mlvi) in TES buffers at various concentrations of
Mg21 (pH 7.0 at 25°C) were used for the assays. Aliquots (50 j.tL) of enzyme (diluted into
TES buffer with no added Mg2 )were incubated in 350 pL of TES buffer at various Mg2
concentrations (giving atotal volume of 400 jiL) for 10 minutes in a25°C water bath.
This incubation was done so that equilibrium between the enzyme and the

Me

could be

achieved. At the same time, 50 mM oNPG stock solutions (in TES buffer) with the same
Mg2 concentrations as the buffers used to incubate the enzyme were incubated for 10
mm. in the 25°C water bath. The reaction was started by adding 600 jtL of the oNPG
stock solutions. The total volume of 1000 j.tL had afinal oNPG concentration of 30 MM
(greater than lOOx the Km for any of the enzymes studied).
The endogenous

Me

concentration in the TES buffer was 1.4x 1 .6 M

(determined via ICP spectrophotometry by Dr. S. Hinman, Department of Chemistry at
the University of Calgary). In order to assay the enzyme at free Mg2 concentrations
below 1.4x 10.6 M, the metal chelator EDTA was used at various concentrations to give
concentrations of free Mg2 below 1.4x10

6 M.

EDTA itself always contains some Mg2

that is introduced into the buffer (also determined by Dr. S. Hinman). In order to increase
the concentration of Mg2 above 1.4x10

6 M,

various concentrations of Mg2 were added

to the TES buffer and this [Me] was taken into account when calculating the free Mg2
concentration. Data was plotted as pMg Vs Vo.
4.8.7 p11 effects:
pH profiles were obtained using TES-His buffer. thS does not buffer well above
pH 8.0. The imidazole side chain of histidine has apKa value of about 7.0 and the amino
group has apKa of about 9.0. These help to buffer the solutions at high pH. The enzymes
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were assayed as described in section 4.8.1 (assays), but at various pH values (between 510). When the nitrophenol product is protonated it does not absorb light in auseful range.
Thus, the nitrophenol product has adifferent extinction coefficient at different pH levels.
To account for this, the Vm obtained at aparticular pH was divided by the extinction
coefficient of the nitrophenol at that pH. Data was plotted as pH Vs. apercentage relative
to the highest Vm.
4.8.7.1 EC 50 values and F-tests for pMg and pH plots:
The data was analyzed by non-linear regression (PRISM IV). Values of EC 50
were obtained. These are roughly equal to the inflection points for the Mg2 studies, but
really are the point of half maximal activity for pH profiles. In order to do an F-test on
the EC 50values the data were normalized (by PRISM IV) so that the highest Vo or Vm
value for each enzyme was set at 100% and the lowest Vo or Vm value for each enzyme
was set to 0%. When non-linear regression was performed on this normalized data the
only value that was determined was the EC50 .An F-test was performed by separately
comparing each substituted enzyme to the EC50 value of wild type 13-galactosidase. A P
value of less than 0.05 indicated that the EC50of substituted enzyme was significantly
different from that of wild type 13-galactosidase.
To determine if the entire curve for asubstituted enzyme was different from the
curve for wild type 13-galactosidase, an F-test was performed comparing each substituted
enzyme to wild type 13-galactosidase. This data was analyzed as the relative percentage of
the highest Vo or Vm value obtained in each data set rather than with normalized data. In
each case Pvalues of less then 0.05 indicate that the entire curve was significantly
different from that of wild type 13-galactosidase (Miller, 2003).
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4.9 Crystallography:
Crystallization of 13-galactosidase was originally described by Jacobson and
Matthews (1992). Since then the method has been fine tuned (Jacobson et al., 1994; Juers
et at. 2000, 2001, 2003). The most up to date methods were used.
4.9.1 Further purification for crystallization:
Enzyme was purified using the Nickel column as described earlier (section 4.6).
The fraction(s) with the highest activity were pooled. The pooled volume was saturated to
50% ammonium sulfate (Dawson et al. 1974) and gently stirred for 30 min at 4°C. The
ammonium sulfate precipitate was collected as apellet by centrifugation at 9,000 rpm
(10,000 xg) using the Sorvall SS-34 rotor for 15 mm. at 4°C. The pellet was resuspended
in

1mL of TES buffer. This solution was applied to a250 mL gel filtration column

(loaded with SephacrylTM S-300 high resolution beads) that had been equilibrated by
washing with 500 mL thS buffer. The fraction(s) with the highest activity from the gel
filtration column were collected in the same fashion as was just described (using
ammonium sulfate precipitation followed by centrifugation). The pellet was resuspended
in —0.5 mL crystallization buffer (Juers et al., 2000). Dialysis was done using 250 mL of
crystallization buffer for 3hours and again overnight. Enzyme concentrations were
determined (A280), and had to be in the range of 8-12 mg/mL for efficient crystallization.
4.9.2 Crystallographic technique:
Crystallization buffer with PEG 8000 (mother liquor) at concentrations of 9.0%, 9.5%,
10.0%, 10.5%, 11.0%, and 11.5% was used to crystallize the enzyme using the hanging
drop method (Figure 4.11). The wells contained 1.0 mL of mother liquor at these various
concentrations of PEG 8000. The drops were put on plastic cover slips and the cover
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Figure 4.11 a) A representation of acrystallization tray. The green dots represent the
hanging drops (-5 p.L) with various dilutions of purified enzyme (D = 1, 2, 3,4) in 5%
PEG mother liquor. The yellow represents the wells with various concentrations of PEG
(9.0, 9.5, 10.0, 10.5, 11.0, and 11.5% PEG) in mother liquor (1.0 mL). b) The difference
between the drop solution (green), and the well solution (yellow) is that the well solution
has ahigher concentration of PEG than the drop, and the drop contains purified enzyme.
Over time the water from the drop diffuses to the well solution in order to equilibrate the
PEG concentrations.
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slips were sealed with grease onto the top of the crystallization tray wells (Hampton). The
drops contained 2-4 p.L of 10% PEG mother liquor with or without seeds with an equal
volume (2-4 gL) of purified enzyme (in crystallization buffer that had no PEG) to give an
overall PEG concentration of 5% in the drop. Since the well contains 9.0

-

11.5% PEG,

the water from the drop with 5% PEG will move to the well in order to
equilibrate the PEG concentration in the drop to the PEG concentration in the well. This
procedure slowly increases the concentration of PEG in the drop and if conditions are
right the protein will crystallize rather than precipitate. Different dilution factors were
used in order to obtain drops that did not have too many small crystals, or too few large
crystals (Figure 4.11). These trays were incubated in a14°C incubator between identical
trays with 1mL of water in the wells sealed with acover slip and grease to prevent
condensation in the crystallization tray. The crystal obtained for N460D-13-galactosidase
was done with 50 mM Mg2 rather than 100 mM Mg2t This was done in an attempt to
obtain ahigher resolution structure. The drops were checked for crystals each day until
crystals were fully developed.
4.9.2.1 Rough crystals and seed solution:
After several days rough crystals appeared. These crystals were used to make a
seed solution since rough crystals do not diffract to high resolution. Mother liquor (50
pL) at 10% PEG was added to the drop with the rough crystals. The crystals were broken
by pipetting gently. The drop was put into amicrofuge tube and 100 jiL of 10% PEG
mother liquor was added. New crystallization trays were set up with drops containing an
equal volume of purified protein and 10% PEG mother liquor containing the seeds. The
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concentration of seed solution was varied in order to find the concentration that nucleated
five to ten good crystals per drop.
4.9.3 Cryoprotectant, soaking and mounting:
The following method was adapted from Juers et al. (2000, 2001). The crystals
needed acryoprotectant since -galactosidase crystals decay in the X-ray beam before a
full data set can be collected if the crystals are not kept very cold. The grease on the slide
with the drop that had the crystal was wiped off. Then using 700 pL of well solution, the
drop was washed off the slide into afresh well. After 30 mm., 25 pL of DMSO was
added to the solutions with the crystals, and this was repeated over aperiod of 6hours at
room temperature to afinal volume of 1000 tL (70% mother liquor: 30% DMSO). In the
case of inhibitor soaks, 27.5 I
tL of DMSO was added to the solution with the crystals
along with 2.5 j.tL inhibitor (at 1000 times the Ki value of the inhibitor dissolved in
crystallization buffer), and this was repeated over the period of 2days at room
temperature to afinal volume of 1000 jtL (70% mother liquor: 30% DMSO with 100
times the Ki value of the inhibitor). After the cryoprotection and inhibitor soaks, the
crystals were mounted by picking the crystals out of solution with aloop attached to a
separate cryocap and mounting them on amagnetic goniometer (this places the crystal in
the path of the X-ray beam). A constant stream of nitrogen gas was passed over the loop
near the goniometer for flash freezing of the crystals.
An alternative technique was used to cryoprotect some of the crystals. .50 gL of a
cryoprotecting solution (mother liquor at 10% PEG and 25% DMSO) was put on acover
slip. Then using a18 mm magnetic crycap with an appropriate sized loop (a loop that is
just slightly smaller than the crystal) acrystal was taken out of its drop and placed in the
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cryoprotecting solution. Using the loop, the crystal was pushed back and forth through
the cryoprotecting solution for —30 sec. The crystals were then mounted on the magnetic
goniometer using the same loop that was used to place them in the cryoprotecting
solution. A stream of nitrogen gas was passed over the loop for flash freezing (100 K).
4.10 Screening crystals and data collection:
Crystals were screened on aMar354 Image Plate System using Mar345 software.
The system uses copper W alpha x-rays. Screening consisted of 2exposures for 5mm.
each. The crystal was rotated 90° between exposures. Crystals that showed reasonable
diffraction patterns (3.0

Aor less) were packaged and sent to the Advanced Light Source

in Berkley (California) for full data collection. The X-ray diffraction data were collected
at beamline 8.3.1 of the Advanced Light Source under agreement with the Alberta
Synchrotron Institute. The Advanced Light Source at Lawrence Berkeley lab is operated
by the Department of Energy and supported by the National Institute of Health (U.S.A.).
Beamline 8.3.1 is funded by the National Science Foundation, the University of
California and Henry Wheeler. The Advanced Light Source synchrotron access program
is supported by grants from the Alberta Science and Research Authority and the Alberta
Heritage Foundation for Medical Research.
4.11 Solving crystal structures:
The data set collected at the Advanced Light Source was processed using DenzoScalepack (Otwinowski and Minor, 1997). The starting model for crystals without
inhibitor bound was 1JYX (1.75

Aresolution; Juers et al., 2001), while the starting model

for crystals with galactotetrazole bound was 1JZ6 (2.1

Aresolution; Juers et al., 2001).

The starting model (1JYX) is wild type bound by the shallow mode inhibitor IPTG. This
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was chosen as the starting model for substituted enzymes without inhibitor bound to
avoid bias between substituted models and the wild type model without inhibitor bound.
This model was also chosen because of the high resolution and because the loop (794803) is in the open conformation (like it would be in the free enzyme). IPTG was deleted
from the PDB code when placed in the electron density for the substituted enzymes
without inhibitor bound. Molecular replacement was done using XtalView (McRee,
1999) and Amore (Navaza, 1994). Rounds of refinement were done using Xfit (McRee,
1999) and CNS (Brunger et al., 1998). DMSO molecules, water molecules,
galactotetrazole, Ne and Mg2 were added by lining up the backbone of the published
models (1JYX or1JZ6) with the backbone and electron density maps of the substituted
structure. The coordinates of molecules from the published model (DMSO molecules,
water molecules, galactotetrazole, Ne and Mg2 )that fit well into the density of the
substituted enzyme were copied and pasted into the PDB code of the substituted enzyme.
Then the substituted structure was refined with these new molecules. Molecules copied
from the published models had to have the following criteria. Water molecules with a
least two hydrogen bonding partners 3.2 Aor less away were copied from the published
model into the substituted model (see section 1.7). The oxygen atoms of the DMSO
molecules that were 3.2

Aor less from areasonable hydrogen bond partner were also

copied from the published model into the substituted model (see section 1.7). Ions from
the published model (Mg2 and Nat)were selected based on the fo-fo electron density
maps of the substituted structures. If enough positive electron density (from the fo-fc
electron density map) was in the substituted enzymes to cover the ion from the published
model, the ion was included in the substituted enzyme model.
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The published models (1JYX and 1JZ6) that were used as the starting model for
substituted structures showed that 86% of the residues are in the favorable regions of the
Ramachandron plot using ProCheck (Laskowski et al., 1993). The only difference
between the published models and the starting model is that position 460 is changed from
an Asn to aThr, Ser, or Asp. Thus, before any rounds of refinement were done, the model
of the substituted enzymes (the starting model) also shows that 86% of the residues are in
the favorable regions of the Ramachandron plot using ProCheck (Laskowski et al., 1993).
The starting model is then subjected to many rounds of refinement (11-24 rounds). The
backbone in the final substituted model went through subtle changes. Since the resolution
of the substituted enzymes (2.5

A) was poorer than that of the starting models ('4.7 A),

the lower resolution allowed for some flexibility of the backbone because there was more
electron density around the backbone than at higher resolution. As aresult, the final
structures for substituted enzymes showed slightly less than 86% (about 83%) of the
residues in the favorable regions of the Ramachandron plot using ProCheck (Laskowski
et al., 1993). Those residues that were not favorable in the Ramachandron plot for
substituted models, but were favorable in the Ramachandron plot foriJYX and 1JZ6,
were placed into the acceptable region of the Ramachandron plot.
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5Results:
5.1 Enzyme purity:
Each enzyme was greater than 97% pure when analyzed by SDS-PAGE (not
shown). The fluorescence spectra of the substituted enzymes overlapped with the
spectrum of wild type -galactosidase (Figure 5.1).
5.2 k

and Km values:
The kcat and Km values of the enzymes with oNPG and pNPG are shown in Table

5. 1, along with the fold decrease (the value of wild type -galactosidase divided by the
value of the substituted enzyme for kcat and Km). The kcatvalues decreased 26 fold for
N460D--galactosidase and 82 (N460G--galactosidase) to 230 (N460T-f3-galactosidase)
fold for the other substituted enzymes with oNPG. The koat values decreased from 58
(N460D--galaetosidase) to 900 (N460T-f3-galactosidase) fold with pNPG. In general the
kcat values for pNPG decreased more than for oNPG. The kcat values for pNPG were
especially small for N460A- and N460T--galactosidase. Of the substituted enzymes
with pNPG, N460A-, and N46OT.-3-galactosidase had the lowest Km values, while
N460S-3-galactosidase had the highest Km value. The Km values with oNPG decreased
in all cases except for N460S-f3-galactosidase where an increase in Km was found. The
Km values for pNPG decreased with each substitution.
5.3 Arrhenius plots:
The values obtained for k2 and E2 for galactosylation, and k3 and E3 for
degalactosylation (section 4.8.4) were the values that were used for the construction of
the lines for k2 or k3 for all of the Arrhenius plots. As was stated in section 4.8.4.2, there
is alot of error in Arrhenius plots as aresult of the narrow temperature range studied.
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Figure 5.1 Fluorescence spectra of each substituted enzyme (pink) with wild type 13galactosidase (blue) upon excitation at 280 nm. a) N460D-B-galactosidase, b) N460S-I3galactosidase, c) N460T-B-galactosidase, d) N460A-13-galactosidase, e) N460G-Bgalactosidase The concentration of each enzyme was 0.1 mg/mL.
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Table 5.1 kcat (s 1)and Km (mM) values for oNPG and pNPGa
oNPG

pNPG

Substitution kcat

Km

k,, t

Km

Wild type

600±11

0.12±0.01

90±1

0.040±0.002

N460D

23±2
(26)
7.03±1.0
(82)
2.6±1.0
(230)
6±1
(100)
7.3±1.5
(85)

0.047±0.005
(2.5)
0.18±0.01
(0.7)
0.027±0.004
(4)
0.042±0.002
(3)
0.060±0.006
(2)

1.5±0.5
(58)
1.0±0.3
(90)
0.10±0.04
(900)
0.15±0.05
(600)
0.84±0.30
(107)

0.0072±0.0008
(5.5)
0.0170±0.0009
(2)
0.0030±0.0002
(13)
0.0030±0.0004
(13)
0.0130±0.0006
(3)

