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ABSTRACT
Determination of Pathways for Oxygen Binding to Human HbA
by
Ivan Birukou

The role of His(E7) in ligand binding to HbA was re-examined in view of
discrepancies between early kinetic studies and recent structure determinations.
Replacing His(E7) with Gly, Leu, Phe, and Trp causes 20- to 500-fold increases in the
rates of O, dissociation from both subunits, and FTIR spectra reveal a shift in the C-O
stretching frequency peak from 1950 cm™ to ~1970 cm™ for apolar mutations, indicating
loss of a positive electrostatic field next to bound ligands. Thus, the native His(E7) side
chain forms a strong hydrogen bond (~ -8 kJ/mol) with bound O, in both HbA subunits.

Increasing the size of the E7 residue from Gly to Trp monotonically decreases the
rate constants for CO, O, and NO association to HbA. Substituting His(E7) with Trp also
slows down opening and closing of the E7 gate. Ligand binding to the Trp(E7) subunits is
markedly biphasic due to a competition between very fast recombination to an open
conformer and relaxation of the indole side chain to closed or blocked forms. Crystal
structures of Hb and Mb Trp(E7) mutants provide structural models for these closed and
blocked conformers. In the closed state, the indole side chain fills both the E7 channel
and the distal pocket, inhibiting binding to iron from any direction. In the blocked state,
Trp(E7) is located in the solvent interface but still blocks entry into the E7 channel. The
bimolecular rate constants for CO binding to the closed and blocked states are 0.08 pM’
's? and 0.7 pM's™, respectively, which are ~100 and ~10-fold slower than average wild-

type parameter (~7 uM's™). Filling potential alternative ligand pathways with xenon



does not affect the rate or fraction of ligand escape from either HbA subunit. In contrast,
reducing the volume of the distal pocket by space-filling mutations at the B10, E11 and
G8 positions dramatically affects both geminate recombination and bimolecular ligand
binding. Taken together, these results demonstrate that the E7 channel is the major
pathway for ligand entry and escape in HbA and that previously proposed ligand

migration routes involving Xe cavities are not functionally significant.



ACKNOWLEDGEMENTS

Foremost, I would like to acknowledge my scientific advisor Dr. John S. Olson,
whose positive attitude and unquenchable enthusiasm replenished my energy and
eagerness during all these years. His constant participation and involvement in every
possible experiment make the John S. Olson Laboratory a unique place, where the
professor is not some guy in a stiff suit to whom you report once a week and who gives
you orders, but the core of the team, the glue which sticks all the members together.
Therefore, the years spent in the graduate school will stay forever in my memory as one
of the happiest times of my life.

I would like to acknowledge the members of my progress review committee, Dr.
Kathleen Beckingham, Dr. Yousif Shamoo and Dr. Edward Nikonowicz for discussing
the results of experiments, making valuable suggestions and providing important
unbiased analysis of my work.

I am very grateful to Dr. Marian Fabian. He is the person, who suggested that I
apply to Rice in the first place. Moreover, he always supported and inspired me, telling
me that I have all the necessary skills to finish what I have started. But probably, the most
important lesson I have learned from Dr. Fabian is that nothing can be achieved without
hard work and persistence.

I want to thank Dr. Jayashree Soman for having done a great job in teaching me
the basics of X-ray crystallography, for editing manuscripts and helping with this
doctoral dissertation, and for always being in a good mood.

I also want to acknowledge Phillip Graves, who spent long nights teaching me

how to operate the fermenter and thoroughly explaining all the steps in hemoglobin



expression and purification; our lab manager Eileen Singleton for taking care of
everything in the lab so that graduate students never have delays in their research; and, of
course, Dr. Neil Varnado, Dr. George Blouin, Dr. Todd Mollan, Dr. David Culbertson
and Mallory Salter for being great collaborators and colleagues.

Last but not least, I want to thank my wife Anastasiya Birukova. She not only
contributed to the research part of the project by creating, expressing and purifying
numerous hemoglobin mutants, but she also created a warm, family atmosphere at home,

where I could relax and gather energy for the next day.