N460S
N460T
N460A
N460G

'Fold

decreases from wild type are in brackets (value for wild type /values for substituted enzyme) for k
and Km values.
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Thus, atruer representation of the numerical data is obtained from the ranges rather than
the actual values that resulted from the lines on the Arrhenius plots. This is especially
true for the thermodynamic values. Therefore, information about activation enthalpy and
entropy will be discussed in terms of the ranges that are described in section 4.8.4.5 and
4.8.4.6.
The Arrhenius plots were linear for pNPG (Figure 5.2) and thus represent either
k2 or k3.The rate constants and activation thermodynamics determined from the straight
line plots of pNPG, along with the ranges calculated (section 4.8.4) are shown in Table
5.2. Since the addition of glucose had very little effect on the rates when pNPG was the
substrate of any of the substituted or wild type 3-galactosidases (section 5.4), it was
assumed that the data represent galactosylation (k2). In addition, the positive values of
found (Table 5.2) indicate that the data represent galactosylation (k2). The rate
constants for k2 in Table 5.2 are, therefore, approximately equal to the kcat values in Table
5.1. The rate constants (k2)decreased between 50 fold N460D--galactosidase) and 840
fold (N460T--galactosidase) from that for wild type f3-galactosidase (Table 5.2). The
values and ranges for activation enthalpies and entropies from Table 5.2 are illustrated in
Figure 5.3. Figure 5.3 shows that the activation enthalpy and activation entropy to reach
the first transition state (i.e. for galactosylation) from the ground state with pNPG was
larger for N460D--galacosidase than wild type f3-galactosidase and the other substituted
enzymes. The activation enthalpy ranges for N460T-, and N460G-3-ga1actosidase are at
the higher range of the wild type f3-galactosidase range. The ranges of activation enthalpy
for N4605-, and N460A--galactosidase are above the highest limit of wild type
galactosidase. In general Figure 5.3a indicates that activation enthalpy is more
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Figure 5.2 Arrhenius plot showing the effect of temperature (T K) with pNPG on wild
type f-galactosidase (open squares); N46OD--galactosidase (triangles); N46OS-fgalactosidase (plus sign); N46OT--galactosidase (diamonds); N46OA--galactosidase
(filled squares); N46OG--galactosidase (circles). The dashed lines through the points
represent galactosylation (k2). The dashed vertical line is at 25°C (the temperature at
which the rate constants were calculated).
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Table 5.2 Rate constants (k2 in units of s'), activation energy (E2 in units of kJ/mol),
activation enthalpy (AH 2 in units of kJ/mol), activation entropy (S 2 in units of
kJ/mol'T), activation entropy multiplied by 298.15 °K (TS 2 in units of kJ/mol),
activation free energy (G 2 in units of kJ/mol) for substituted enzymes and wild type 3galactosidase at 298.15°K with pNPG. Ranges, as explained in section (4.8.4), are given.
pNPG'

Wild type

N460D

N460S

N460T

N460A

K,

84

1.7

1.2

0.10

0.15

(range)

82 to 85

1.6 to 1.7

1.1 to 1.2

0.10 to 0.11

0.15 to 0.15

E2

82

113

95

84

91

(range)

76to88

107 to 119

92to98

80to87

90to93

81 to 88

AH

80
74 86
0.06

111
104 117
0.13

92
8995
0.07

81

89

82

2

(range)

AS
(range)

0.04 to 0.08

0.11 to 0.15

0.06 to 0.08

TAS

18

39

20

(range)

12 to 24

33 to 60

17 to 23

iG

62

72

73

2

2

N460G
0.77
0.77 to 0.79

85

78to85

87to91

79to85

0.009
0.003 to 0.02
3
0.86 to 6
79

0.04
0.03 0.04
11

0.03
0.02 to 0.04

8

10 to 13

5to 12

78

74

a k3for both oNPG and pNPG is the same since the nitrophenol product has been cleaved and galactose is
all that remains. The values for k
3can be seen in Table 5.3.
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Figure 5.3 Thermodynamics for reaching the transition state of galactosylation with
pNPG. a) activation enthalpy (iH in units of kJ/mol) b) activation entropy times
298.15°K (TAS in units of kJ/mol). The two thick horizontal lines represent the lower
and upper limits of the range for wild type -galactosidase; the dashed horizontal line
represents the calculated LH or TAS values for wild type f3-galactosidase; the vertical
dashed lines represent the range for the substituted enzymes; the numbers to the left of
the vertical dashed lines are the upper and lower limits of the ranges; the bold numbers to
the right of the dashed vertical lines are the calculated values of the AW or TAS values.
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unfavorable for all of the substituted enzymes than for wild type f3-galactosidase. This is
especially true for N460D-f3-galactosidase. Activation entropy ranges for N460A-,
N460T-, and N460G--galacosidase are either below or at the low end of the range for
activation entropy of wild type f3-galactosidase. The activation entropy range for N460Sf-galactosidase is at the higher end of the activation entropy range for wild type f3galacosidase.
When oNPG was the substrate, the Arrhenius plots were curved for wild type f3galactosidase and for each substituted enzyme except N460D--galactosidase (Figure
5.4). Previous studies with curved plots (Huber et al., 2003) have shown the data points at
low temperatures represent k2 while data points at high temperatures represent k3.For
N46OD-f-galactosidase the linear plot shows that either k2or k3 is rate limiting across all
temperatures (Figure 5.4). The Arrhenius plot with oNPG as the substrate for N460D-13galactosidase were not parallel to the line for pNPG (Figure 5.5). Thus, it was presumed
that k3 is rate limiting. This is also supported by the acceptor studies of N460D-13galactosidase with oNPG and pNPG (section 5.4) and by the fact that the ASI values (to
be discussed later) are negative. Since k3 is rate limiting, it is impossible to calculate the
value of k2,and therefore no information about k2 for oNPG with N460D-13-galactosidase
is reported. The rate constants and activation energies for N460S-, N460T-, N460A-,
N460G-, and wild type 13-galactosidase with oNPG (Figure 5.5-5.9) were obtained by
non-linear regression of the temperature data (section 4.8.4).
The rate constants and activation thermodynamics determined for oNPG along
with the ranges calculated (section 4.8.4) are shown in Table 5.3. The kinetic values for
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Figure 5.4 Arrhenius plots showing the effect of temperature (T K) with oNPG on wild
type -galactosidase (open squares); N46OD--ga1actosidase (triangles); N460S-J3galactosidase (plus sign); N460T-f3-galactosidase (diamonds); N46OA--galactosidase
(filled squares); N460G-f3-galactosidase (circles). The dashed vertical line is at 25°C (the
temperature at which the rate constants were calculated).
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rate constants were calculated).

100

97
0
5-0.
3S

1

-

-3

S

0-

U-

-

5
0.00315

0.00325

0.00335

0.00345

0.00355

1!T(k)
Figure 5.8 Arrhenius plot showing the effect of temperature (T K) with oNPG (circles),
and pNPG (squares) on N460A-13-galactosidase (filled) and wild type-J-ga1actosidase
(open). The dashed straight lines represent the galactosylation (k2)component of the
reaction. The solid straight lines represent the degalactosylation (k3)component of the
reaction. The dashed vertical line is at 25°C (the temperature at which the values of the
rate constants were calculated).

9

5

I

-

-

-

Co

-.

S

a

S..

-

-

-.

.

-.

•

0

-.

0 0

a-

-

b

-

S. •

.-_

•- IL

W-*-.

-M

—

UU-

0.00315

0.00325

0.00335

0.00345

0.00355

1/T(K)
Figure 5.9 Arrhenius plot showing the effect of temperature (T K) with oNPG (circles),
and pNPG (squares) on N460G-13-galactosidase (filled) and wild type-B-galactosidase
(open). The dashed straight lines represent the galactosylation (k2)component of the
reaction. The solid straight lines represent the degalactosylation (k3)component of the
reaction. The dashed vertical line is at 25°C (the temperature at which the values of the
rate constants were calculated).

101

Table 5.3 Rate constants at 298.15 °K (k in units of s'), activation energies (E kJ/mol),
activation enthalpies (AH1 in units of kJ/mol), activation entropies (AS* in units of
kJ/mol.T), activation entropies multiplied by 298.15 °K (TzS in units of kJ/mol),
activation free energies (G in units of kJ/mol) for substituted enzymes and wild type
galactosidase with oNPG. Values with the subscript "2" are for the galactosylation step
while those with subscript "3" are for the degalactosylation step. The ranges of the data,
as explained in section (4.8.4) are also shown.
-

-

oNPG

Wild type

N460D

N460S

N460T

N460A

13

17
12 to 24

9to 24

128

97

k2

1449

(range)

781 to 2116

10 to 22

N460G

E2

83

118

5.2
5to 8
114

(range)

67to99

109 to 154

96 to 138

120 to 150

86 to 133

AHt 2

80

116
106 to 152
0.17

111
94 to 135
0.14

126
104 to 148
0.20

95

0.12 to 0.28

(range)

64 to 97

AS

0.08

2

13

84 to 131

0.09
0.05 to 0.22
28
16 to 65
67

(range)

0.03 to 0.14

0.13 to 0.29

0.08 to 0.23

TiS 2
(range)
AG 2

25
Sto 43
55

49
39 to 86
67

43
25

to 68
69

37 to

N460S

N460T

N460A

N460G
16

oNPG' Wild type

N460D

82

66

k3

1050

21

9

722 to 1379

20 to 21

9to 26

5.1

(range)

35 to 5.5

8to 11

10 to 31

E3

20

68

47

41

42

33

(range)

12 to 27

66 to 70

28 to 66

32 to 51

AH

17

66

44

39

(range)

10to25

64to68

25to63

29to48

34to44

iS

(range)

-0.13
0.l6to 0.10

0.006
0.006 to 0.007

-0.07
0.l4to 0.006

-0.10
0.l4to 0.07

-0.10
0.11to 0.08

T,S

3

3

17

60

37 to 46
39

12 to 44

30
10to42
-0.12
0.l9to 0.08

-39

1.8

-22

-30

-28

-36

(range)

47 to 31

2to 2

42 to 2

41 to 20

34 to 23

-58 to 23

AG

56

66

66

69

68

66

3

3

a k3 for both oNPG and pNPG is the same since the nitrophenol product has been cleaved and galactose is
all that remains.
-
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k2 and k3 in Table 5.3 can be substituted into Equation 4.10 for each substituted enzyme
to obtain keat .These values can be compared to the experimental keat values obtained in
Table 5.1. In all cases the kcat values obtained using the k2 and k3 values (and Equation
4.10) from Arrhenius plots were very similar to the actual kc atvalues obtained in Table
5.1. Table 5.3 shows). From Table 5.3 the decreased rate for substituted enzymes relative
to wild type 3-galactosidase (rate of wild type -galactosidase divided by the rate for
substituted enzymes) shows that the rate constant for galactosylation (k2)decreased
between 85 fold (for N460A-f-galactosidase) and 279 fold (for N460T-f3-galactosidase)
in comparison to wild type -galactosidase, while the degalactosylation rate constants
(k3)decreased between 50 fold (for N460D--galactosidase) and 206 fold (for N460T-..
galactosidase) in comparison to wild type -galactosidase. For galactosylation, the values
calculated for activation enthalpies were more unfavorable for all substituted enzymes
than for wild type B-galactosidase, while the values calculated for activation entropies
were more favorable for all substituted enzymes (except N460G-f3-galactosidase) than for
wild type B-galactosidase (Table 5.3). The value calculated for activation entropies for
N460G-f3-galactosidase is about equal to that of wild type f3-galactosidase. For
degalactosylation (k3), the values calculated for activation enthalpies were more
unfavorable for all of the substituted enzymes, while the values calculated for activation
entropies were more favorable for all substituted enzymes (except N460G-galactosidase) (Table 5.3) in comparison to wild type B-galactosidase. The value
calculated for the activation entropy of N460G-f3-galactosidase is about equal to that of
wild type f3-galactosidase.
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Figure 5.10 shows the ranges for activation enthalpies and activation entropies
(multiplied by T) of the galactosylation reaction with oNPG as the substrate. Larger
ranges for both activation enthalpies and entropies were found with oNPG than with
pNPG (compare Figure 5.3 and 5.10). This is because the ranges in Figure 5.3 were for
data that gave alinear Arrhenius plot. For straight Arrhenius plots there are two
unknowns to calculate, while there are four unknowns to calculate for curved Arrhenius
plots. The more unknowns, the greater the error will be for each unknown; hence the
differences in the ranges. The ranges for the activation enthalpies and entropies of the
galactosylation step (k2)for all substituted enzymes were almost all higher than the
highest limit of activation enthalpy and entropy for wild type -galaetosidase. This
indicates that activation enthalpy is more unfavorable for all substituted enzymes while
the activation entropy for galactosylation is more favorable for all substituted enzymes.
The ranges for activation enthalpies and entropies (multiplied by 298.15°K) for
degalactosylation (k3)from Table 5.3 can be seen in Figure 5.11. The differences in error
between data that gives astraight line Arrhenius plot for N460D-3-galactosidase
compared to data that give curved Arrhenius plots are obvious, since the range calculated
for N460D-3-ga1acosidase is smaller than for the other substituted enzymes. The results
also indicate that the range for high temperature data points (Figure 5.11) is less than at
low temperatures (Figure 5.10). At low temperatures the range is greater than 40 units for
each substituted enzymes, while at high temperatures the range is less than 40 units for
each substituted enzyme. This is because the absolute errors (residuals) are larger at
higher temperatures.
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Figure 5.10 Thermodynamics for reaching the transition state of galactosylation with
oNPG. a) activation enthalpy (
AW in units of kJ/rnol) b) activation entropy times
298.15°K (ThSt in units of kJ/mol). The two thick horizontal black lines represent the
lower and upper limits of the range for wild type; the dashed horizontal line represents
the calculated AW or TzSt values for wild type 13-galactosidase; the vertical dashed lines
represent the range for the substituted enzymes; the numbers to the left of the vertical
dashed lines are the upper and lower limits of the ranges; the bold numbers to the right of
the dashed vertical lines are the calculated values of the zH or TzS values. All values
are also stated in Table 5.3.
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Figure 5.11 shows that for N460D--galacosidase both the activation enthalpy
and entropy to reach the second transition state (degalactosylation) from the covalent
intermediate is much greater than for wild type 3-ga1acosidase and the other substituted
enzymes. Thus, activation enthalpy is very unfavorable and activation entropy (for
degalactosylation) is very favorable for N460D--galactosidase relative to wild type 3galactosidase. The ranges for N460G-f-ga1actosidase for activation enthalpies and
entropies of both galactosylation and degalactosylation span the entire range of the wild
type 3-galacosidase activation enthalpy and entropy (Figure 5.10 and 5.11). However, the
lower limit of the range for activation enthalpy of N460G-f3-galacotsidase does not go
below the lower limit of the range of wild type -galactosidase, and the upper limit of the
range is 17 kJ/mol higher than the highest limit of the range of wild type 13-galactosidase.
The results for N460S-, N4601-, and N46OA--galactosidase indicate that the ranges for
their activation enthalpies and entropies are all greater than for wild type f3-galacosidase
(Figure 5.11), but the ranges are very broad. This indicates that for N460S-, N460T-, and
N460A-3-galactosidase, activation enthalpies for degalactosylation (k3)are somewhat
more unfavorable than for wild type 3-galactosidase, and the activation entropies are
somewhat more favorable than wild type.
5.4 Acceptor studies:
Figure 5.12aand 5.12b show that as the concentration of glucose is increased the
appk cat for each of the substituted enzymes increases when oNPG is the substrate. When
pNPG is the substrate the appkcat remains constant for all substituted enzymes when
glucose is the acceptor (Figure 5.12c). Since all of the plots with oNPG as the substrate
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Figure 5.12 Increase in appkcatas afunction of glucose concentration (Equation 4.5): a)
with oNPG, b) same as plot (a) but excluding N460D-3-galactosidase and using a
different scale, c) with pNPG. N460D--galaetosidase (triangles), N460S-f-galactosidase
(plus sign), N460T-f3-galactosidase (diamonds), N460A--galactosidase (square),
N460G--galactosidase (circle).
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and glucose as the acceptor were hyperbolic (Figure 5. 12a. and 5. 12b), the data were
analyzed by plotting appk cat vs. (appk cat-k cat)/[Glc] (Figure 5.13) to give alinear
relationship.
The Y-intercepts of these graphs equal k2k4/(k2 + k4). Substituting the k2 values
for oNPG from the Arrhenius data (Table 5.3) into this equation gives the rate of
transgalactosylation (k4)(Table 5.4). Since k2 could not be calculated for N460D-f3galactosidase with oNPG one can assume that k4 is greater than the Y-intercept of Figure
5.13c, and thus the value of k4 is greater than 33s 1.All substituted enzymes showed a
significant decrease in k4 in comparison to wild type f-galactosidase. The slopes of the
graphs in Figure 5.13 equal {(k2+k3)/(k2+k4)} *Ki". Substituting the k2 and k3 values
obtained from Table 5.3 and the k4value obtained from the Y-intercept of Figure 5.12
(given in Table 5.4) gives the Ki" values for glucose. The results (Table 5.4) show that
galactosylated substituted enzymes bind glucose more poorly than galactosylated wild
type -galactosidase.
A plot of appKm/appkcat Vs. glucose concentration (Figure 5.14) has aslope equal to
(Kmlk cat)*(1/Ki) (Equation 4.7). Ki is the dissociation constant for the complex between
free enzyme and inhibitors. Since Km and kc at are known (from the intercept), the Ki
value can be calculated. The results (Table 5.4) indicate that all substituted enzymes in
their free state, except N460D-f3-galactosidase, bind glucose at least 2fold weaker than
does wild type -galactosidase. N460D--Galactosidase (free state) binds glucose about
as well as wild type f3-galactosidase. However, large Ki values (>200 mM) indicate very
poor binding of glucose to the free enzyme. Thus, even wild type -galactosidase binds
glucose very poorly.
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Figure 5.13 The variation of appkcat values as afunction of (appk 0-k 8t)/[Glc] using the
substrate oNPG and the acceptor glucose (Equation 4.8). a) N460D-3-ga1actosidase, b)
N460S-f3-galactosidase, c) N460T-3-galactosidase, d) N460A-j3-galactosidase, and e)
N460G-3-galactosidase.
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Table 5.4 The rate of transgalactosylation (k4), the dissociation constant for the complex
between the galactosylated enzyme and the inhibitor (Ki") for the acceptor glucose, and
the dissociation constants of the complex between the free enzyme and inhibitor (Ki).
The units are: mM for Ki and Ki", s for k4.The Ki values are calculated from the value
of k2 and k3 for oNPG from Table 5.3, and the Km values from Table 5.1.

oNPG

Wta
280
17
600

Ki"
Ki

N460D

N460S

N460T

N460A

N460G

>33

21
38
>1000

33
60
>1000

18
23
>1000

17
28
>1000

----

600

a Wt means wild type. The values under Wt are published values (Huber et al., 1984)
-

appkmlappkcat (mM*s)

0.03
+

0.025

+

0.02
0.015
0.01

.