TABLE OF CONTENTS

ABSTRACT ..ottt i
ACKNOWLEDGEMENTS ... ..ottt ee e e e e eennens iv
TABLE OF CONTENTS .. ...ttt e et ea et e e e e e a e ans vi
LISTOF TABLES..... .ottt e e e ae e e e X
| B N O) o 3 (€18 3 2 S Xxii
CHAPTER 1: INTRODUCTION........citititittininieieeinieteneeaeneetarenenenearneaeananns 1
1.1. Primary and secondary functions of HbA..............c.cciiiiiiiiiiiiiiiiiiiieen, 1
1.2. Structural factors regulating ligand binding to Hbs and Mbs...................ceeeeee. 4
1.3. Ligand migration in globins............ccooiiiuiiiiiiiiiiiiiiiiin e 6

1.4. NO scavenging by oxyhemoglobins and the hypertensive effect of Hb-based blood

SUDSHITULES .. . o ettt ettt ettt ettt eaeaaas 13
1.5. Significance and specific @AlmMS...........ouviiiiiiiiiiiiii i 19
CHAPTER 2: MATERIALS AND METHODS........c.oitiiiiiiiiiiiiiiiiiiiiiiiena s 22
2.1. Mutagenesis, expression and purification of HbA..................c.coiiiiiiiiiii 22
2.2. Isolation of individual o and B subunits of HbA............c...ccovviiiiiiiiiiinnenenenn. 26

2.3. Measurements of bimolecular O,, CO and NO binding to hybrid Hb tetramers and
isolated SUDUNIES. .......couiiiiii i e 27
2.4. Measurements of NO dioxygenation by oxyHb..............coooooiiiiii 36
2.5. Measurements of geminate CO recombination to hybrid Hb tetramers and isolated
SUDUMILS. ..ottt ettt ettt e 39
2.6. Laser flash photolysis of HbA tetramers and isolated subunits in the

Presence Of X€.....coiuuiiiiuiiiiiiiii ittt i e e 42



vii
2.7. FTIR spectroscopy of HbCO tetramers and isolated subunits........................... 43
2.8. Crystallization of mutant Hbs, X-ray diffraction data collection and structure

([T vn 11 (F: 1816 | DD 45

CHAPTER 3: HIS(E7) STABILIZES BOUND O, AND REGULATES LIGAND

ENTRY IN o AND B SUBUNITS OF HUMAN HBA.........cccvviiiiiiiiiiiienenene, 49
3.1. Previous ideas about the role of the distal histidine in HbA............................. 49
3.2. Effects of mutagenesis at E7 position on O; association..............c..ccceeeuenenene. 52
3.3. Bimolecular CO binding to E7 mutants............coceuiiiiniiiiiiiiiiiiiiiennnenen, 57
3.4. Crystal structures of o and B Leu(E7) mutants in CO- and deoxy-state............... 62

3.5. Direct and indirect measurements of ligand entry into o and B E7 mutants

3.6. Rate constants for O, and CO dissociation from the o and B E7 mutants............. 70

3.7. Measurements of distal pocket polarity in E7 mutants of HbA by FTIR

o i 00110 o) s 73
3.8. O, affinity of E7 mutants and hydrogen bonding....................ooiviiiii. 76
3.9. Correlation between Kco and Ko, and ligand discrimination.................ccovvennnes 82
3.10. Steric hindrance of ligand binding by Phe and Trp(E7) mutations.................... 84
3.11. Pathways for ligand entry into Mb and HbA subunits......................o 86

CHAPTER 4: MECHANISMS FOR LIGAND BINDING TO a AND 3 TRP(E7)

MUTANTS OF HUMAN HBA. ... .o 90
4.1. The motions of the E7 gatein Mband Hb...............ooooiiiin 90
4.2. CO rebinding to Trp(E7) hybrid mutant tetramers of HbA.......................... 92

4.3. Bimolecular CO binding to isolated o and B Trp(E7) subunits................c.ceneeee. 94



viii

4.4. CO recombination to Trp(E7) mutant of SWMb............c..cccoceiiiiiiiiiniinininnnn, 98
4.5. Crystal structures of Hb and Mb Trp(E7) mutants...............c.cceeevvevinenenennnnnnn. 99
4.6. Simple linear conformational relaxation mechanism.........................cceneen.e. 107
4.7. Mechanism of CO binding to 00 TIP(E7)......viiiriiiiiiiiiiiiiiieeeeeeenenan, 110
4.8. Mechanism of CO binding to B TIP(E7)......cuiuiininiiiiiiiiiniieieieieneieeenenens 115
4.9. Comparison of the mechanisms for o and B subunits................cccoeveiiiinininnnn. 122
4.10. Opening and closing of the E7 gate in wild-type and mutant Mb and Hb.......... 124
4.11. Multiple pathways versus the E7 gate............ccociiiiiiiiiiiiiiiiiiiiiiiiiennnn, 126

CHAPTER 5: THE ROLE OF INTERNAL CAVITIES IN LIGAND BINDING

TOHUMAN HBA........coceiimiiiiiianniiieeeenns e e e 128
5.1. Protein cavities, Xe binding, and ligand capture in globins....................c..oe.. 128
5.2. Nanosecond CO recombination to o and [ subunits and HbA tetramers............ 132

5.3. The effects of Phe and Trp substitutions at the B10 position on ligand

binding to o and B subunits of HbA...........coeiiiiiiiiiiiiiiii e 136
5.4. The effects of Phe and Trp substitutions at the E11 position on ligand

binding to a and B subunits Of HbA.........cciiiiiiiiiiiiiiiiiiiiiiiie, 141
5.5. The effects of Phe and Trp substitutions at the G8 position on ligand

binding to ot and B subunits of HbA.........cccoiiiiiiiiiiiiiiiiiiiiinie 145

5.6. Ligand binding to isolated o and B subunits and HbA tetramers

LRV (01 T G o) (T 1 (- S ot 148
5.7. Structural interpretations of kinetic effects...............cooeiiiiiiiiiiiii 152
5.8. Ligand trapping by noncovalent binding site..............ccooiiiiiiiiiiiiii. 155

5.9. Ultra-fast phase of geminate recombination and secondary sites in HbA............ 156



X

5.10. Ligand migration via alternative routes in HbA..................c.oooeiiiiiiiiinnini, 158
5.11. Baseball glove model and the E7 gate...........ccoevviiiiiiiiniiiiniiiiniiiiniieeenee 160
CHAPTER 6: ENGINEERING HEMOGLOBINS WITH REDUCED NO
SCAVENGING AND OPTIMIZED O, AFFINITY FOR 3% GENERATION
HB-BASED OXYGEN CARRIERS........ccoiuiiiiiiiiiiiiiiieieieeieeeiee e eeeaene 161
6.1. Design principles for 31 generation Hb-based oxygen carriers (HBOCs)............161
6.2. Rational design of Hb distal pocket mutants with reduced NO scavenging.......... 165
6.3. O, and CO binding to multiple Mutants.............c.ccevveiiriiieiiinenieneeneennennnn. 167
6.4. NO dioxygenation by the space-filling mutants...............c.cceiiiiiiiiiiiiinna. 169
6.5. Improving oxygen affinity, apoglobin stability and expression yields of

recombinant human HbA.......... ..o 171
L 007116 LT3 1) 1 S N 175
CHAPTER 7: CONCLUSIONS. ...ttt eeeeeiteietaeiaeeaenaenaean 177
7.1. Stabilization of bound oxygen in o and [ subunits of human HbA................... 177
7.2. Gating of ligand entry into the subunits of HbA..................ooooiiiiiiin 178
7.3. Multiple versus single ligand migration pathways in human HbA....................180
REFERENCES..... .ottt ettt ettt e e e aeaees 182
YN o 54 21\ D) . G g 199

APPENDIX 2... ettt ittt ae e e e iea e 204



LIST OF TABLES
Table 3.1. Rate and equilibrium constants for O, binding to R-state native
HbA, mutant hybrid tetramers and isolated mutant subunits with E7 substitutions....... 55
Table 3.2. Rate and equilibrium constants for CO binding to binding to native
HbA, mutant hybrid tetramers and isolated mutant subunits with E7 substitutions........ 58
Table 3.3. Crystallization and structure determination parameters
Of LEU(E7) HD MULANTS. .....oitiitiitiitiet it et eieet e eteeieeeteeaseeaeetseenseeneenens 63
Table 3.4. Rate constants for bimolecular CO and NO binding, and parameters
for CO geminate recombination to isolated oo and B E7 mutants...............cceeveuennnn. 69
Table 3.5. Bound C-O stretching frequency peaks, vc.o, for WT and
mutant o and 3 subunits of native and recombinant human hemoglobin................... 75
Table 3.6. Effects of small apolar E7 mutations on AG® for O, binding to HbA
and sperm whale Mb.........oiiiiiiiiiii e 79
Table 3.7. Effects of Phe(E7) and Trp(E7) mutants on O; binding to HbA
and sperm whale Mb...........cooiiiiiiiiiiiiiiii e 85
Table 4.1. Crystallization and structure determination parameters of Hb
and Mb Trp(E7) mutants............ooeveiniiiiiiiiiiniiiiiitiiiiiiiiieeeieeiaeeaans 100
Table 4.2. The parameters for ligand binding and opening and closing of the
E7 gate for isolated wild-type and mutant HbA subunits and Mb.......................... 126
Table 5.1. Geminate parameters of CO recombination to HbA tetramers