0.005
A

0

A

50

A

Glucose (mM)

A

100

150

Figure 5.14 plots of appKmlappk cat versus acceptor concentration (Equation 4.7) with
oNPG and with glucose as the acceptor. N460D-3-galactosidase (triangles), N460S-fgalactosidase (plus sign), N460T-f3-galactosidase (diamonds), N460A-3-galactosidase
(square), N460G--galactosidase (circle). The intercepts of these lines equal Km/k eat
while the slopes of these lines equal (KllVk cat)'(l/Ki) (Deschavanne et al., 1978). Note:
The slopes of these lines are very shallow, and thus are very error prone.
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5.5 Inhibition constants:
The values of the competitive inhibition constants (Ki) obtained for wild type

f3-

galactosidase and the substituted enzymes are shown in Table 5.5. Ki values are
dissociation constants of the complexes that form between free enzyme and the
inhibitors. The smaller the value, the better the inhibition and the stronger the binding.
The structures of the inhibitors tested can be seen in appendix A. All substituted enzymes
except for N460S--ga1actosidase were inhibited better by shallow mode inhibitors than
was wild type -galactosidase. Inhibition by shallow mode inhibitors was the same or
slightly worse for N460S--galactosidase than for wild type f3-galactosidase.
Three different transition state analogs were studied: D-galactonolactone,
galactotetrazole, and L-ribose. It has been shown that D-galactonolactone and
galactotetrazole bind in one deep mode position while L-ribose (in the pyranose form)
binds to wild type f-galactosidase slightly shifted towards the Ne and rotated

600

with

respect to galactose (Juers, personal communication). It may represent astate of the
reaction that occurs at some point during the reaction. D-Galactonolactone and
galactotetrazole inhibited each of the substituted enzymes more poorly than wild type

-

galactosidase, especially N46OS--galactosidase. Each substituted enzyme was inhibited
significantly more poorly by L-ribose than was wild type -ga1actosidase, especially
N460G-f3-galactosidase.
Except for N460S-3-galactosidase, the substituted enzymes were inhibited better
by all product inhibitors except 2-amino-galactose than wild type f3-galactosidase was.
With 2-amino-galactose all substituted enzymes including N460S-f3-galactosidase were
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Table 5.5 The competitive inhibitor constants (Ki in units of MM) for various inhibitors
of f3-galactosidases with substitutions for Asn46O. Values in brackets represent fold
increases (Ki value for substituted enzyme divided by the Ki value for wild type f3galactosidase) from wild type (Wt). All inhibitors bind in the deep mode except IPTG,
ToNPG, and PETG.
Shallow mode
Wt

IPTG
0.09±0.009

ToNPG
0.003±0.0004

PETG
0.001±0.0001

N460D

0.02±0.001
(0.2)
0.1±0.02
(1.1)
0.01±0.001'
(0.1)
0.01±0.001
(0.1)
0.04±0.003
(0.4)

0.01±0.001
(0.3)
0.03±0.003
(0.8)
0.009±0.001
(0.3)
0.01±0.001
(0.3)
0.01±0.001
(0.3)

0.0005±0.0001
(0.5)
0.0015±0.0002
(1.5)
0.0005±0.0001
(0.5)
0.0005±0.0001
(0.5)
0.0005±0.0001
(0.5)

Galactonolactone
0.43±0.009

Galacto-

L-Ribose

tetrazole
0.04±0.004

0.28±0.03

0.8±0.04
(1.9)
16±0.8
(37)
1.5±0.2
(3.5)
1.3±0.2
(3)
0.9±0.04
(2.1)

0.004±0.0009
(1.3)
0.03±0.005
(11)
0.01±0.002
(4.3)
0.009±0.002
(3)
0.009±0.0009
(3)

2.0±0.3
(7.1)
2.6±0.1
(9.3)
9±1
(32)
2.7±0.3
(9.6)
5.9±0.7
(21)

Product

2-Amino-

2-Deoxy-

D-Galactose

Wt

Galactose

Galactose

2±0.2

62±6

N460S
N460T
N460A
N460G

Transition state

Wt
N460D
N460S
N460T
N460A
N460G

N460D
N460S
N460T
N460A
N460G

D-Talose

1-Amino-

Galactose
24±2

7±1

0.03±0.003

0.001±0.007

17±2

3.4±1

10±2

0.004±0.0006

(5.1W4)
0.44±0.05
(0.2)
0.13±0.01
(0.1)
0.1±0.01
(0.06)
0.09±0.01
(0.06)

(0.3)
67±5
(1)
14±2
(0.2)
22±2
(0.4)
27±5
(0.4)

(0.1)
198±23
(9)
20±2
(0.8)
12±1
(0.5)
10±1
(0.5)

(1.4)
46±3
(6)
9±2
(1.3)
18±2
(1.7)
25±3
(1.7)

(0.1)
0.30±0.02
(10)
0.03±0.005
(1)
0.03±0.004
(1)
0.03±0.001
(1)
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inhibited better than was wild type -galactosidase. N460D--Galactosidase was
inhibited significantly better with 2-amino-galactose, D-galactose, and 1-amino-galacotse
than were the other substituted enzymes. N460S-f-Galactosidase was inhibited by 2deoxy-galactose about as well as was wild type f3-galactosidase, and significantly weaker
by D-galactose and D-talose than wild type f-galactosidase. N460D-f3-Galactosidase was
inhibited 10 fold better by 1-amino-galactose than was wild type -ga1actosidase. N460Sf3-Galactosidase was inhibited 10 fold worse than was wild type J3-galactosidase with 1amino-galactose, while N460A-, N460G-, and N460T-f3-galactosidase were inhibited
about equally as well as wild type -galactosidase by 1-amino-galactose. N460A-, and
N460G--galactosidase were inhibited by all product inhibitors about equally. N460T-f3galactosidase was inhibited with similar strength by 2-amino-galactose and 1-aminogalactose to N460A-, and N460G-f3-galaetosidase, slightly stronger by 2-deoxy-galactose
and D-talose than N460A-, and N460G-3-galactosidase, and slightly weaker by Dgalactose than N460A-, and N460G-f-galactosidase.
5.6 pNPG and oNPG binding constants and pNPG binding thermodynamics:
Since k2 is rate limiting with pNPG for all substituted enzymes, the Km
determined for these enzymes equals Ks (since Km = (k3/(k2+k3)) 'Ks) from Table 5.1.
The dissociation constant (Ks) for pNPG at 25°C was less for each substituted enzyme
than that for wild type f3-galactosidase (Table 5.6). This indicates that pNPG bound with
more affinity to each substituted enzyme than it did to wild type f-galactosidase. Of the
substituted enzymes, N460T-, and N460A--galactosidase had the strongest affinity for
pNPG (0.0030 mlvi), while N460S--galactosidase had the weakest affinity for pNPG
(0.0170 mM). van't Hoff plots for all substituted enzymes and wild type -galactosidase
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Table 5.6 Ks values (at 25°C) for pNPG and oNPU dissociation from substituted enzymes
and to wild type 3-galactosidase as well as the enthalpies (H0 in units of kJ/mol),
entropies (LS 0 in units of kJ/K.mol), entropies times 298°K(TAS 0 in units of kJ/mol) and
free energies (AGO in units of kJ/mol) of pNPG binding to the substituted enzymes and to
wild type -gaIactosidase. The ± values in brackets indicate the standard errors for the
values.
pNPG WT

N460D

N460S

N460T

N460A

N460G

Ks
range

0.04

0.0072

0.0170

0.0030

0.0030

0.0130

(±0.002)

(±0.0008)

(±0.0009)

(±0.0002)

(±0.0004)

(±0.0006)

AM

-36.5

-57.9

-24.8

-30.3

-28.9

-25.4

range

(±5.7)

(±11.4)

(±6.4)

(±8.7)

(±8.5)

(±9.2)

L\S O

-0.038

-0.095

+0.008

+0.003

+0.008

+0.008

range

(±0.019)

(±0.035)

(±0.022)

(±0.023)

(±0.004)

(±0.030)

-28.3
(±11.4)

+2.5

+1.0

+2.4

+2.4

(±6.3)

(±8.7)

(±8.5)

(±9.1)

-29.6

-27.3

-31.3

-31.3

-27.8

N460D

N460S

N460T

N460A

N460G

0.32

0.05

0.12

0.11

T±S 0 -11.5
range

(±5.6)

\G 0 -25.0
oNPG WV

Ks

0.29
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with pNPG can be seen in Figure 5.15. The enthalpic energy change (H0)was slightly
less favorable for all substituted enzymes except N460D-f3-galactosidase (Table 5.6)
relative to wild type 3-galactosidase. For that enzyme it was more favorable than for wild
type -galactosidase.
The entropic energy change (ThS 0)was more favorable for all substituted
enzymes except for N46OD--galactosidase than for wild type -galactosidase (Table
5.6). For N46OD--galactosidase it was less favorable than for wild type f3-galactosidase.
N460T-, and N460A-f3-galactosidase shared similar thermodynamics that are slightly
different from N460S-, and N460G-f3-galactosidase which share similar thermodynamics
(Table 5.6)
The Ks values (Ks

=

((k2+k3)/k3) Km)) for oNPG were calculated using the k2

and k3 values from Table 5.3, and the Km values (for oNPG) from Table 5.1 for wild type
f3-galactosidase and all the substituted enzymes except N460D-f3-galactosidase (because
the k2 value with oNPG for that enzyme is unknown). The results (Table 5.6) indicate
that each substituted enzyme except N460S-J3-galactosidase bound oNPG stronger wild
type f-galactosidase. N460S-J3-galactosidase binds oNPG about equal to wild type

-

galactosidase.
5.7 Mg' studies:
Figure 5.16 shows the plots of Vo Vs. pMg for wild type f3-galactosidase and each
of the substituted enzymes. The Vo values are equivalent to Vm since the rates were
measured at avery high substrate concentration. The EC50 obtained from non-linear
regression (PRISM IV) ranged from pMg = 6.45 (N46OD-3-ga1actosidase) to pMg = 6.90
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l/T
Figure 5.15 van't Hoff plot showing the effect of temperature (T °K) on the binding of
pNPG to wild type -galactosidase (open box); N46OD-3-galactosidase (triangles);
N46OS--galactosidase (plus sign); N46OT-3-galactosidase (diamonds); N460A-f3galactosidase (squares); N46OG--galactosidase (circles).
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Figure 5.16 The effect of the free Mg2 concentration (pMg2 = -1ogio[Mg2 ]) on the
relative Vo (A42 oImin as apercentage of the highest activity obtained) using oNPG (at
concentrations greater than 100 times the Km of each enzyme) as the substrate. Wild type
J3-galactosidase (open squares); N460D-f3-galactosidase (triangles); N460S-f3galactosidase (plus sign); N460T-3-galactosidase (diamonds); N460A--galactosidase
(square); N460G-f3-galactosidase (circle). The vertical lines are labeled with the enzyme
name, the EC50 (in brackets), and the Pvalue for the EC 50 obtained by the F-test of each
substituted enzyme relative to wild type 3-galactosidase. The vertical lines stop at the
inflection point on the curve of the substituted enzyme. The thick dashed vertical line
runs through the EC50 of the curve (thick line) for wild type f3-galactosidase. The Pvalue
for the shape of the curve for each substituted enzyme in comparison (F-test) to the shape
of the curve for wild type -galactosidase is shown to the left. The 100% Vo data points
occur when pMg is 5(not shown in order to clearly illustrate the EC50 values).. A Pvalue
of less than 0.05 is considered to show asignificant difference from wild type
galactosidase.
-
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(N460T-f3-galactosidase). The data were analyzed by the F-test, where Pwas set to 0.05.
N460T-, and N460S--ga1actosidase have asignificantly stronger binding affinity for
Mg21 than wild type -galactosidase, while the F-test for N460D--galactosidase
indicates asignificantly weaker binding affinity for Mg2 than wild type 3-galactosidase
(Figure 5.16). The F-test for N460G-, and N460A--galactosidase show binding affinities
for Mg2 that are not significantly different from wild type -galactosidase (Figure 5.16).
The shapes of the curves were also analyzed by the F-test. The F-test indicates
that all substituted enzymes have apMg curve that is significantly different from that of
wild type -galactosidase. This is mainly because the slope of the curve for wild type

-

galactosidase is steeper than each substituted enzyme (Figure 5.16). The overall activity
ofN460D--galaetosidase decreases more rapidly than the other substituted enzymes as
well as wild type f3-galactosidase.
5.8 p11 studies:
Figure 5.17 shows the results for the effect of pH on the Vin with oNPG as the
substrate. Similar effects occurred with pNPG (not shown). The results show that the Vin
decreased as the pH was increased. F-tests were used to determine if the EC 50 for the
decreases in activity of the substituted enzymes relative to wild type f-galactosidase were
significantly different (P

=

0.05). The F-tests indicated that each substituted enzyme has

an EC 50 value that is significantly different from that of wild type -galactosidase. The
EC 50 value for wild type f3-galactosidase is 7.6, while the EC 50 values ranged from 7.9
(N460D--galactosidase) to 8.5 (N460S-

-galactosidase).

The data shows that at pH 9.3, wild type -galactosidase retains 27% of its
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-N460D(7.9), P=0,0219
I'T460G(8.0), P=0.0012
-N460A(8.1), P=0.0010
-N460T(8.3), P=0.0002
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N460SP=0.0114
N460A, P= 0.0054
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Figure 5.17 The effect of pH on the relative Vm (percentage of the highest activity
obtained at the lowest pH level studied) using oNPG as the substrate. The thick dashed
vertical line runs through the EC 50for wild type f3-galactosidase (Wt open squares) and
is labeled with the EC50 value for wild type 3-galactosidase in brackets. The vertical lines
in black stop at the EC 50 for each substituted enzyme and are labeled with each
substituted enzymes EC 50 (in brackets) and the Pvalue in comparison (F-test) to the EC50
for wild type 3-galactosidase (N460G-3-galactosidase circles; N460D-3-galactosidase
triangles; N46OS--galactosidase plus sign; N46OT-3-galactosidase diamonds;
N46OA--galactosidase squares). The Pvalue for the shape of the curve for each
substituted enzyme in comparison (F-test) to the shape of the curve for wild type f3galactosidase is shown to the left. The reference 100% Vm starts at pH = 5 this pH was
not included in the graph so that the EC 50 values could be seen clearly on each curve. A P
value of less than 0.05 is considered to show asignificant difference from wild trpe 1galactosidase.
-
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activity. At pH 9.3 N460D-f3-galactosidase retains only 3% of its activity (9 fold less than
wild type). At pH 9.3 N460S--galactosidase retained about 24% of its activity. The other
substitutions retained between 10-20% of their activity.
The shapes of the curves also seemed to be different. Since the active site of
enzymes have several groups that may have similar pKa values that contribute to the pH
profile, it is conceivable that each substitution could change the pKa values in different
ways, and thus change the amount of activity left at pH 9.3 and the shapes of the curves.
An F-test was done to determine if the overall curve was different for the substituted
enzymes in comparison to wild type -ga1actosidase. The F-test indicated that each
substituted enzyme had acurve that is significantly different from that of the pH profile
curve of wild type -galactosidase.
5.9 Crystallization:
It took 1-5 days for crystals to appear, and the crystals stopped growing after
about amonth. All substituted enzymes grew in space group P2 1except N460T-3galactosidase. N460T--Galactosidase grew in space group P2 12121 (Table 5.7) and
diffracted the best out of all the structures (2.5

A

-

Table 5.7). Different crystal shapes

(plates, rods, and pyramids) were sent to the Advanced Light Source depending on which
screened well with in-house equipment (plates diffracted the best). The best crystals for
N460S-f3-galactosidase (0.2 x0.05 x0.05) mm were shaped like arod (with or without
galactotetrazole bound), while N460T-, and N460D--galaetosidase crystals were shaped
like aplate (0.1 x0.07 x0.05 mm). DMSO was gradually added (over aperiod of 6
hours) to some N460S-f3-galactosidase crystals to bring the DMSO concentration to 30%

121

Table 5.7 X-ray data collection and refinement statistics. Numbers in brackets refer to the
highest resolution shell. All values are calculated from the tetramer.
N460T

N460S

N460D

N460Sgalactotetrazole

Space Group
Resolution (A)

P2 12121
2.5(6.8)

P2 1
2.7(6.7)

P2 1
2.8(7.6)

P2 1
2.9(7.7)

<I> /<sigma>
Rsym (%)
Unique Reflections
Redundancy
Completeness (%)

11(2.3)
10.3 (23.7)
166162
3.6
94.0 (54.8)

4.2(l.0)
12.6 (31.1)
118707
2.0
90.9 (90.6)

5.1 (1.4)
16.8 (33.0)
105034
1.9
86.0 (44.7)

11(2.4)
8.0 (26.9)
107407
2.1
93.7 (98.0)

Cell Dimensions (AI°:
a/alpha
b/beta
C/
gamma

151.77/90
161.19/90
202.91/90

126.04/90
150.17/104.5
130.54/90

127.14/90
151.65 /103.47
131.33/90

128.46/90
152.37 /104.25
135.11 /90

32497
22
261
188

32496
22
121
93

32504
17
172
180

32496
14
141
184
56

R-values:
R-factor
R-free #

0.221
0.247

0.241
0.269

0.244
0.276

0.222
0.245

RMS deviationsfrom ideal values:
Bond lengths
Bond angles

0.0096
1.52

0.0071
1.37

0.0071
1.38

0.0071
1.40

Temperature factors for:
Bonded main chain atoms
Bonded side chain atoms
Angle main chain atoms
Angle side chain atoms

1.13
1.75
1.90
2.61

1.15
1.59
1.97
2.46

1.14
1.53
1.97
2.39

1.15
1.58
2.01
2.50

32
32
35
60

37
32
23
54

30
28
10
53

41
39
21
74
89

Number of atoms:
Protein atoms
Ion atoms (Na p+ Mg)
Water atoms
DMSO atoms
Inhibitor atoms

Average temperature factors (A2):
Protein atoms
Ion atoms
Water atoms
DMSO atoms
Inhibitor atoms

.
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(v/v) for cryoprotection. DMSO and 1000 times the Ki (m]\'l) value of galactotetrazole
was gradually added to other N460S43-galactosidase crystals to bring the DMSO
concentration to 27.5% (v/v) and the final galactotetrazole concentration to 100 times the
Ki (mIVI) (over aperiod of 2days) to cryoprotect the crystal, and allow diffusion of
galactotetrazole into the active site. The best crystals ofN460T-, and N460D-f3galactosidase were cryoprotected by dipping the crystals into 25% DMSO in 10% mother
liquor (crystallization buffer with 10% PEG 8000) (v/v). The structures were determined
to 2.5-2.9

Aresolution and refined to an R-factor below 25% with R-free below 28%

(Table 5.7). Deviations in bond length between main chain atoms and and the angles
between main chain and side chain atoms are reasonable in comparison to previous

f3-

galactosidase crystals with higher resolution (Juers et al., 2001). The average temperature
factors for the DMSO molecules was about 2fold greater than for protein atoms. This
was expected since the DMSO molecules are not expected to bind well to the protein.
The average temperature factor for the inhibitor molecule (galactotetrazole) bound to
N460S-3-galactosidase was much higher than for the protein atoms. This is probably
because of low occupancy (not all of the enzymes in the crystal had galactotetrazole
bound in the active site). The structures and electron density of the substituted enzymes
can be seen in Figures 5.18 and 5.19.

123

a)

b)

Figure 5.18 Stereoview showing the difference electron density maps (M-fc) for a)
N46OT--galactosidase at 2.5 Aresolution and b) N460D-f3-galactosidase at 2.8 A
resolution. The electron density is contoured at 1. 1. A ball and stick model based on the
refined coordinates is .also shown. Water molecules and protein oxygens are shown as
black spheres, nitrogen atoms are light gray spheres, and carbon atoms are open circles.
Figure prepared with Moiscript (Kraulis, 1991) and Bobscript (Esnouf, 1999).
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46O

GL346J

a)

b)
Figure 5.19 Stereoview showing the electron density maps (2fo-fc) for a) N46OS-galactosidase at 2.7 Aresolution and b) N46OS--galactosidase complexed with
galactotetrazole at 2.9 A resolution. The electron density is contoured at 1. 1cr. A ball and
stick model based on the refined coordinates is also shown. Water molecules and protein
oxygens are shown as black spheres, nitrogen atoms are light gray spheres, and carbon
atoms are open circles. Figure prepared with Molscript (Kraulis, 199 1) and Bobscript
(Esnouf, 1999).
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6Discussion:
6.1 Overall enzyme conformation:
The fluorescence spectra indicated that substitutions at position 460 did not cause
gross structural changes of the enzymes (Figure 5.1) relative to wild type f-ga1actosidase.
The crystal structures also indicated that the overall conformation was the same as that of
wild type -galactosidase (Section 5.9).
6.2 Inhibitors and crystal structures:
Competitive inhibition studies with enzymes having substitutions are useful as a
means of determining if asubstitution affects binding of substrate analogs, transition state
analogs, and product to the free form of the enzyme. If functional groups from residues
(carboxyls, carbonyls, amines) of the enzyme or functional groups of inhibitors
(hydroxyls, amines) are absent, or if functional groups of the inhibitors have different
orientations, inhibitor studies can give an indication of what groups on the inhibitor react
with the residue being substituted. Crystal structures, on the other hand, can provide
information about the differences of the interactions between substituted enzymes and
wild type f3-galactosidase (with or without inhibitor bound), and can more precisely
indicate why inhibitors bind better or worse. Inhibitor studies together with crystal
structures give amore complete picture, than with either by itself.
6.2.1 Crystal structures:
When Asn460 of wild type f3-galactosidase was substituted with Thr (Figure
5.18a), the hydroxyl group of Thr is close enough to be ahydrogen bond donor to the
lone pair of electrons of nitrogen ofArg388 (OG1'ii,r460 _3.3

A

-

N1ET2Arg 388;

however this would form aweak hydrogen bond since the distance is 3.3

Figure 6.1),

A. The

126

Figure 6.1 The network of interactions from Thr46O that make connections to the
nucleophile (G1u537) and the acid/ base catalyst (G1u461) of the free enzyme. Solid black
lines show distances that are 3.3 Aor less. Solid red lines show the distances from CG2
(the methyl group of Thr46O) to the carbons of the side chains of Glu4 16 and G1u46 1.
Atoms are labeled in the same convention as the PDB file (not published). This figure can
be compared to Figure 6.2, 1.19 and Table 1.1.
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hydroxyl of Thr (OG1m r46o) at position 460 is too far (> 5.0
Glu461

A) from the oxygen atoms of

and 0E2 Glu461; Figure 6.1) or Glu416 (OE 1G1U4I6 and OE2G1416; Figure

(OE 1G1 U461

6.1) for ahydrogen bond interaction to take place. The methyl group of Thr is within van
der Waals distance to the side chain carbons of Glu461 (CG2mr460
CG2mr460 —4.0
Thr460

-

3.9

A

-

A CB 01461 ;Figure 6. 1), and Glu416 (CG2
-

r460

-

4.2

—4.3

A

-

A

-

CG(31416; CG2

CBG1416; Figure 6.1). No such van der Waals interactions are possible

between the residue at position 460 and Glu416 or Glu461 of wild type -galactosidase
or the other substituted enzymes. The distance between OE of Glu461 and Glu416 to
Me when position 460 is Asn is 2.0

A(Figure 6.2), but when position 460 is Thr the

distance between OE1 of Glu416 to Me increases to 2.5
OE of Glu461 to Me decreases to 1.9

Aand the distance between

A(Figure 6.1).

When Asn460 of wild type 3-galactosidase was substituted with Asp (Figure
5.18b), one of the carboxyl oxygen atoms is close enough to form ahydrogen bond with
Glu416 (OD2Mp46 o 2.7
-

A

-

OE1G1416; Figure 6.3). The other oxygen of Asp460 forms a

weaker hydrogen bond with ahydrogen atom ofArg388 (OD 1
Mp4 6o

-

3.2

A

-

NH2oi4i6;

Figure 6.3), where Arg388 is the donor. Asp and Asn are about the same size. However,
the nitrogen of Asn in wild type f3-galactosidase is close enough to Glu461 to form a
hydrogen bond (ND2Mn46 o— 3.1

A OE1oi
-

46 i;

Figure 6.2), while the closest carboxyl

oxygen of N460D--ga1actosidase is not close enough to form ahydrogen bond with the
nearest carboxyl oxygen of G1u461 (OD2Mp46o
probably occurs because an oxygen

-

3.6

A

-

OE1G1461; Figure 6.3). This
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Figure 6.2 The network of interactions from Asn46O that make connections to the
nucleophile (Glu537) and the acid/ base catalyst (GIu461) of the free enzyme. Solid lines
show distances that are 3.3 Aor less. Atoms are labeled in the same convention as the
PDB file (1DPO). This figure is the same as Figure 1.19 and can be compared to Figure
6.6, Figure 6.5 and Table 1.1.
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G1u461'

G1u416

Figure 6.3 The network of interactions from Asp46O that make connections to the
nucleophile (G1u537) and the acid/ base catalyst (Glu461) of the free enzyme. Solid lines
show distances that are 3.3 Aor less; the dashed line shows one selected distance that is
greater than 3.3 A. Atoms are labeled in the same convention as the PDB file (not
published). This figure can be compared to Figure 6.2 and 1.19 and Table 1.1.
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atom is smaller and more electronegative than anitrogen atom. It may also occur because
of repulsive forces between Glu461 and Asp460. However, as stated in section 1.7, it is
unlikely that Asn460 has adirect hydrogen bond interaction with Glu461 (Figure 1.21).
Despite this difference, the orientation of Asp or Asn (Figure 6.2 and 6.3) at position 460
are similar. The distance between OE1 of Glu461 and Glu416 to Mg21 when position 460
is Asn is 2.0

A(Figure 6.2), but this distance increases to 2.3 Awhen position 460 is an

Asp (Figure 6.3) for both Glu461 and Glu416. Thus, the increased distance from Glu461
to Asp460 may also be the result of aslightly different orientation of Glu461 or Mg2
when position 460 is an Asp rather than an Asn.
When Asn460 of wild type -galaetosidase was substituted with Ser (Figure
5.19a), the hydroxyl group (OGS er46O) is no longer close enough to form hydrogen bonds
to functional atoms on either Glu461 (OG5r4 6
0
3.9
-

Arg388 (OGS er4 6O

-

4.3

A

OE2G1U461; Figure 6.4) or

-

A NH2 Mg3 gs; Figure 6.4). However, the hydroxyl (OG5er460)is
-

close enough to form ahydrogen bond with Glu416 (OGS er46O

-

3.0

A

-

OE1G1416; Figure

6.4), where the hydroxyl of Ser would be the hydrogen bond donor (since Ser is much
more likely to be protonated than Glu416). The distance between OE 1of Glu461 and
Glu416 to Mg2 when position 460 is Asn is 2.0
Ser these distances decrease to about 1.8

A(Figure 6.2), but when position 460 is

A(Figure 6.4).

When galactotetrazole is bound to N460S-f3-galactosidase (Figure 5. 19b), some of
the distances between the atoms of the residues change. The distance from the hydroxyl
of Ser460 to Glu461 increases by 0.4

A(OGser46o

-

4.3

A OE1 G1461 ;Figure 6.5 Vs.
-

Figure 6.4), and the distance from the hydroxyl of Ser460 to Glu416 increases by 0.2
(OGg er46o

-

3.2

A

-

A

OE1G1416; Figure 6.5 Vs. Figure 6.6). When galactotetrazole binds to
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Figure 6.4 The network of interactions from Ser46O that make connections to the
nucleophile (Glu537) and the acid/ base catalyst (Glu461) of the free enzyme. Solid lines
show distances that are 3.3 Aor less; the dashed lines show some selected distances that
are greater than 3.3 A. Atoms are labeled in the same convention as the PDB file (not
published). This figure can be compared to Figure 1. 19, Figure 6.2, Figure 6.5 and Table
1.1.
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Galactotetrazole

03

Figure 6.5 The network of interactions from Ser46O that make connections to the
nucleophile (Glu537) and the acid/ base catalyst (Glu461) when galactotetrazole is
bound. Solid lines are distances that are 3.3 Aor less. The dashed lines are selected
distances that are greater than 3.3 A. Atoms are labeled in the same convention as the
PDB file (not published). This figure can be compared to Figure 1. 19, Figure 6.6, Figure
6.4 and Table 1.1.
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G1u416
G1u46 1

Mg

2.2

0E2

2.0
OE
2.7
Ni

Asn460
OD1

Galactotetrazole
NH2
0E2
NH1

G1u537

Arg388

Figure 6.6 The network of interactions from Asn46O that make connections to the
nucleophile (Glu537) and the acid/ base catalyst (G1u461) when galactotetrazole is bound
to wild type -ga1actosidase. Solid lines are distances that are 3.3 Aor less. The dashed
line is aconnection that N460S-J3-galactosidase makes (Figure 6.5). Atoms are labeled in
the same convention as the PDB file (1 JZ6). This figure can be compared to Figure 1. 19,
Figure 6.5 and Table 1.1.
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wild type f3-galactosidase, the distance between the nitrogen of Asn460 and the oxygen of
Glu461 increases by 0.2

A(ND2

46 o
—3.3

A

-

OE2oi46i; Figures 6.6 Vs. Figure 6.2),

while the distance between the nitrogen of Asn460 and the oxygen of Glu416 does not
change (Figure 6.6 Vs. Figure 6.2). Comparing the distances of Glu461 and Glu416 to
Me of the free form of wild type f3-galactosidase (Figure 6.2) and N460S-galactosidase (Figure 6.4) to these enzymes bound by galactotetrazole (Figure 6.5 and
Figure 6.6) indicate that the distances does not change much. Overall, when
galactotetrazole binds to N46OS--galactosidase there seems to be more distortion of the
active site than when galactotetrazole binds to wild type 3-galactosidase.
The connections from the atoms of galactotetrazole to Glu461, Glu537 and
Asn460 are different for N460S--galactosidase (Figure 6.5) than for wild type

..

galactosidase (Figure 6.6). In addition, the galactotetrazole molecule has adifferent
orientation when it binds to the active site of N460S-J-galactosidase compared to when it
binds to wild type 3-galactosidase, and different hydrogen bonds form (Figures 6.5 Vs.
Figure 6.6). Galactotetrazole in N460S--galactosidase has rotated such that the C3hydroxyl is 1.3

Acloser to Glu537 than in wild type J-galactosidase (Figures 6.5 Vs.

Figure 6.6). The 0E2 carboxyl atom of G1u537 of N460S-f3-galactosidase is close enough
to both the C2-, and C3-hydroxyls of galactotetrazole (OE2 G1u537
OE2 G1U537

2.8

-

-

3.3

A C3gaiactotetrazoie;
-

A C2 gai
actotetrazoi
e;
Figure 6.5) to form hydrogen bonds, while the
-

carboxyl oxygen atoms of Glu537 in wild type 3-galactosidase are close enough to form
two hydrogen bond interactions with the C2-hydroxyl of galactotetrazole
(OE2G1u537

-

3.1

A C2gai
actotetrazoi
e OE1 0i537
-

-

2.5

A

-

C3 gai
act
ot
et
razoi
e Figure 6.6).

However, since only one hydrogen bond interaction can occur to the C2-hydroxyl (since
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Glu537 is not protonated) it is more likely the OE1 of Glu537. Unlike N460S-f3galactosidase, Glu537 of wild type -galactosidase is not close enough to form an
interaction with the C3-hydroxyl of galactotetrazole (OE2G1u537

-

4.6

A C3gaiactotetrazoie;
-

Figure 6.6). Galactotetrazole in N460S--galaetosidase has rotated such that the nitrogen
ring of galactotetrazole is 0.8

Afurther from the 0E2 of Glu461 in N460S-3-

galactosidase than in wild type -galactosidase (Figure 6.5 Vs. Figure 6.6). Thus, Glu461
of wild type f3-galactosidase is close enough to the nitrogen in the ring of galactotetrazole
to form ahydrogen bond (OE2G1U461

-

2.7

A Nl gai
actotetrazoi
e;
Figure 6.6), while Glu461
-

of.N460S-3-galactosidase is not close enough to the nitrogen in the ring of
galactotetrazole to form ahydrogen bond (OE2 0i461

-

3.5

A Nl gai
actotetrazoi
e Figure 6.5).
-

There are other connections made between Glu461 and Glu537 and galactotetrazole that
are different between wild type f3-galactosidase and N460S-f3-galactosidase. As stated
above, OE1 of Glu537 of wild type 3-galactosidase is close enough to form ahydrogen
bond with the C2-hydroxyl of galactotetrazole, while OE1 of Glu537 of N460S-J3galactosidase makes no connection with galactotetrazole (Figure 6.5 Vs. Figure 6.6).
Glu461 of both wild type 3-galactosidase and N460S-f3-galactosidase are close enough to
form ahydrogen bond with the C2-hydroxyl of galactotetrazole (Figure 6.5 and Figure
6.6). However, the connection to the C2-hydroxyl of galactotetrazole is with the OE1 of
Glu461 in wild type f3-galactosidase (Figure 6.6), while N460S-3-galactosidase makes
this connection with 0E2 of Glu461 (Figure 6.5). The distance between the Asn460 and
the C2-hydroxyl of galactotetrazole is close enough to form ahydrogen bond (ND2M46 o
-

3.1

A C2 gai
actotetrazoi
e;
Figure 6.6) while the distance is much too great in N460S-f3-

galactosidase (OGSer4 6
O
6.1
-

A C2 gai
actotetrazoi
e;
Figure 6.5). There was not enough
-
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electron density to add awater molecule close to Ser46O of the model ofN46OS-f3galactosidase with galactotetrazole bound (Figure 5. 19b). However, it is possible that the
water molecule is not displaced by the C2-hydroxyl of galactotetrazole in N46OS-3galactosidase like it is in wild type -galactosidase since the orientation of
galactotetrazole bound to N46OS--galactosidase leaves space for this water molecule to
remain where it may also be in the free form of N46OS--galactosidase.
In summary there are three hydrogen bonds between galactotetrazole and Glu46 1
and Glu537 of N46OS--galactosidase (Figure 6.5). One of these bonds may be quite
weak since the distance is 3.3

A(Figure 6.5).

On the other hand there are five possible

hydrogen bonds between galactotetrazole and Glu461 and Glu537 for wild type 3galactosidase (Figure 6.6). The distances here are all

3.1

Aand thus one would expect

these hydrogen bonds to be quite strong.
6.2.2 Shallow mode inhibition:
Asn46O of wild type f3-galactosidase is too far away from shallow mode inhibitors
and substrates to interact directly (Figure 1.8a) unless an interaction occurs via water
molecules. The atom of IPTG that is closest to the amide group of Asn46O in wild type
galactosidase is about 6.5

Aaway.