ANA 1SOL1AtEd SUDUMILS. ... ttttitiiiietttetieteteteeueneeeeersnneeesssnnsesesssnnasessnsananns 134



xi

Table 5.2. Rate constants for bimolecular CO, NO binding, NO dioxygenation

and parameters for the slow CO geminate recombination to isolated o and B

B10 mutant SUDUNItS. ........coiiiiiiiiiitiii e 140
Table 5.3. Rate constants for bimolecular CO, NO binding, NO dioxygenation

and parameters for CO geminate recombination to isolated o and B

E11 mutant Subumnits...........oooiiiiiiiiiiiiiiii i e, 144
Table 5.4. Rate constants for bimolecular CO, NO binding, NO dioxygenation

and parameters for CO geminate recombination to isolated o and

G8 MUtaNt SUDUNILS. ......iutiniiit ittt e e et eeteieee e eaeneaneanan 147
Table 5.5. The effect of Xe on kinetic parameters for bimolecular CO, O, binding

and CO geminate recombination to isolated o and B subunits...................cceevenenn.n. 149

Table 5.6. The effect of Xe on kinetic parameters for geminate CO recombination

to HbA tetramers and T state parameters for bimolecular CO binding..................... 151
Table 6.1. O binding parameters for space-filling mutant series........................... 168
Table 6.2. CO binding parameters for space-filling mutant series.......................... 168

Table 6.3. Rate constants for NO dioxygenation by multiple Hb mutants

and isolated chains............ooiiiiiiiiiiii i 170
Table 6.4. Rate constants for NO dioxygenation by multiple

low NO scavenging rHb mutants with improved apoglobin stability....................... 172
Table 6.5. O, and CO R-state binding parameters for multiple

low NO scavenging rHb mutants with improved apoglobin stability....................... 174
Table Al.1. Comparison of old and new measurements of O, binding

to monomeric and tetramer HDA SUDUNILS. ... ...oovtiiiiiiiiiiiiitiiiieeiiieeraeeenaersneeenen 200



LIST OF FIGURES

Figure 1.1. Human hemoglobin A, individual subunits and heme............................ 1
Figure 1.2. Heme pocket of HbO subumnit (B).........c..oeeieniiiiiiiiii 5
Figure 1.3. Maps of ligand migration pathways in sperm whale Mb......................... 8

Figure 1.4. Crystal structures of deoxy-a(B10Y/E7Q) (A) and

deoxy-B(B10Y/E7Q) (B) subunits with bound Xe.........c..ccooeiiiiiii.. 12
Figure 1.5. Scheme for NO signaling in the endothelium, excess NO

detoxification by Mb and effects of NO scavenging by extracellular Hb................... 14
Figure 1.6. Schematic representation of NO-induced oxidation reaction

by MbO, or HbO; at neutral pH...... ..o 15
Figure 1.7. The dependence of the hypertensive effect on (A) the rate of

NO scavenging (k’nop), (B) oxygen affinity of Hb (Psg) and

(C) the size of Hb molecules (molecular weight, MW).............cciiiiiiiiiiiiinii. 17
Figure 1.8. Hypertensive effect after administration of recombinant Hbs.................. 18
Figure 2.1. rHb a(WT) B(Gly(E7)) fermentor growth profile................c.ccceieninene. 24
Figure 2.2. Chromatographic purification of recombinant HbA.............................. 26
Figure 2.3. Determination of the quality of isolated chains...................cccoeiiine.. 27

Figure 2.4. Time courses for O, binding to and displacement

from isolated human Ala(E7) 0lCO SUDUNILS. ........covviiniiiiniiiiiiiieiiiieiinneeannens 30
Figure 2.5. NO binding to isolated native oc and B chains................ccoovieiiiiiininnnn.. 36
Figure 2.6. NO dioxygenation by tetrameric HbO, and

isolated 01O, and PO SUDUNILS. ... ..vuiuiuiiiinititiieieier et ie e eaeenene e eeneaeenne 38



Xiii

Figure 2.7. Schematic representation of geminate O, recombination
time course Of Mb..... ..o 40