Because of this, it was initially hypothesized that

substitutions for Asn46O would not have an effect on shallow mode binding. The Ki
values (Table 5.5) for the inhibition of N46OS--galactosidase by inhibitors that bind in
the shallow mode were unaffected (as was predicted). However, the other substituted
enzymes were inhibited significantly better by shallow mode inhibitors than was wild
type f-galactosidase. Because Asn46O is too far from shallow mode inhibitors to interact
directly and because N460G-, and N46OA-3-galactosidase (which have side chains that

-
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should not be able to interact with any polar group on asubstrate, inhibitor, or water
molecule) have enhanced binding (Table 5.5), the effect must be indirect.
To determine the cause of the indirect effect, all of the possible interactions
(Figure 1.19) with Asn460 have to be taken into account. The following indirect shallow
mode binding effects could occur: via Asn460 to Glu537 through Arg388; via the
hydrogen bonds from Asn460 directly to Glu461; via interactions from Asn460 to the
C3-hydroxyl via water molecules; via interactions of Asn460 to Glu461 through Glu416
and Mg2 ;or acombination of these.
The evidence suggests that the effect is not from position 460 to Glu537 through
Arg388. The side chains of Ala and Gly at position 460 of 3-galactosidase cannot interact
with Glu537 (via Arg388) because Ala and Gly do not have functional groups. Thr at
position 460 of-galactosidase could have an effect on Glu537 because there may be a
weak interaction with Arg388 (Figure 6.1). If this connection to Glu537 (via Arg388)
were the reason for the increased binding of shallow mode inhibitors, one would expect
N46OT--galactosidase to bind shallow mode inhibitors with Ki values different from
those of N460A-, and N460G--galactosidases. Since the Ki values with N460T-f3galactosidase are very similar to the Ki values for N460G-, and N460A-f3-galactosidase,
the weak interaction to Arg388 does not seem important. More importantly, N460D-f3galactosidase maintains an interaction to Arg388 (Figure 6.3), but binding of the shallow
mode inhibitors neither increases nor decreases in comparison to N460G-, and N460A-galactosidase. If the effect were though Glu537 (via connections from Arg388) one
would expect the Ki values of shallow mode inhibitors with N460D--ga1actosidase to be
different than those with N460A-, and N460G--ga1actosidase. Like N460G-, and
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N460A-f-galactosidase, N460S--galactosidase does not interact with Arg388, but the Ki
values for shallow mode inhibitors for N46OS--galactosidase are much different from
those with N460A-, and N460G-f-galactosidase. Since none of these substituted enzymes
has aconnection to Arg3 88, one would expect these substituted enzymes to have similar
Ki values if the effect was through Glu537. Since this was not the case, the effect of
Asn460 on Glu537 through Arg388 is not important. Arg388 itself does however, have
an affect on binding in the shallow mode. Results from other work in the laboratory (Liu
and Huber unpublished) has shown that substituting Arg388 with Ser causes shallow
-

mode inhibitors to bind stronger than they do to wild type -galactosidase.
If the connection from position 460 to Glu461 were the main reason for the
indirect effect, one would expect N46OS--galactosidase to bind shallow mode inhibitors
with similar Ki values as the other substituted enzymes since none of the substituted
enzymes have adirect connection to Glu461 from position 460 (Figure 6.1, 6.3, 6.4).
Since N4605-f3-galactosidase binds shallow mode inhibitors with Ki values that are
different from those of the other substituted enzymes, the loss of the connection from
position 460 to Glu46 1is not the reason for the indirect effect. These results support the
most likely hydrogen bonds that occur in Figure 1.21.
If the connections from position 460 to the C3-hydroxyl via the water molecule
were the reason for the indirect effect one would expect binding of IPTG to decrease for
N460A-, and N460G-f3-galactosidase since they could not make this connection. While
N460D-3-galactosidase may hydrogen bond to the water molecule, the carboxyl of Asp
would act as ahydrogen bond acceptor to the water molecule, rather than ahydrogen
bond donor (as Asn460 does). Thus, the water would be in adifferent position. The side
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chain of Thr460 would be too far to form aconnection with the water molecule, thus it is
not surprising that N460A-, N460G-, N460T-, and N46OD-3-galactosidase have different
Ki values from wild type-3-galactosidase. However, it is surprising that these substituted
enzymes bind shallow mode inhibitors stronger than does wild type--galactosidase when
the connection is lost. Ser460 may form asimilar hydrogen bond to the water molecule as
the nitrogen of Asn460 since the hydroxyl group is in asimilar position as the nitrogen of
Asn460. This may be the reason that the Ki value for N460S--galactosidase and equal to
the Ki values for wild type -ga1actosidase. None of the electron density maps for
substituted enzymes indicated that this water molecule exist (Figure 5.18 and 5.19). Thus
it is difficult to rationalize how this water molecule affects binding.
Since the effect of substitutions for Asn460 is not through Glu537 (via Arg388) or
via adirect interaction from position 460 to Glu461, and the effect of increased binding
could not occur via losing aconnection to the C3-hydroxyl via the water molecule, the
effect must come from the influence that position 460 has on Glu416, which is then
transferred to Glu461 via the Mg2 .The main difference between N460S-, N460A-,
N460G-, and N460T-3-ga1actosidase is that Ser460 ofN460S-f3-galactosidase is close
enough to Glu416 to form ahydrogen bond (Figure 6.1 to 6.4). Thus, the presence or
absence of an interaction with Glu416 from position 460 and whether the interaction is
with acarboxyl (in the case of N460D- f-ga1actosidase) or ahydroxyl must be the reason
for the binding differences for these substituted enzymes (Figure 6.1 to 6.4). This would
probably be an effect on Glu461 transferred through the Mg2 since Glu461 and Glu416
are both Me ligands (Figure 1.7). For N460A-, and N460G-f-galactosidase, better
binding occurs because there are no interactions with Glu461 (either directly or via
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Glu416). As shall be discussed later, N460T-3-galactosidase also has no interactions with
the functional group of GIu46 1, but it may affect the conformation of Glu46 1. Me
studies indicate that the active site Mg2 is affected by the substitutions since some of
these substituted enzymes have different binding affinity for Me (section 6.4). Glu461
plays amajor role in shallow mode binding since it forms two hydrogen bonds with
shallow mode inhibitors (oNPG and pNPG) of wild type f3-galactosidase (the C2- and
C3-hydroxyls) (Table 1.2). Thus, if substituted enzymes bind shallow mode inhibitors in
the same orientation as wild type f3-galactosidase, one would expect the interactions with
Glu461 to have alarge effect on binding even if they are transferred through Glu416 and
Mg2 or if the ability of Glu461 to interact better is due to an absence of interactions with
Asn460.
Ser460 may have asimilar interaction with Glu416 as Asn460 does, since N460Sf-galactosidase binds shallow mode inhibitors (Table 5.5) with equal affinity as wild type
-galactosidase. Ser460 ofN460S--galactosidase probably has asimilar hydrogen bond
to Glu416 as Asn460 does from wild type 3-galactosidase since the orientation of the
carboxyl group of Glu416 is the same (Figure 6.7a), and since this hydrogen bond seems
to have asimilar effect, and because Ser460 is most capable of binding the water
molecule. An —OH (Ser) hydrogen bond and a—NH (Asn) hydrogen bond to acarboxyl
oxygen (Glu416 or alone pair of electrons from awater molecule) could have similar
properties. This interaction also has to compensate for the loss of the direct interaction
that Asn460 has to Glu461 when Ser is substituted for Asn460. This compensation
probably does not occur through the water molecule because according to Figure 1.21 the
water molecule has no interactions with Glu461; however, the water molecule may be in
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a

ISD

b

C

Figure 6.7 Stereoeview of wild type 3-ga1actosidase (white) superposed on substituted
enzymes (colored) a) N460S-j3-galactosidase; b) N46OD-3-galactosidase; c) N460T-f3galactosidase. The structures of wild type f3-galactosidase and of the substituted enzymes
were superposed based on a-carbon atoms of residues Glu46 1, Glu4 16 and position 460.
Numbers in black are distances between different atoms of asubstituted enzyme;
numbers in blue are distances between the same atom of wild type f3-galactosidase and
the substituted enzyme; numbers in green are van der Waals distances. Glu46 1and
Glu416 of wild type 3-ga1actosidase are 2.0 Afrom the active site Mg2.
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adifferent orientation in N460S--galactosidase and thus may compensate for any
interactions that Asn460 would have directly to Glu461.
Like N460S--galactosidase, N460D-3-ga1actosidase is close enough to have a
hydrogen bond connection to Glu416 from position 460. However, this hydrogen bond
connection could only occur if either the carboxyl of G1u4 16 or of Asp460 acts as a
hydrogen bond donor. It is unlikely that Asp460 acts as ahydrogen bond donor. Thus
Asp460 probably does not hydrogen bond to G1u416 unless Glu416 is protonated. Like
N460T-, N460A-, and N460G- f-galactosidase, if position 460 of N460D-f3-galactosidase
does not have ahydrogen bond to G1u416 it is not surprising that N460T-, N460A-,
N460G-, and N460D--galactosidase have similar Ki values. The carboxyl group of
Glu461 in N460D-f3-galaetosidase has rotated about 0.7 Arelative to Glu461 of wild type
-galaetosidase (Figure 6.7b), and Glu4 16 èfN460D-3-galactosidase has rotated 0.6

A

relative to that of wild type-f3-galactosidase (Figure 6.7b). The negative charge of Asp at
position 460 (section 6.2.4) probably lowers the pKa of Glu461 (either through influences
on Glu416 and Mg2 and/or the proximity of these two residues). The rotation of Glu461
and the more negative charge could account for the increased binding of shallow mode
inhibitors by N460D-3-galactosidase since the bonds from Glu461 to the hydroxyls
would be stronger.
Glu461 of N460T-3-galactosidase is rotated in the opposite direction compared to
Glu461 of N460D-f-galactosidase (relative to wild type f-galactosidase) by about 0.3

A,

while Glu416 is rotated in asimilar way as in N460D--galactosidase (Figure 6.7c). The
hydrophobic interactions from the methyl group of Thr at position 460 must be astrong
interaction that forces the hydroxyl group to be orientated in the opposite direction. The
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methyl group interacts with the aliphatic chains of Glu4 16 and Glu461, and this is
probably the reason the carboxyl groups of both Glu461 and Glu416 are in slightly
different positions for N460T-f3-galactosidase relative to wild type -galactosidase
(Figure 6.7c). Loss of the hydrogen bond connections that Asn460 had to Glu461 and
Glu416 may also contribute to the different orientation. This lack of hydrogen bonding
and increased hydrophobic interaction probably changes the properties of Glu461 so that
it binds compounds that bind in the shallow mode differently than it does in wild type 3galactosidase.
N460G-, and N460A-3-Galactosidases would also not have the hydrogen bond
interactions with Glu461 or G1u4 16. Preliminary measurements of the crystal structure
for N460A--galactosidase shows that the methyl side chain of Ala at position 460 is
within van der Waals distance to interact with both of the aliphatic side chains of Glu461
and G1u416. Thus, N46OA--galactosidase could cause the orientation of Glu461 and
Glu4l6 to change. N460G-I3-Galactosidase would not have any hydrophobic interactions
with Glu416 and Glu461. Although N460T-, N460A-, and N460G$-galactosidase bind
PBTG and ToNPG with the same affinity, N460T-, and N46OA-3-galactosidase bind
IIPTG stronger than N460G--galactosidase does. N460T-, and N460A-3-Galactosidase
also bind pNPG stronger than N460G-f3-galactosidase does in the shallow mode, and
have similar kinetic constants and thermodynamics (Table 5.1, 5.2, 5.3, 5.6

-

to be

discussed later). Since N460G--galactosidase would not have the hydrophobic
interactions that N460T--galactosidase has (and possibly N460A--galactosidase) to
Glu461 and Glu416, this may account for the differences in binding affinity between
these substituted enzymes for IPTG and pNPG. This suggests that losing the hydrogen
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bonds to Glu461 and Glu416 plays alarger role for increased binding in the shallow
mode than do the hydrophobic interactions. If the hydrophobic interactions were the main
influence for the different binding abilities of G1u461, one would expect the differences
between N460G--galactosidase and N460A-, and N460T-f-galactosidase to be greater.
6.2.3 Transition state inhibition:
A study by Juers et al. (2001) indicated that the probable role of Asn460 is to
stabilize the transition state by adirect hydrogen bond interactions with the C2-hydroxyl
of the transition state. The crystal structures of wild type PTgalactosidase with transition
state analogs show that the nitrogen of the Asn460 amide group is near enough to the C2hydroxyl to form astrong hydrogen bond (Figure 6.6 and Figure 6.8), and that the water
molecule (Figure 1.20) has been displaced by the presence of the C2-hydroxyl. N46OD-Galactosidase was the only substituted enzyme that maybe capable of binding the C2hydroxyl because it is the only one with afunctional group at position 460 that is roughly
the same size as Asn, and is in asimilar orientation to Asn460 (Figure 6.7b). Despite this,
N460D-f3-galactosidase does not bind transition state inhibitors as well as does wild type
-galactosidase (Table 5.5). Also, if Asp hydrogen bonds to the C2-hydroxyl, the C2hydroxyl would be the hydrogen bond donor, while the C2-hydroxyl would be the
hydrogen bond acceptor with Asp460. In addition, if the lost direct connection to the C2hydroxyl from position 460 were the main reason for the decreased binding, one would
expect N460S-f-galactosidase to bind the transition state inhibitors with the same
strengths as do N460T-, N460A-, and N460G--ga1actosidase (since none of these
enzymes has adirect connection to the C2-hydroxyl). However, N460S-f3-galactosidase
binds transition state inhibitors (galactonolactone and galactotetrazole) significantly

145

C)
Figure 6.8 Galactotetrazole bound to a) N460S-3-ga1actosidase and b) Wild type 1
3galactosidase. The green lines indicate the distance galactotetrazole is from Trp568; the
red lines indicate the distance galactotetrazole is from Trp999; the black solid lines
indicate the bonds formed from Glu537, Glu461 and position 460 to galactotetrazole. The
black dashed line indicates the distance the a-carbon at position 460 is from the C2hydroxyl of galactotetrazole. c) Stereoview showing the different positions that
galactotetrazole takes when binding N460S-13-galactosidase (colored) superposed with
the a-carbon atoms of the residues shown with wild type 13-galactosidase (white). The
green dashed lines indicate distances for wild type 13-galactosidase; the black dashed lines
indicate distances for N460S- 13-galactosidase.
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weaker than do N460T-, N460A-, and N46OG--galactosidase (Table 5.5). The crystal
structure of N46OS--galactosidase with galactotetrazole bound (Figure 6.8) shows that
galactotetrazole binds to N46OS--galactosidase in avery different way than it binds to
wild type f-galactosidase. Both wild type -galactosidase and N46OS--galactosidase
form interactions from Glu537 to galactotetrazole (Figure 6.8). However, for wild type

f-

galactosidase there are two possible hydrogen bond interactions to the C2-hydroxyl,
where the shorted distance is the more likely hydrogen bond, while for N46OS-galactosidase one connection is to the C2-hydroxyl while the other connection is aweak
hydrogen bond to the C3-hydroxyl (the distance of 3.3

Asuggests aweak bond).