Figure 2.8. CO stretching frequency (vco) as a probe to study

electrostatic environment of the distal pocket in Mb.............c.ooooiiiiiiiii 44
Figure 2.9. Crystals of recombinant HDCO................coooiiiiiiiiiiiiiiiiiiiiiiiii, 46
Figure 3.1. His gate in deoxygenated B subunits of HbA................coiiiiiiiiiininnnn 49

Figure 3.2. Bimolecular binding of O, to native and E7 mutants of isolated

o and B subunits of recombinant human HbA................coiiiiiiiiiiiiiiiiiniiieeaeees 54
Figure 3.3. Time courses for bimolecular CO rebinding to wild type and

E7 mutants of isolated human HbA subunits after laser photolysis.......................... 57
Figure 3.4. Time courses for bimolecular CO rebinding to Trp(E7) mutants

after 1aser PROLOLYSIS. ... eueuininiiiiei e, 59
Figure 3.5. Structures of CO- and deoxy-forms of o and B Leu(E7)

AiStAl POCKEES. ....uiueiitiiit ettt 64
Figure 3.6. Stick models of deoxy (green) and CO-forms (beige) of

0o WT (A) and ot Leu(E7) (B) distal POCKELS......oueueninineeeeneeeieeae e, 65
Figure 3.7. Geminate CO recombination in wild type and E7 mutants

of isolated o and 3 subunits of recombinant human HbA..................ccooviviiniiniin., 67
Figure 3.8. Ligand entry and NO binding to E7 mutants of HbA subunits.................. 70
Figure 3.9. Time courses for O, replacement by CO in native and

E7 mutant ot and B SUDUNILS. ...........iviiniiniint e e 71
Figure 3.10. FTIR spectra of wild type and E7 mutants of human HbA...................... 74

Figure 3.11. Structures of the ot and B active sites in HDO2_ ....ovvviveveeenieeieiinininnn. 76



Xiv

Figure 3.12. Effects of E7 mutants on Kco, Koy, and their ratio, M., 82
Figure 3.13. Dependence of rate constant for NO association on E7 mutations in

monomeric o subunits, B subunits, and Mb..............ooii 87
Figure 4.1. CO binding to wild-type and Trp(E7) mutants of human HbA tetramers.. ....92
Figure 4.2. CO binding to o and P isolated subunits of Trp(E7) mutants................... 94

Figure 4.3. Rapid bimolecular CO rebinding to Trp(E7) a and B subunits

after 1aser PROLOLYSIS. ... ...ouuiuinininiiiiiii e 96
Figure 4.4. Bimolecular CO binding to Trp(E7) sperm whale Mb........................... 98
Figure 4.5. Side views of wild-type and Trp(E7) mutants of HbA.......................... 101
Figure 4.6. Front view of Trp(E7) o subunit in hybrid deoxyHb........................... 102
Figure 4.7. Side views of wild-type and Trp(E7) mutants of Mb........................... 105
Figure 4.8. Models of Open, Closed, and Blocked kinetic states........................... 106

Figure 4.9. Fitting the dependence of o Trp(E7) slow rate on [CO]

with simple linear mechanism.................ooooiiiiiiiii 109
Figure 4.10. Dependences of the observed fast and slow rates for bimolecular

CO binding and fraction of the fast phase on [CO] for both laser photolysis

and rapid mixing experiments with isolated Trp(E7) o subunits...................cocuen. 113

Figure 4.11. Dependences of the observed rates and the fractions of the fast

and slow phases on [CO] for CO binding to isolated Trp(E7) B subunits.................. 121
Figure 5.1. CO geminate rebinding to HbA and isolated chains............................ 133
Figure 5.2. CO geminate rebinding to isolated Phe and Trp B10 chains.................. 137
Figure 5.3. CO geminate rebinding to isolated Phe and Trp E11 chains................... 142

Figure 5.4. CO geminate rebinding to isolated Phe and Trp G8 chains.................... 146



XV

Figure 5.5. CO geminate rebinding to isolated o (A) and B (B) WT subunits

in the presence/absence Of Xe.......c.cceiuiiuiiiiiiiiiiiiiiii i 150
Figure 5.6. Structures of the key B10, E11 and G8 mutants of HbA....................... 153
Figure 5.7. Structures of the distal pockets of B subunits of oxyHbA and

cyanometHb BTrp(G8)), top view (A), and wild-type and Trp(G8) sperm

whale Mb, side VIEW (B)......coiiiiiiiiiiiiiiiii ittt e 154
Figure 5.8. Structures of the o (A) and B (B) subunits of deoxyHb