Wild

type -galactosidase forms aconnection from Glu461 to the C2-hydroxyl and the
nitrogen ring of galactotetrazole. On the other hand, N46OS--galactosidase forms only
one connection to the C2-hydroxyl

from

Glu461 and forms this connection with the same

oxygen atom on Glu461 that wild type f3-galactosidase uses to form aconnection to the
nitrogen ring of galactotetrazole (Figure 6.8b). Galactotetrazole is shifted closer to
G1u537 and farther from Glu461 in N46OS-f- galactosidase relative to wild type 3galactosidase. Galactotetrazole is bound farther from Trp568 in N46OS--galactosidase
relative to wild type -galactosidase. Thus, the transition state analog inhibitor does not
enter the active site as deeply in N460S-f3-galactosidase as for wild type f3-galactosidase.
It is possible that the water molecule does not get displaced when deep mode inhibitors
bind to N460S-f3-galactosidase (since the C2-hydroxyl of galactotetrazole does not
occupy that space) like it does when bound to wild type f3-galactosidase. This may be
another reason as to why galactotetrazole does not bind as deep in the active site as it
does with wild type 3-galactosidase. This implies that the water molecule is still
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interacting with Ser46O. Since wild type 3-galactosidase makes four strong connections
(of less than 3.2

A) from Glu461 and Glu537 to the transition state analog, while N4605-

-galactosidase makes two' strong connections and one weak connection (distances
greater than 3.2

A) to the analog, it makes sense that the Ki value is 11 fold weaker for

N4605-f3-galactosidase relative to wild type f-galactosidase (Table 5.5). These results
with N46OS--galactosidase (with galactotetrazole bound) show that one cannot make
overly bold predictions about why asubstituted enzyme does or does not bind inhibitors
as well as wild type 13-galactosidase does. One could not have guessed that
galactotetrazole would bind to N46OS--ga1actosidase in adifferent orientation than it
does to wild type 3-ga1actosidase based just on the Ki values alone.
Although the Ki values of galactonolactone and galactotetrazole for N460D-,
N460T-, N460A-, and N46OG--ga1actosidase are closer to the Ki values of wild type 1
3galactosidase than the Ki values of N460S-13-galactosidase, that does not mean these
substituted enzymes bind the transition state in asimilar orientation as wild type

13-

galactosidase. Without crystal structures it would be difficult to determine different
binding orientations for these substituted enzymes. However, like shallow mode
inhibition, the increased binding of transition state analog inhibitors by N460D-, N460T-,
N460A-, and N460G-13-galactosidase relative to N4605-13-galactosidase may be the result
of different binding interactions with Glu461. For N460T-, N460A-, and N460G-[3galactosidase the loss of hydrogen bonds to Glu461 and to Glu416 must contribute to the
repositioning and properties of G1u46 1. The hydrophobic effects from the methyl of
position N460T-13-galactosidase (and probably N460A-f3-galactosidase) to Glu461 and
Glu416 most likely also contribute to the changes. For N460D-f3-galactosidase the
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orientation of Glu461 is also different, and the increased negative charge of Glu461 may
increase binding of the transition state from that of N460T-, N460A-, and N46OG-3galactosidase. It is also possible that N460T-, N460A-, N460G-, and N46OD-galactosidase can displace the water molecule more similar to wild type -galactosidase
that N460S--galactosidase.
The inhibitory effects with L-ribose were different from those with the other two
transition state analog inhibitors (Table 5.5). L-Ribose bound poorly with each
substituted enzyme relative to wild type 3-gaIactosidase. L-Ribose may represent aform
of the transition state along the reaction coordinate that is different from that represented
by galactonolactone or galactotetrazole. The atom of Asn46O (from wild type 3galactosidase) that is closest to L-ribose is the side chain nitrogen and it is 3.6

Afrom the

Cl-hydroxyl of L-ribose. It is therefore not close enough to L-ribose to form astrong
direct hydrogen bond. Since L-ribose has no direct interaction with Asn46O, the decrease
in binding when other residues are substituted for Asn46O must again be indirect (either
because interactions with Asn46O are lost or via Glu461 or Glu537). Table 1.2 shows that
Glu537 of wild type 3-galactosidase has two hydrogen bonds to L-ribose, while Glu461
has only one hydrogen bond to L-ribose. Thus the inhibition differences with L-ribose
may be via Glu537 since N460T-, N460S-, N460A-, and N46OG--galactosidase bind Lribose worse than does wild type f-galactosidase (Table 5.5). Since N46OT-galactosidase does not bind L-ribose as well as N460A-, N460S-, and N46OG-galactosidase, the hydroxyl at position 460 of Thr may have an effect on Glu537. Further
more, if the effect were mainly through Glu461, one would expect N460S-, and N460Df3-galactosidase to have different Ki values from N460A-, and N46OG-3-galactosidase
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and each other. All this evidence implies that the effect is through Glu537. One must,
however, be cautious about these speculations without astructure. The differences may
simply be aresult of different binding orientations. In addition it is questionable whether
the effect could be because of differing interactions with Glu537 in this case, but not for
shallow mode binding (section 6.2.2).
6.2.4 Product inhibition:
The binding of D-galactose (a product) and of various derivatives of D-galactose
(Table 5.5) was studied to see the importance of Asn460 for binding the product. The
structure of wild type -galactosidase complexed with D-galactose (Juers et al., 2001)
shows that Asn460 is close enough to the C2-hydroxyl to form ahydrogen bond (Table
1.2) and that the water molecule (Figure 1.20) has been displaced by the C2-hydroxyl.
Again, however, there could also be indirect effects on Glu461 and Glu537 via the
network of interactions. The decreased Ki values of the substituted enzymes (except for
N460S-f3-galactosidase) with 2-deoxy-galactose relative to wild type -galactosidase
show that the indirect effect is very important since it is impossible for N460A-, and
N460G-f3-galactosidase to bind 2-deoxy-galactose better through adirect interaction with
the C2-hydroxyl, both because the C2-hydroxyl is absent and because these substituted
enzymes do not have afunctional group to interact with the C2-hydroxyl. N460S-f3Galactosidase binds 2-deoxy-galactose with about the same affinity as wild type 3galactosidase. This suggests that Ser460 has asimilar effect on Glu461 as Asn460 has on
Glu461 (as was the case for shallow mode inhibition). The lack of interactions between
the residue at position 460 in N460T-, N460A-, and N460G-f3-galactosidase with Glu461
(either directly or via Glu4 16) may change the properties of Glu461 and more than
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compensate for the lost direct connection to the C2-hydroxyl to make the Ki values with
these substituted enzymes smaller than those of wild type f3-galactosidase. This implies
that compounds bound in the deep mode have different binding orientations for the
substituted enzymes.
N460S-f-Galactosidase binds D-galactose much more weakly than does wild type
f-galactosidase (Table 5.5) while the other substituted enzymes bind D-galactose alittle
stronger than does wild type 3-galactosidase. This suggests that the lost interaction to the
C2-hydroxyl with D-galactose probably plays arole in the decreased binding of Dgalactose by this substituted enzyme. However, this would only be true if D-galactose
binds in the same orientation in both N460S-3-ga1actosidase and wild type

f3-

galactosidase. The structure ofN460S--galactosidase when galactotetrazole binds
clearly shows that N460S--galactosidase is capable of different binding orientations in
the deep mode. Thus, until astructure is solved with D-galactose bound to N460S-fgalactosidase it is difficult to give definitive reasons for the decreased binding of Dgalactose by this variant. Experiments with other substitutions for position 460 (below)
imply that the interaction with the C2-position is not important for increased binding.
N460D-f-Galactosidase bound all of the product inhibitors except D-talose better
than the substituted enzymes and better than wild type 3-galactosidase (Table 5.5). This
was especially true with 2-amino-galactose (probably because the positively charged C2nitrogen forms astrong ionic bond with the negatively charged oxygen of Asp). This
evidence suggests that Asp at position 460 does interact with the C2 position of product
inhibitors. N460T-, N460A-, and N460G--Galactosidase can not interact directly with
the C2-position since N460A-, and N460G--galactosidase do not have functional
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groups, and the hydroxyl of Thr460 of N460T-f3-galactosidase is far from the C2hydroxyl (Figure 6.1). N460T-, N460A-, and N46OG--Galactosidase bind D-galactose
better than does wild type -ga1actosidase, but less well than does N46OD-fgalactosidase. This finding is different from that with N46OS.4-galactosidase (since
N46OS--galactosidase binds D-galactose weaker than does wild type -galactosidase),
and implies that binding of the C2-position is not important for increased binding unless
an ionic group (Asp) is present. This maybe another indication that the reason N46OS-galactosidase binds D-galactose poorly may be because it binds it differently, as
suggested above. The water molecule may play arole in this difference since it may
occupy the space in the active site where that the ç2-hydroxyl would normally occupy.
Assuming this water molecule exists in the substituted enzymes they may displace the
water molecule more similar to wild type f3-galactosidase. N460D-f3-Galactosidase also
binds 1-amino-galactose very well. If this were entirely an indirect effect one would
expect N460G-, N460A-, and N460T-f3-galactosidase to also have increased binding of 1amino-galactose as is the case for 2-deoxy-galactose. However, these substituted
enzymes bind 1-amino-galactose as well as does wild type -galactosidase. N46OD-Galactosidase probably binds 1-amino-galactose stronger than the other substituted
enzymes due to the proximity of the negative charge of the carboxyl group of Asp at
position 460 to the positive charge of the amino group at the Cl-position, along with a
possible increased negative charge of Glu46 1(that may also interact with the C1-amino
group). It may also be that l-amino-galactose binds in adifferent orientation to N460D-f3galactosidase than to wild type -galactosidase due to an attraction from the positively
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charged 1-amino group to the negatively charged Asp46O. This could only be determined
with structural information.
The Ki values for N460T-, N460A-, and N460G-13-galactosidase with the product
inhibitors are similar. This implies that the hydroxyl of Thr has little influence on
binding. However, there are slight differences between the Ki values of N460T-, N460A-,
and N46OG-3-galactosidase. The hydrophobic interactions of the methyl from Thr46O of
N460T--galactosidase with the aliphatic side chains of Glu461 and Glu416 may be
different from those with the methyl of A1a46O of N460A-3-gaIactosidase. This would
account for the differences between these two enzymes. N460G-13-Galactosidase would
not have these hydrophobic interactions, which would account for the slight differences
in binding product inhibitors for this enzyme compared to N460T-, and N460A-f3galactosidase. The absence or presence of the hydrophobic interactions, the strength of
the hydrophobic interactions, and the absence of hydrogen bond interactions with Glu461
and Glu416, cause Glu461 to bind the product inhibitors differently. All these differences
cause Glu461 of N460T-, N460A-, and N46OG-3-gaIactosidase to have different
orientations and different properties from Glu461 of wild type f-galactosidase.
6.2.5 Summary of the inhibition and crystal structure studies:
The results indicate that the main role of Asn46O is to influence the ability of
Glu461 to interact with shallow mode and deep mode inhibitors, and to coordinate
specific active site water molecules (Figure 1.20). The results also indicate that direct
binding to the C2-hydroxyl of compounds bound in the deep mode is only important if an
Asp is substituted for Asn460 (for the substituted enzymes). N460D--Galactosidase may
be able to modify the pKa of Glu461 due to the proximity between these residues and the
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indirect interaction through G1u416 and Mg2 .The crystal structure ofN460S-fgalactosidase with galactotetrazole bound shows that one should be cautious about
interpretation of binding effects on activity without astructure. It is conceivable that
some of the effects on binding in the shallow mode, transition state, and the product
mode are aresult of different binding orientations and that the binding orientation could
change the number of hydrogen bond interactions and their strengths. Most of the results
indicate that N46OT-f-galactosidase has avery similar effect on binding as do N460A-,
and N460G--galactosidase. Thus the hydroxyl of Thr at position 460 seems to have little
influence on binding. However, the hydrophobic interaction between the methyl group of
Thr460 and the aliphatic side chain of G1061 and Glu4 16 may pull G1u46 1and GJu4 16
out of position to react optimally. Repositioning of G1u461 and Glu416 may also
reposition Mg2 .Since Me is also chelated by Glu46 1, the repositioning may alter the
influence Me has on OWL N46OA--Galactosidase may be capable of somewhat
similar hydrophobic interactions from its methyl group as with the methyl group of Thr at
position 460.
N460S-13-Galactosidase binds shallow mode inhibitors with similar affinity as
wild type -galactosidase. This is probably because Ser at position 460 forms asimilar
interaction to Glu416 and active site water molecules as Asn460 does and these
interactions are of such magnitude that it compensates for the lost direct connection
(relative to wild type f-ga1actosidase) from position 460 to Glu461 (assuming this
interaction is important). However, N460S-3-galactosidase binds compounds in the deep
mode differently than does wild type 3-galactosidase and this may be because the water
molecule is not being displaced for N460S--galactosidase.
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6.3 Kinetics and thermodynamics:
6.3.1 Binding of oNPU and pNPG (ground state):
The Km values with pNPG were less than those for wild type f-galactosidase for
all substituted enzymes (Table 5.1). Since k2 is rate limiting for each substituted enzyme
this means that Km

=

Ks for pNPG, and therefore the Ks must be less for each substituted

enzyme than it is for wild type 13-galactosidase. The smallest decrease in Ks pNPG
occurred with N46OS-3-galactosidase (Table 5.6). Except for N46OS-3-gaIactosidase (for
which the Km was essentially the same as for wild type 3-galactosidase), the Km values
of the substituted enzymes with oNPG were also smaller than that of wild type 3galactosidase (Table 5.1). The Ks values calculated using the actual values of k2 and k3
(Table 5.6) showed that the Ks for oNPG is less for all substituted enzymes except
N4605-f3-galactosidase in comparison to wild type [3-galactosidase.
Based on the results obtained from the shallow mode inhibitor studies it was
expected that N460D-, N460T-, N460A-, and N460G-f3-galactosidase would bind pNPG
with similar affinity. However, N460T-, and N460A-[3-galactosidase bind pNPG better
than N460G-f3-galactosidase does. N460T-fl-Galactosidase forms hydrophobic
interactions with the aliphatic side chain of Glu461 and Glu416 (Figure 6.7c). These
hydrophobic interactions position Glu461 and G1u416 differently and could alter the
properties of Glu46 1. Preliminary studies of the crystal structure for N460A-[3galactosidase indicate that the methyl group of Ala at position 460 is able to form similar
hydrophobic interactions as does N460T-fl-galactosidase. N460G-[3-Galactosidase would
not be able to form these interactions. Since N460T-, and N460A-[3-galactosidase bind
IPTG and pNPG better than N460G-[3-galactosidase, this suggests that these hydrophobic
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interactions may facilitate better binding at the ground state by positioning Glu461
differently than it is positioned in both wild type -galactosidase and N460G-fgalactosidase. It is also of interest that, N460T-, and N460A-f3-galactosidase have similar
k2 and k3 values. N460D-f-Galactosidase binds shallow mode inhibitors with similar
strength to N460A-, and N460T-f-galactosidase, but binds pNPG slightly weaker than
N460A-, and N460T-3-galactosidase. Again, this must have something to do with
different binding interactions Asp460 has on Glu461. One would expect Asp460 to bind
pNPG stronger since it probably makes Glu461 more negative.
6.3.2 Binding enthalpy (AlT0)and entropy (AS 2)j
There are many hydrogen bonds between water molecules and the residues of 13galactosidase (Juers et al. 2001). When asubstrate binds, the water molecules bound to
active site residues are displaced in most enzymes, and these displaced waters either form
new hydrogen bonds with other groups or waters become free in solution. The AlT0 upon
binding of substrates depends partly on breaking these bonds with water and on the
formation of new hydrogen bonds with other water molecules or the enzyme. The main
influence on AH0 is, however, the formation of new bonds between active site residues
and the substrate. A positive slope of avan't Hoff plot indicates that there is anegative
AlT0 upon binding substrate. The more negative the All0,the better the binding (more
favorable). A negative AS 0 value means the order has increased when substrate binds to
the enzyme (unfavorable). Increased order is, of course, partly aresult of substrate
binding. It also indicates that asignificant number of water molecules have been
displaced and have formed new, more numerous and/ or more ordered interactions. If the
water molecules that have been displaced all simply form new similar interactions this
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would contribute very little to AS 0 (or AH0). A positive AS 0 value means order has
decreased when substrate binds to the enzyme (favorable). Decreased order is probably a
result of many water molecules being displaced that do not form new interactions.
Relatively large AS 0 values compared to wild type

-galactosidase can also indicate that

the substrate is not bound as tightly as it is to wild type f-galactosidase, and thus has
more freedom to move around. Protein conformational changes could also be important.
The Ks value with oNPG for N460S--galactosidase is larger than the Ks values
of the substituted enzymes and is similar to the Ks value of wild type 3-galactosidase.
However, the Ks value with pNPG for N460S-f-galactosidase was smaller than that of
wild type -galactosidase and is similar to the Ks value of N460G-f3-galactosidase. The
Ks values for N460T-, and N460A--galactosidase with pNPG were equal and were the
smallest of all substituted enzymes. It is difficult to say with certainty why this is. It must
have to do with differing interactions with Glu461 (via Glu416 and Mg2 )because a
direct interaction (from position 460) with shallow mode inhibitors is not possible, and
interactions with Glu537 probably are not affected as stated earlier (Section 6.2). Since
N460S-J3-galactosidase binds shallow mode inhibitors with similar Ki values as wild type
3-galactosidase, it is not surprising that N460S--galactosidase binds pNPG and oNPG
with Ki values most similar to wild type f3-galactosidase. N460T-, N460A-, and N460Gf-Galactosidase bound all shallow mode inhibitors stronger than N460S--galactosidase.
N460G-, and N460S-f-galactosidase bound IPTO weaker than N460A-, and N460T-galactosidase (section 6.2.1). The Ks values for pNPG indicate the same trend, but the Ks
values for oNPG did not. The Ks values for pNPG decreased much more than for oNPG
relative to the Ks values for wild type -galactosidase. Thus, differences in binding at the
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ground state may not be seen with oNPG as easily as with pNPG, or else pNPG binds
differently than ONPU at the ground state. As discussed in section 6.2.2, N460S-galactosidase does not form hydrophobic interactions with the aliphatic side chains of
Glu416 and Glu461, and N460G-I3-galactosidase would not be capable of hydrophobic
interactions such as those that N460T-3-galactosidase and possibly N460A-.galactosidase can. The lack of hydrogen bonds from the residue at position 460, and the
influence on the properties and position of G1u461 by the hydrophobic interactions,
probably contribute to the small differences in binding. Thus, the hydrophobic
interactions may position G1u461 better for binding with N460T-, and N460A-t3galactosidase relative to N460S-, and N460G--galactosidase. This may also be the
reason that N460T-, and N460A--galactosidase have the lowest kca
tand Km values with
both oNPG and pNPG (Table 5.1).
Based on shallow mode inhibitor studies (section 6.2.2) one would expect the
binding thermodynamics of pNPG for N460T-, N460A-, and N460G-f3-galactosidase to
be more similar to those of N460D-f3-galactosidase (since the Ki values are similar), than
to the thermodynamic values of N460S-f3-galactosidase. However, the thermodynamic
results of the van' tHoff plots show that N460D-3-galactosidase binds pNPG differently
than do the other substituted enzymes (Table 5.6). N460D-f3-Galactosidase has amuch
less favorable Tt\S 0 (in comparison to wild type f3-galactosidase) when binding pNPG
(Table 5.6). Thus, the water molecules freed from the enzyme when substrate binds to
N460D--galactosidase may form new and more ordered interactions. It is also possible
that for some reason not as many waters are released (the negatively charged Asp residue
may hold water tightly in the active site), or the substrate may become more ordered
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when it binds N460D-f3-galactosidase than when it binds to wild type -galactosidase.
The AlL was about two times as great when pNPG bound to N46OD-f-galactosidase in
comparison to when it bound to wild type -galactosidase. The effect of the negative
charge of Asp on Glu461 (via Glu416 and Mg2 )may result in new and/ or stronger
bonds (this may also account for the greater order) when N460D-f3-galactosidase binds
pNPG.
Although the van't Hoff results are very similar for N460S-, N460T-, N460A-,
and N46OG--galactosidase, there are some differences that are worth discussing. The
thermodynamic results from the van't Hoff plots indicate that N460S-, and N460G-I3galactosidase share some binding properties that are different from the binding properties
of N460A-, and N460T--galaetosidase with pNPG. The AH0values for N460T-, and
N460A-J3-galactosidase are alittle more favorable than those of N460S-, and N46OG-galactosidase. On the other hand the TAS 0 values are alittle less favorable. The more
favorable AR0 results in better binding of pNPG by N460T-, and N460A--galactosidase
(Table 5.6). This again may be due to the hydrophobic effects of N460A-, and N460T-f3galactosidase on Glu461 and G1u416.
The enthalpy of binding is very important for binding shallow mode inhibitors.
The favorable AR,, was greater than the unfavorable TAS O (Table 5.6) for each substituted
enzyme and for wild type f3-galactosidase and thus, AH0 is the driving force for the
binding reactions with pNPG.
6.3.3 Activation enthalpy

(Alit)

and entropy (AS*):

Determination of the k2 and k3 values of wild type -galactosidase and the
substituted 3-galactosidases would normally be attempted with stopped flow or with
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acceptors. Stopped flow studies with 3-galactosidase have, however, never given
satisfactory results and require large amounts of enzyme. Acceptor studies on the other
hand usually just indicate which steps are rate determining or partially rate determining
and, at the most, only the value of one of the two rate constants can be obtained with any
degree of certainty (section 6.3.4). In addition, neither of these techniques would give any
idea of the activation thermodynamics unless done over aseries of temperatures. This
would be impractical. Therefore asignificant part of the work described in this thesis was
to develop the use of temperature effects on steady state kinetics to determine the values
of rate constants and their activation thermodynamics when two mechanistic rate
constants are of similar magnitude. Surprisingly, there has not been much work of this
type reported in the literature. Ayala and Cera (2000) described astudy of this type but
their study was done with very few experimental points (only eight points were used). In
addition their Arrhenius plots did not curve, and they did not report experimental error.
Their error must have been significant as shown by the fact that when about three times
as many data points were used (as was done in this study) there was significant error,
even with linear Arrhenius plots. Non-linear regression with two unknowns (which would
happen when the Arrhenius plots are linear), let alone with four unknowns (which are
obtained with curved Arrhenius plots) is subject to alarge amount of error. The small
temperature range that one is limited to with enzymes also contributes significantly to
error. This study showed that with care in the experimental method and in the
interpretation, one can obtain results within reasonable error ranges. The results provided
the activation energetics in going from the ground state to the first transition state (Ht2
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and iS 2)and from the covalent intermediate to the second transition state (AH

3 and

AS 3)(Figure 6.9).
AH is based on the bending, twisting, compressing and/ or stretching of bonds or
reacting groups that occurs when bonds are broken or formed. The driving force comes
from induced orbital interactions and thus leads to changes in the electronic affinities
(ionization potentials) of the atoms or groups involved. If one ignores the effects of
solvation and desolvation at the active site, the iH for bond formation and bond
breakage during the enzyme reaction can be qualitatively estimated by seeing which bond
would be partially formed or partially broken during the formation of the transition states.
During galactosylation (Figure 6.9a and 6.9a) abond between the carboxyl and aEr of
Glu461 is partially broken (positive iH 2)and apartial bond between that ff and the
glycosidic oxygen partially forms (negative zH 2). The bond to the Cl-carbon of
galactose is partially broken (positive

H 2). The Cl-carbon of galactose forms apartial

bond with Glu537 (negative H 2). During clegalactosylation (Figure 6.9b and 6.9b)
G1u461 forms apartial bond with aI1 of awater molecule (negative iXH 3), while the
bond with that H is partially broken (positive
bond with the Cl-carbon of galactose (negative

}It3).

The activated water forms apartial

H 3), while the bond between Glu537

and the Cl-carbon of galactose partially breaks (positive AWO.

S2is expected to be

positive (the system becomes more disordered upon formation of the transition state)
because of partial or full release of the aglycone during galactosylation. If AS

2is

more

positive for asubstituted enzyme than for wild type 13-galactosidase, the substituted
enzyme probably has less interactions with the departing aglycone and it is more free to
leave readily. Water order could also be important. AS

3 is

usually negative because
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Atg388

G1u416
-

Asn46O

Figure 6.9 The two transition states of wild type 13-galactosidase and the changes in
enthalpy expected in achieving these states are shown. a) the ground state a) the
transition state for galactosylation (zH 2). b) the covalent intermediate; b) the transition
state for degalactosylation (L\H 3). The substrate is nitrophenol (NP) attached to
galactose. —AH (blue) indicates that the enthalpy change for the partial bond being
formed is expected to be negative while the +AH (green) indicates that the enthalpy
change for the bond being partially broken is expected to be positive.
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precise positioning of the water, the base, and the galactosyl components are required for
the reaction to proceed. If AS

3becomes

more positive for asubstituted enzyme (relative

to wild type -galactosidase), less precise positioning of the components of the transition
state is required by the substituted enzyme relative to wild type 3-galactosidase. Changes
in the ordering of the water could also, of course, be important.
Structures of wild type 3-galactosidase with 2-F-galactose covalently bound to
Glu537 indicate that the distance between Arg388 and Glu537 is 3.8

A(Table 1.1). This

distance precludes any significant effects of substitutions as aresult of interactions with
Glu537 since position 460 is connected to Glu537 through Arg388. However, influences
(or in the case of N460T-, N460A-, and N460G--galactosidase, alack of interactions)
that residues at position 460 have on Glu461 may affect the stability of the covalent
intermediate since Glu461 has astrong hydrogen bond to the C2-hydroxyl of the covalent
intermediate (as it does to the transition state) (Table 1. 1, and 1.2) of wild type

fl-

galactosidase. However, the hydrogen bond between Glu461 and the C2-hydroxyl is
probably weaker with the covalent intermediate than the transition state since the distance
between Glu461 and the C2-hydroxyl increases by 0.2

Awhen the covalent intermediate

forms (Table 1.1). Since, Asn460 is capable of forming two hydrogen bonds directly to
the C2-hydroxyl (ND2 acting as ahydrogen bond donor, and OD1 acting as ahydrogen
bond acceptor) of the covalent intermediate, but only one hydrogen bond to the transition
state inhibitors (Table 1.2), substitutions that do not allow interaction directly with the
C2-hydroxyl directly could affect the stability of the covalent intermediate. Since the
covalent intermediate does not have the hydrogen bonds it could rotate and move more,
and as aresult the covalent intermediate would be more disordered relative to the second

163
transition state. Thus activation entropy would be less positive (more unfavorable) for
enzymes that do not interact with the C2-hydroxyl during the covalent intermediate than
enzymes that do interact with the C2-hydroxyl during the covalent intermediate, since the
second transition state is probably of the same order of magnitude as the second transition
state for wild type 13-galactosidase.
6.3.4 Confirmation of the rate constants obtained from Arrhenius plots by acceptor
studies:
Acceptor studies qualitatively indicate which of k2 or k3 is rate limiting or
partially rate limiting. The acceptor studies were done with glucose because there was an
increase in appk cat for oNPG as the glucose concentration was increased for each of the
substituted enzymes (Figure 5. 12a, 5. 12b and Figure 5.13). Such an increase can only
occur if k4 is greater than k3 (Table 5.3 and 5.4) and if k2 and k3 are either of similar
magnitude or k3 is much smaller than k2.Studies with glucose and pNPG showed that
appk cat did not change with increasing glucose concentrations (Figure 5. 12c). These
results indicate that k2 is rate limiting with pNPG. This verifies that the interpretation of
the Arrhenius plot results for pNPG was correct since they were linear with all of the
enzymes (Figure 5.2 and Table 5.2) and the interpretation was that k2 was rate limiting.
Since the Arrhenius plots for N460D-f3-galactosidase with pNPG and oNPG are straight
(Figure 5.5), but not parallel, the Arrhenius plot with N46OD--galactosidase and oNPG
suggests that k3 is probably rate limiting. For the other enzymes, the curved Arrhenius
plots indicated that k2 and k3were of similar magnitude. These findings were supported
by the acceptor studies with glucose that showed that k2 and k3 were of roughly the same
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magnitude with oNPG (Figure 5.12b), except in the case of N46OD--galactosidase when
k3 was rate limiting.
6.3.5 Possible reasons for the decreased reactivities of the substituted enzymes:
6.3.5.1 Possible reasons for the decreased reactivity of N460D-13-galactosidase:
When pNPG binds to N46OD-3-galactosidase, the system becomes ordered (as
indicated by the negative TAS O

-

Table 5.6 and Section 6.3.3) relative to wild type

-

galactosidase. Some or all of this order is probably lost when one goes from the enzyme•
pNPG complex to the first transition state since TAS

2is

more favorable for N460D-f3-

galactosidase than for wild type -galactosidase (Table 5.2) with pNPG. It appears that
N46OD--galactosidase binds pNPG differently at the ground state and/ or binds the
transition state differently than does wild type f-galactosidase. The Ki values indicate
that the transition state is bound differently by N460D-f3-galactosidase than by wild type
3-galactosidase since N460D-f3-galactosidase does not bind transition state inhibitors as
well as does wild type f3-galactosidase (Table 5.5). This could be the reason for the more
favorable TAS 2.The transition state may bind loosely and may thus be disordered.
The relatively unfavorable AH 2with N460D-f3-galactosidase (Table 5.2) may be
due to the increased negative charge on Glu461 (Section 6.2) resulting from the
interaction with Asp46O. A more negative Glu461 would cause it to be apoorer acid
catalyst. Thus, Glu461 would not give up its ff as easily during the first transition state
(Figure 6.9a) leading to unfavorable iXH 2.However, if the negativity of Glu461 were
the sole reason for the unfavorable AH

2 one

would expect that the

H 3to be more

favorable than for wild type 3-galactosidase (since Glu461 would be abetter base relative
to wild type 3-galactosidase and thus activate the water molecule easier

-

Figure 6.9b).
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Since this was not the case (Table 5.3), the unfavorable 1H needed to achieve both
transition states is more likely due to weaker binding of the transition state relative to
wild type 3-galactosidase (as indicated by the Ki values with transition state inhibitors

-

Table 5.5).
Asp46O of N46OD-f-galactosidase probably interacts directly with the C2hydroxyl in the deep mode as shown by the low Ki values of D-galactose, 1-aminogalactose and 2-amino-galactose (Table 5.5). However, the interaction is probably not the
same as with Asn46O of wild type -galactosidase (section 6.3.3), and the binding
orientation in the deep mode is probably also different from that of wild type f3galactosidase due to the influence that Asp46O has on Glu461 (via Glu416 and Mg2 ).
N46OD-3-Galactosidase was the only enzyme for which k3 was rate limiting with oNPG
(Table 5.3). This is indicated by the fact that zH

3 was

very unfavorable for this

substituted enzyme relative to the other substituted enzymes and wild type

f-

galactosidase. Wild type f-galactosidase maintains one weak connection between Glu461
and the C2-hydroxyl during the covalent intermediate. Thus, it is likely that Glu461 of
N46OD-3-galactosidase has an influence on the binding of the covalent intermediate since
the inhibitor studies show that Glu461 is influenced by Asp46O (via Glu416 and Mil).
There is also most likely adirect effect by Asp46O, since it probably has two hydrogen
bonds just as wild type 3-galactosidase does, and since there is anegative charge it would
be stronger. There is no evidence that the covalent intermediate has adifferentbinding
orientation with N46OD-3-galactosidase than for wild type f-galactosidase. However,
there is some evidence that the transition state(s) are bound differently (i.e. the Ki values
of transition state analogs are different— Table 5.5). A structure of this enzyme with a
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transition state inhibitor bound and with 2-F-galactose covalently attached would
obviously help to explain the findings.
6.3.5.2 Possible reasons for the decreased reactivity of N460S-13-galactosidase:
The most information obtained to establish the reactivity of any of the substituted
enzymes in this study was for N460S-I3-galactosidase because the structure of this
enzyme with atransition state inhibitor bound was obtained. N46OS--Galactosidase
bound shallow mode inhibitors and oNPG about as well as wild type -galactosidase
(Table 5.5 and 5.6). However, pNPG was bound about twice as well as it was by wild
type f3-galactosidase. The data indicate that this enzyme bound pNPG (Table 5.6) better
because the TzS 0 was more favorable than for wild type -galactosidase, and the enzyme
was thus able to compensate for aAH,, that was more unfavorable than that for wild type
3-galactosidase. N46OS--Ga1actosidase, therefore, binds pNPG stronger because the
enzyme

•

substrate complex is less ordered than the enzyme

•

substrate complex is with

wild type f3-galactosidase. It is not obvious why this is. A possible reason is that water
becomes more disordered upon binding substrate with N46OS--galactosidase than with
wild type -ga1actosidase.
There is little difference between the TAS

2 ofN46OS-3-ga1actosidase

and wild

type -ga1actosidase with pNPG (Table 5.2). The crystal structure of N460S-f3galactosidase shows that the transition state is not bound in the same orientation as it is in
wild type -galactosidase (Figure 6.8). Since TAS

2 is

the same for N46OS-f-

galactosidase and wild type f3-galactosidase the enzyme transition state complex must be
equally ordered for both enzymes (relative to the enzyme
though different bonds are involved (Figure 6.8).

•

pNPG complexes) even
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The unfavorable

AHt2

for N460S-f-galactosidase may be the result of the

different binding orientation of the transition state relative to wild type -galactosidase.
Glu537 and Glu46 1each form two bonds to galactotetrazole (transition state analog) in
wild type )3-galactosidase, while Glu537 forms one strong bond and one very weak bond,
and Glu461 forms only one bond to galactotetrazole in N460S-J3-galactosidase (Figure
6.8). The crystal structure with galactotetrazole bound shows that the inhibitor is farther
from both Trp568 (green lines) and 999 (red lines) in N460S--galactosidase than in wild
type -ga1actosidase. Thus, the bonds in N460S-f3-galactosidase do not pull the inhibitor
as far into the deep mode as the bonds in wild type f3-galactosidase do (Figure 6.8). The
structures also show how losing the direct connection from position 460 to the C2hydroxyl affects transition state binding. The distance between the a-carbon of Ser460 to
the C2-hydroxyl is about 2Afarther than between the a-carbon of Asn460 and the C2hydroxyl (dashed lines figure 6.8). New bonds form between Glu461, Glu537 and the
transition state. There are fewer of these new interactions and the bonds are weaker. That
is why N460S-3-galactosidase does not bind transition state inhibitors as well as wild
type f3-galactosidase does. The different bonds result in aless stable transition state. The
effect is mainly enthalpic. Since Glu537 and G1u461 are not positioned the same for
N460S-3-galactosidase as they are for wild type f-galactosidase (due to the new
positioning of the transition state), the ability to partially form and break the bonds
required to form the transition state is probably more difficult than for wild type

f3-

galactosidase (Figure 6.9), making AHt2 more unfavorable.
When oNPG is the substrate, AH

2 is

also unfavorable relative to wild type

galactosidase. The k2 value is smaller for N460S-3-galactosidase because more

f3-

AHt2

is

168

required relative to wild type -galactosidase. This is probably due to the same reasons
that it is unfavorable with pNPG. However, unlike pNPG, where TAS
N460S--galactosidase and wild type 3-ga1actosidase, Ti.\S

2 is

2 was

equal for

more favorable than for

wild type f-galactosidase with oNPG. Thus, when N460S-3-galactosidase reacts with
oNPG the first transition state is less ordered relative to the enzyme

•

substrate complex

than when pNPG reacts. This must relate to the fact that pNPG is bound twice as well by
this enzyme compared to wild type f-galactosidase, while oNPG is bound equally as well
to N460S-f3-galactosidase as wild type -ga1actosidase.
The AW 3 is unfavorable for N460S--galactosidase relative to wild type

f..

galactosidase. This is partly compensated for by amore favorable ThS3. The reasons for
this are probably the same as for zH

2 and

ThS

2with

both pNPG and oNPG there are

fewer bonds with the transition state and thus the enzyme

-

•

transition state complex is

less stable. However, since there are fewer bonds, there is probably more translational
freedom and thus the TiS

3 is

than the more favorable TtS

more favorable. Overall, the less favorable

3 and

H

3 is

greater

thus k3 decreases (like k2).