With bound Xe @atOmS.......couiuiiiiiiiiiiii e 159
Figure 6.1. Reduction of k’nop using space-filling mutations at B10

and E11 positions in sperm whale Mb.................cccooiiiiiiiiiiii e, 162
Figure 6.2. Top views of the distal pockets of sperm whale MbO,

and a and B-subunits of human HbOg........oineiniiiii e, 165
Figure 6.3. NO dioxygenation by multiple o (A) and B (B) space-filling

Hb MUtants. ..o 169
Figure 6.4. Structure depicting candidate rHBOC features................c...evuevvenn..n. 176

Figure Al.1. O; replacement by CO for isolated BLeu(E7) subunits....................... 203



CHAPTER 1: INTRODUCTION

1.1.  Primary and secondary functions of HbA.

The human body contains 20 to 30 trillion red blood cells (or erythrocytes), each
of which carries approximately 280 million molecules of hemoglobin A (HbA). HbA is
the major O,-carrying protein of vertebrate animals. Nonspecific transport of gas
dissolved in plasma is not efficient. Simple calculations demonstrate that at normal
atmospheric pressure of air in lungs only 0.3 ml of O, per 100 ml of plasma may be
delivered to tissues; whereas, the equivalent volume of normal blood transports ~20 ml of

gaseous O, [1].

A B subunit B
Hemoglobin A

heme-6- heme-7-

v ‘-! .L ’ propionate | propionate
R = b -\

m,

».

o subunit

Figure 1.1. Human hemoglobin A, individual subunits and heme. (A) Protein part is shown in
ribbons (silver for a, and golden for B), heme is shown as red sticks, proximal and distal
histidines, and bound CO are shown as sticks. (B) Heme is shown as sticks, colored as
follows: carbon, white; oxygen, red; nitrogen, blue; iron is shown as orange sphere. Pyrrole
rings are labeled A-D. Created from 2DN3 [2].

Human hemoglobin A is a heterotetramer that is composed of two types of protein
subunits, a and B (Fig. 1.1). Each subunit carries a prosthetic group, heme, which is

capable of binding O, and other ligands. This binding is reversible and cooperative,
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which means that each event of bond formation/disruption between Fe and O, in one
subunit accelerates analogous interactions in adjacent subunits. When all binding sites of
hemoglobin are occupied by ligand molecules, HbA tetramers stay in the high affinity R-
state. When the ambient concentration of O, decreases, oxygen molecules dissociate from
subunits and Hb switches its conformation to the low affinity T-state. In lungs, O,
saturation of hemoglobin occurs within tenths of a second and oxyhemoglobin is then
transported to respiring tissues, where O, is unloaded forming deoxyhemoglobin. The
oxygen affinity of completely deoxygenated Hb in the T-state is ~200-fold lower than
that of unliganded R-state subunits in Hbs(O,); , allowing the dissociated O, molecules to
diffuse away from Hb tetramers without rebinding at low saturation values [3].

HbA is also capable of transporting carbon dioxide from tissues to lungs. It is
accomplished by two mechanisms. First, CO, can directly bind to the N-termini of
deoxyHb chains producing carbamates (-NHCOO"), which carry CO, to lungs where the
reverse reaction occurs when O; is bound. The second mechanism is more complex.
Dissolved CO; hydrates and forms carbonic acid in a reaction catalyzed by carbonic
anhydrase. H,CO; then dissociates to give HCOs™ and H*. Protons bind to deoxyHb and
are transported to lungs in the bound state. HCOj' is transported as the dissolved salt by
plasma. Upon oxygenation in lungs, protons dissociate from HbA and recombine with
HCOs to form H>COs, which dehydrates to H;O and CO,, and the latter gas is exhaled.
This reverse reaction is also catalyzed by carbonic anhydrase [1].