6.3.5.3 Possible reasons for the reactivities ofN46OT-, N460A-, and N460G$galactosidase:
For these substituted enzymes the hydrogen bonds to Glu461 and to Glu416 from
Asn460 that are present in wild type -galactosidase are absent. Thus, the changes in the
properties of the variants are due to the lack of these interactions. This lack of
interactions must change the ability of Glu461 to bind the various reaction components.
These substituted enzymes have ahigher affinity for shallow mode substrates, and thus
the enzyme

•

substrate complexes are in adeeper energy well (Figure 6. 10, Table 5.5)
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than the enzyme

•

substrate complex is for wild type 3-galactosidase. Thus, in order to

reach the same transition state as wild type f-galactosidase these substituted enzymes
require more energy (Figure 6.10). If the transition state is even less stable than with wild
type f3-galactosidase (as indicated by the fact that transition state analogs bind worse)
even more energy is needed. This is probably one reason that the AG

2 with

both oNPG

and pNPG is greater for these substituted enzymes than for wild type -ga1actosidase
(Table 5.2 and 5.3). The Ks values for pNPG decreased much more than for oNPG
relative to the Ks values for wild type 3-galactosidase (Table 5.6) and this may be the
result of different binding interactions between oNPG and pNPG at the ground state.
Different binding interactions between oNPG and pNPG at the ground state for these
substituted enzymes is further supported by the fact that the order increased (smaller
TS values) for these substituted enzymes when they reacted with pNPG relative to wild
type f3-galactosidase, but the order decreased (larger TS2) when they reacted with
oNPG relative to wild type -galactosidase (Table 5.3). The first transition state is the
same for both oNPG and pNPG. Thus, the differences in the activation thermodynamics
probably stem from different interactions for pNPG and oNPG at the ground state.
The degalactosylation thermodynamics for N460T-, and N460A-f-galactosidase
are different from those for N460G-f3-galactosidase. N460T-, and N460A-3-galactosidase
require greater activation enthalpy (1H 3)than does N460G-f3-galactosidase relative to
wild type -ga1actosidase. Thus, N460T-, and N460A-f3-galactosidase may have more
difficulty forming the partial bonds required to achieve the first transition state than does
N460G-f3-galactosidase (relative to wild type -galactosidase). Activation entropy for
degalactosylation (AS 3)is aslightly more favorable for N460T-, and N460A--
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Time
Figure 6.10 A general energy diagram showing that N4601-, N460A-, and N460G-I3galactosidase (blue dashed lines and arrows) bind substrate (E'S) in alower energy well
than does wild type 3-galactosidase (red dashed and arrowed lines). This is based on the
finding that they bind shallow mode inhibitors and substrate with agreater affinity than
wild type 3-galactosidase. Thus, these substituted enzymes would probably require more
activation energy to reach the same first transition state (E-TS) relative wild type 1
3galactosidase. The energy levels of the E•TS forms are probably also higher than with
wild type f3-galactosidase even though this is not indicated on the diagram.

171

galactosidase than for N46OG--galactosidase relative to wild type -galactosidase. Thus,
the transition state may be more disordered for N460T-, and N460A--galactosidase than
for N46OG-f-galactosidase. The only transition state inhibitor studied that supports these
results is that with galactonolactone, since N46OG-3-galactosidase binds
galactonolactone with more strength than N460T-, and N460A-f-galactosidase. As was
shown earlier, N460T-f-galactosidase forms hydrophobic interactions with the aliphatic
side chains of Glu416 and Glu461, and there is preliminary evidence that such
interactions form with Ala46O ofN46OA--ga1actosidase. These interactions can affect
the positioning of Glu461 (as shown in the crystal structure ofN46OT-.-galactosidase

-

Figure 6.7c) and may restrict Glu461 more than N46OG--galactosidase does (since it
would not have these hydrophobic interactions). This may allow the transition state to be
achieved more readily with N46OG--ga1actosidase than for N460T-, and N46OA-3galactosidase. Like the first transition state, the second transition state is probably also
bound differently by these substituted enzymes.
6.3.5.3

-

1Differences between the reactivities of N460T-, N460A-, N460G-, and

N460S-f3-galactosidase:
The crystal structures of N46OS-f-ga1actosidase indicated that new interactions
(relative to wild type -galactosidase) are made between galactotetrazole to G1u537 and
Glu461 and that there is no direct connection from the Ser46O residue to the C2hydroxyl. The Ki values obtained for galactotetrazole, galactonolactone, and L-ribose are
significantly different for N460S-f3-galactosidase as compared to N460T-, N460A-, and
N460G-f3-galactosidase. N460T-, N460A-, and N46OG--Ga1actosidase bind
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galactonolactone and galactotetrazole better than does N460S-3-galactosidase. This
suggests that N460T-, N460A-, and N460G-3-galactosidase bind the transition state
differently than does N460S-f-galactosidase, and the transition state stabilities are
different even though Thr, Ala, and Gly at position 460 do not form adirect hydrogen
bond with the C2-hydroxyl. While N460T-f3-galactosidase binds L-ribose the weakest,
N460S--galactosidase binds L-ribose with similar strength as N460A-, and N460G-J3galactosidase (Table 5.5). The TtS

3values

are also quite different for each of these

substituted enzymes (Table 5.3). However, Figure 5.1 lb shows that the ranges for
N460S-, and N460G-f3-galactosidase are very large compared to N460T-, and N460A-galactosidase. This is aclear example of how important it is to look at the thermodynamic
ranges before making conclusions based the activation thermodynamic values obtained
directly from Arrhenius plots. It is likely that N460T-, N460A-, and N460G-fgalactosidase bind the transition state in asimilar orientation that is different from how
both wild type f3-galactosidase and N460S--ga1actosidase bind it. Obviously structures
with inhibitors bound would help to determine if this is true.
The k2 and k3 values were lowest for N460T-f-galactosidase with both oNPG and
pNPG (Table 5.1, 5.2 and 5.3). With pNPG the AH12 for this enzyme does not change
much compared to that for wild type f3-galactosidase, but TiS

2is

much less favorable

than for wild type -ga1actosidase and N460A-, and N460G-f-galactosidase. Thus, in
going from the enzyme

•

substrate complex to the enzyme

•

first transition state complex,

significant increases in order are necessary in comparison to wild type -ga1actosidase
and N460A-, and N460G-f3-galaetosidase. When pNPG binds to N460T-, N460A-, and
N460G-f-galactosidase there is aloss in order (TLS O is more favorable than for wild type
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3-galactosidase

-

Table 5.6). It is possible that N460T-, N460A-, and N460G-f3-

galactosidase are able to bind pNPG with less order than wild type f3-galactosidase.
However, to reach the first transition state the same order is required by N46OT-galactosidase as for wild type f3-galactosidase, and thus the k2 for N46OT--galactosidase
with pNPG is decreased due to the extra order that is needed to achieve the first transition
state relative to N460A-, and N46OG-3-ga1actosidase. The hydrophobic effects of the
methyl of Thr46O on Glu461 and Glu416 change the orientation of Glu461 and Glu416.
This may make it much more difficult for GIu461 to act as an acid/ base catalyst and
stabilize the transition state compared to the other substituted enzymes. This suggests that
if there are hydrophobic interactions from Ala46O they are not as restrictive (or not as
strong) as the hydrophobic interactions of Thr460 to Glu461 and Glu416.
6.3.6 Reactivity summary of the substituted enzymes:
The evidence indicates that different thermodynamics of the substituted enzymes
in going from the enzyme

•

substrate complex at the ground state to the first enzyme•

transition state complex, and in going from the covalent intermediate to the enzyme•
second transition state complex, cause the different reactivities as is true of any reaction.
The kinetic effects for substituted enzymes relative to wild type 3-galactosidase are in
large part the result of different binding properties and these effects seem to be mainly
via interactions (or loss of interactions) with G1u461 (often via Glu416 and Mg2 ). The
results indicate that the connection to Arg388 is not important for binding or catalysis.
Substitutions for Asn46O affect not only the orientation of Glu46 1, but also seem
to affect the properties of Glu46 1. These influences on Glu46 1occur via Glu416 and
Mg2 ,or result from losses of bonds of the residue at position 460 to G1u461 and Glu416.
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This seems to affect the ability of Glu461 to interact with the substrate, transition states
and the covalent intermediate. The influence substitutions at position 460 have on Glu461
causes binding changes at each stage of catalysis. Due to differences in binding the
transition state, the orientation of Glu46 1, and the different properties of Glu461 with
different substitutions for position 460, catalysis is decreased since the abilities of Glu461
to act as an acid/ base catalyst and to bind the transition state and other reaction
intermediates are affected.
The connection from Asn460 to the C2-hydroxyl does not seem to be too
important for binding of the transition state since N460D-3-galactosidase is able to make
this connection, but the reaction is still quite slow. However, the connection from Asn460
to the C2-hydroxyl may be important for stabilization of the covalent intermediate. Of the
substituted enzymes only N460D-f-galactosidase would be expected to maintain adirect
connection from position 460 to the C2-hydroxyl somewhat similar to how wild type

f3-

galactosidase does.
The hydrophobic interactions from position 460 of N460T-f3-galactosidase to the
aliphatic side chains of Glu461 and Glu416 seem to be important. These hydrophobic
interactions position Glu461 differently in N460T--galactosidase. N460A-Galactosidase may be similar and that may be why these two substituted enzymes have
similar thermodynamics.
6.4 Mg 2-I- binding:
Mg2 is very important for full catalytic activity of wild type 3-galactosidase
(Case et al., 1972). The effects of the substitutions for Asn460 on Mg2 binding are
thought to be aresult of changes in the interactions with Glu461 and Glu4 16, which are
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Me ligands (Figure 1.4a and 1.7). The electron density maps of N460S- (with and
without galactotetrazole bound), N460T-, and N460D--galactosidase had enough
density to model Mg21 into approximately the same position of the active site as for wild
type f3-galactosidase (Figures 5.18 and 5.19). The distances between the ligands (Glu461,
and Glu416) and Me are different for N460D-, N460S-, and N460T--galactosidase
than for wild type -galactosidase (Figure 6.7). The crystal structures of substituted
enzymes indicate that Mg2'is further away from Glu461 and Glu416 for N46OD-galactosidase, but closer to Glu461 and Glu416 for N460S-f-ga1actosidase relative to
wild type -galactosidase (Figure 6.7).
These distances correspond well with the EC 50 values since N460D-galactosidase has significantly less affinity for Me than does wild type f3-galactosidase,
while N460T-, and N460S-f3..galactosidase have asignificantly greater affinity for Me
than wild type-f3-galactosidase (Figure 5.16). The reason for this is not obvious, however,
it is clear that Asp460 does have an effect on Glu461. It is difficult to rationalize why
Asp at position 460 would not cause the ability to bind Mg2 to increase. One would
expect that the site to which Me binds would be more negative (since Glu461 would be
more negative) and binding should thus be better. The overall Me binding curve for
each substituted enzyme was significantly different from that of wild type f-gaIactosidase
(Figure 5.16). These results indicate that position 460 has an effect on binding of Me
relative to wild type f3-galactosidase and that Glu461 is affected. It should not be
surprising that substitutions for Asn460 affect binding of Mg2 since all of the results
presented in this thesis indicate that substitutions for Asn460 affect Glu461 and Glu416,
which are both Me ligands.
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6.5 pH effects:
Each titratable amino acid of any enzyme that is important for activity can
contribute to the pH profile of that enzyme and, depending on its location and the
influence the group has on the activity, the effect can be of more or less significance.
Thus pH plots are arefection of groups with differing pKa values. The plots also depend
on whether the groups affect the rate determining step or steps. If the pKa value of an
amino acid is altered by asubstitution, and if this amino acid is not involved in catalysis
or binding, and has no effect on the pKa values of the other amino acids, the pH profile
would not show any difference from that of wild type -galactosidase. On the other hand,
if the pKa value of an amino acid is altered by asubstitution, and this amino acid is
involved in catalysis or binding and/ or has an affect on the pKa values of other important
amino acids, the pH profile of the substituted enzyme is likely to be different from that of
wild type 3-galactosidase. In that latter case one would expect the overall pH curve
profile and/ or the EC50 value to be different from that of wild type -galactosidase.
The results showed that the EC 50 value for each substituted enzyme was
significantly different from that of wild type f3-galactosidase (Figure 5.17). This means
that substitutions for position 460 somehow affected the pKa values of amino acids
involved in catalysis (only Vm was measured). This is not surprising since all of the
evidence indicates that Asn460 affects Glu46l and Glu416. Thus, substitutions at
position 460 probably affect the pKa values of Glu461 and/ or Glu416 (Figure 1.19).
These residues (especially Glu46 1, since it is the acid/ base catalyst) would contribute to
the EC50 value of the pH profile. N460S-f-Galactosidase had the largest EC50 difference
relative to wild type -galactosidase, while N460D-3-galactosidase had the most similar
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EC 50 (Figure 5.17). This pattern matches well with binding of the transition state
inhibitors. For the substituted enzymes, N460S--galactosidase binds transition state
inhibitors the weakest relative to wild type 13-galactosidase, while N460D-13-galactosidase
binds transition state inhibitors with the most similar affinity relative to wild type 3galactosidase (Table 5.5). Since Glu461 is important for binding the transition state, and
substitutions for position 460 have an effect on Glu461, the pH studies show there is an
influence from Asn460 on Glu461 when the transition state is bound.
N460D--Galactosidase was not only completely inactive at around pH 9.5 while
the other substituted enzymes and wild type 3-galaetosidase still had activity (Figure
5.17), but the pH plot for N460D--ga1actosidase decreased more steeply than it did for
the other enzymes. Asp of N460D--galactosidase would have anegative charge at pH
9.5 while Asn460 would be neutral. Since Asp at position 460 may make Glu461 more
negative (Section 6.2.4), it probably also affects the pKa value of Glu461. Since Glu461
is the acid/ base catalyst and is highly important for binding, an altered pKa value would
affect the rate of the reactions.
6.6 Conclusions:
The main role of Asn460 in the active site of f3-galactosidase seems to result from
its interaction with Glu461 (directly and/ or via Glu416 and Mg2 ). Increased binding of
the substrates and inhibitors that bind in the shallow mode occurred when Asn460 was
substituted by other residues (except Ser). Structural considerations dictate that the effect
has to be indirect, since Asn460 is so far from any atom of the substrates or inhibitors that
bind in the shallow mode and that an active site water molecule may play arole in the
indirect effect. Based on the crystal structures, Asn460 also seems to play arole in the
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positioning of Glu461. The effect of Asn46O on Glu461 also seems to be important for
deep mode binding (especially the binding of the transition states) and thus on the
activity. Direct binding of Asn46O to the C2-hydroxyl is probably of some significance
since that bond is lost in most of the substituted enzymes. However, the studies with
N46OS-f-galactosidase show that other bonds lost or gained are just as important. Since
N46OD-f-galactosidase is able to bind the C2-hydroxyl, this may be one of the reasons
that N46OD-3-ga1actosidase acts so differently from the other substituted enzymes. There
is also an effect on Mg2'binding and on the charge (pH profile) of residues at the active
site. The activation entropy for oNPG was more favorable for substituted enzymes
relative to wild type f3-galaetosidase. This was probably because there are weaker bonds
that bind the transition state (since it is bound differently in substituted enzymes relative
to wild type -galactosidase), allowing more disorder. Different binding orientations
probably led to the formation of new bonds, and caused unfavorable activation enthalpy
for substituted enzymes with both oNPG and pNPG relative to wild type f-ga1actosidase.
These new bonds occur from Glu461 and may be somewhat compensated for by new
bonds from Glu537. It is likely that pNPG and oNPG bind differently to substituted
enzymes at the ground state. The covalent intermediate probably also binds differently
(since all substituted enzymes except for N460D-f3-galactosidase lose the two possible
hydrogen bond connections from position 460 to the covalent intermediate). The possible
interaction from Asn460 directly to Glu461 may be important to position Glu461 for
binding and catalysis, however the effects of this connection require kinetic studies of a
substitution at position 460 with aresidue (other than Asn) that maintains this interaction.
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This work would be more conclusive if more structures had been studied. The
structure of some of the substituted enzymes with ashallow mode inhibitor bound would
have been helpful. Also, determination of the structure of at least one enzyme besides
N460S-3-galactosidase with atransition state analog inhibitor bound would be useful,
since the kinetics ofN460S--galactosidase were so different from those of the rest of the
substituted enzymes and, therefore, undoubtedly the other substituted enzymes have
different interactions with the transition state. The structure of N460A-f-.galactosidase
complexed with galactotetrazole would have been especially useful since galactotetrazole
should be bound differently than with N460S-.-galactosidase, but probably binds in a
similar way as N460T-, and N460G-f3-galactosidase. It may also show similar
hydrophobic effects as those found for N460T-f3-galactosidase with Glu416 and Glu461.
Since L-ribose binding was affected the most by the substitutions, structures with Lribose bound would have helped the interpretation.
The resolution achieved for the structures was also not as good as desired. The
procedure used in this study was the same as the procedure Juers et al. (2001) used for
their crystals except that the His tag was not cleaved in this study. Cleaving the His tag in
future studies may improve the resolution since Juers et al. (2001) removed the His tag
and the crystals diffracted to -4.7
diffracted to 2.5

A, while the best crystal presented in this thesis

A. Increased resolution would increase the likelihood of examining

tightly bound active site water molecules.
The Arrhenius studies reported here should be asignificant contribution to future
work with this and other hydrolytic enzymes. It is not only auseful way to obtain values
of k2 and k3,but also values for the activation thermodynamics, which can be utilized to
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determine why the values of rate constants change activation thermodynamics. Results
should always be accompanied by upper and lower confidence limits to allow abetter
interpretation of the results. Further work must be done to determine if analyzing the data
with more points at the high end of the temperature scale would give more accurate
results since this study has shown that the most error is aresult of points at that end of the
scale. If the Km values of enzymes do not change much over the temperature range being
studied, the amount of time required to complete the experiment could greatly be reduced
by determining Vo at avery high concentration of substrate since this is proportional to
Vm, rather than having to determine Vm with six different concentrations of substrate.
Decreasing the volume used for the assays and/ or using astir bar during the assay might
also increase the accuracy of the results by reducing the temperature gradient in the assay
tube.
This study has clearly indicated how important residues near the active site can be
for binding and catalysis. Even though Asn460 is not directly involved in binding or
catalysis it has major effects on Glu461, which is involved in binding and acid/ base
catalysis. It also seems to be important for positioning awater that is displaced when the
transition state is formed. It would be interesting to determine if the acid/ base residues of
other glycosidases require indirect effects from aresidue like Asn460 to Glu46 1like it is
required in f3-galactosidase (E. coli) for optimal binding and catalysis.
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