Another physiologically relevant ligand, which interacts with Hb is nitric oxide.
NO participates in numerous regulatory events as a secondary messenger molecule. One

of its major functions is to induce the relaxation of the smooth muscle cell layer



surrounding blood vessels. NO can react with both oxy- and deoxyHb, and in both cases
inactivation of nitric oxide occurs. In the first case, the products of the reaction are
methemoglobin (contains Fe3+) and nitrate (NOj3'). Nitrate is an inert anion, does not
possess the activity of NO, and is simply excreted from the organism. Iron-nitrosyl Hb
(HbNO) results from the second reaction. The stability of this complex is extremely high
and binding may be considered irreversible. Even when dissociation occurs, NO will be
either consumed by oxyHb to form nitrate or rebind to deoxyHb and never be free in
solution. Considering that the physiological concentration of NO is on the order of pM —
nM, the proximity of Hb to the place of action of NO would represent a serious threat to
the regulatory processes governed by this gas molecule. However, various barriers,
including encapsulation of Hb into erythrocytes, prevent premature deactivation of NO
[4-7]. NO dioxygenation by oxyHb will be discussed more thoroughly later in Section
1.4.

Two novel hypotheses for generation and transport of NO equivalents in hypoxic
or acidic tissues were developed by the groups of Gladwin [8, 9] and Stamler [10, 11].
Gladwin and coworkers suggested that NO equivalents can be transported in plasma as
nitrite, NO;', and then reduced to NO by deoxyHb. Stamler et al. [11] proposed that
heme-bound NO can be transferred to Cys93 residues of  chains during the T—R
quaternary state transition of HbA after re-oxygenation to form S-nitrosated Hb (SNO-
Hb). They then proposed that this reaction is reversed on deoxygenation, during which
some NO is transferred from BCys93 to an exchanger molecule, which transports nitric
oxide outside of red blood cell. However, in both cases more experimental work is

required to establish the validity of these hypotheses



1.2. Structural factors regulating ligand binding to Hbs and Mbs.

As mentioned above, HbA tetramers consist of two o and two P subunits. o
chains are composed of 141 amino acid residues with a net molecular weight of 15,126
Da; B chains contain 146 amino acids, resulting in molecular weight of 15,867 Da. The
prosthetic group, heme or Fe-protoporphyrin IX, is composed of a porphyrin ring with an
iron atom, located in the center of the ring and coordinated to 4 pyrrole nitrogens (Fig.
1.1 B). Comparative analyses of the amino acid sequences and tertiary folds of Hb
subunits reveal a high degree of homology between each other and sperm whale Mb.
These proteins belong to the same single domain globin family, are composed of 6-7 o
helices (labeled A-H), and share a common “3 helix on 3 helix” folding pattern, called
the 3:3 globin fold. Sequence alignment of o and B-subunits of human Hb shows the
presence of 57 conserved residues [1].

The most conserved region is the heme binding pocket, which is divided by the
heme plane into two hemispheres, distal and proximal (Fig. 1.2). The distal ligand
binding site is composed of the amino acids found in the upper part of the cavity
including Leu(B10), His(E7) and Val(E11) (here the letter and number in parenthesis
refer to the position of the amino acid along a particular helix starting from the N-
terminus). Previous structural and functional studies on mutant Mbs, as well as molecular
dynamics simulations of ligand recombination to wild-type Mb, suggested that the ligand

binding process can be separated into several distinct stages.



Figure 1.2. Heme pocket of HbO, subunit (B). The key residues and heme are shown in sticks, colored
as in Fig. 1.1. Bound oxygen is shown as red spheres; Fe — as orange sphere. The atoms of
other amino acids, surrounding the active site, are represented as space-filling yellow
spheres. The part of the distal pocket was removed to show the internal structure. Created
from 2DN1 [2].

First, the water molecule that resides in the distal pocket of unliganded Mb must
dissociate before the ligand can enter the distal pocket. This stage is regulated by
hydrogen bonding between the water and His(E7). The ligand association rate constant is
diminished approximately 10-fold due to the energy required to break this H-bond. After
the water dissociation, the ligand is thought to enter the active site through a channel,
created by outward rotation of the distal His, and is captured in the apolar cavity
circumscribed by Leu(B10), Val(E11), Ile(G8) and Ile(G12), which comprise a non-
covalent binding site. Then, the ligand binds internally to iron of the heme. The process
of bond formation is inhibited by direct steric hindrance from His(E7) and Val(Ell).
Finally, bound ligand is stabilized by hydrogen bonding to His(E7) [12]. Prior to this
thesis, the applicability of the Mb model to o and B Hb subunits had not been verified

experimentally. The biggest controversy involved the pathways for ligand migration into



the active site and electrostatic stabilization of bound oxygen by the distal His(E7)
residue.

The proximal pocket is formed by the completely conserved His(F8), which
coordinates directly to the heme iron atom, and the residues that surround the imidazole
side chain. The functional importance of the proximal His is twofold. First, it ensures
tight binding of heme cofactor to the globin part of Hb [3, 13, 14]. Second, its geometry
and coordination strength regulates Fe reactivity, and its motion towards the plane of the
porphyrin ring governs the TR quaternary state transitions of the Hb tetramer [3, 14-
18]. After ligand dissociation, the iron atom becomes high spin, increases its diameter,
and moves out of the heme plane towards the proximal pocket producing a domed heme
configuration, which is much less reactive to ligands than the planar, lower spin
configuration. These heme pocket rearrangements are translated through the His(F8) to
the F helix and promote the formation of new inter-subunit contacts, which eventually
lead to the R—T conformational change. In the T-state, the transition of the Fe back into
the plane of heme is restricted due to the strain imposed by the F-helix which pulls
proximal His residue away from the heme plane, causing reduced reactivity of the deoxy-

heme [1, 3, 14, 19].

1.3. Ligand migration in globins.

Pathways for ligand migration in Mb. The analyses of the first crystal structures
of Mb and Hb revealed no direct tunnels connecting solvent with the heme pocket. Perutz
and Matthews proposed that outward rotation of the distal His could create a channel

allowing ligands to freely diffuse between the solvent and the distal pocket [13]. This



hypothesis of a His(E7) gate was confirmed in the first mutagenesis experiments on
sperm whale Mb, in which His(E7) was replaced with Gly and ligand binding parameters
for the mutants were measured [20]. For both O, and CO, the bimolecular rate constants
increased dramatically upon mutation. The argument against the described experiment
was that creating a hole in the distal pocket always results in accelerated ligand entry and
does not find the actual port of entry.

In 1994, Boxer and Huang applied a different approach to search for ligand
pathways. They created a library of random point mutants of sperm whale Mb and
measured ligand recombination parameters [21]. Their results suggested that mutations at
some sites located far from the heme pocket increase the bimolecular rate constants of
CO and O; binding, supporting the idea of multiple ligand migration pathways. However,
it is worth noting that they measured ligand binding parameters using laser flash
photolysis of E.coli lysates, in which both misfolded protein and free heme could
contribute to accelerated recombination. In addition, a number of the reported mutants
were the replacements with Pro and Gly residues, which may also disrupt proper folding
of the protein.

In 2001, Scott et al. reported a study of 90 sperm whale Mb point mutants with
substitutions at 27 different locations [22]. The authors replaced the native amino acids
with Trp or Ala and used laser flash photolysis to determine the rates of ligand entry and
escape from the protein. The mutated sites, which showed the largest effects are
highlighted in the diagram provided in Fig. 1.3 [22]. The main conclusion is that only
residues surrounding E7 gate and the distal pocket demonstrated significant effects (i.e.

residues 29, 43, 46, 64, 68, etc.), contradicting the results of Huang and Boxer. Some of



the mutants with substitutions on the periphery of the globin molecule that were reported
by Huang and Boxer [21] to have marked effects on ligand migration were re-examined
by Scott et al. [22], revealed no significant deviation from the wild-type parameters (i.e.
A71F, F138A, A144V), and appear to have been false positives in the random

mutagenesis screen.

Figure 1.3. Maps of ligand migration pathways in sperm whale Mb. The effect of mutagenesis on
rates of ligand entry and escape from the binding site of Mb. The protein globule is shown as
grey ribbons, blue spheres represent heme, the sites of mutation are depicted as spheres of
different color, which depends on the observed effect with red corresponding to the largest
effect, and grey — no effect. Modified from [22].

Finding gas migration pathways is not a simple task, even with high-resolution
electron density maps, because the crystal structures represent the average static protein
configuration corresponding to its minimum potential energy. For ligands to bind,
thermal fluctuations of the amino acid side chains must create cavities and tunnels in the
structure of the protein, which are dynamic, transient, and are not visualized in the crystal
structure. The gas molecules are small and apolar and may utilize these temporary

channels to find their way into the protein active site. Molecular dynamic simulation



approaches allow theoretical examination of ligand migration in proteins and take into
account thermal motions.

The first attempt to computationally describe ligand trajectories within Mb was
published by Case and Karplus [23]. They simulated the dynamics of Mb molecule
starting with the ligand placed in the heme pocket just above the Fe atom and followed its
trajectory for several picoseconds. The His gate pathway was identified and seemed to
involve His(E7), Thr(ElVO) and Val(Ell) residues, as well as a secondary pathway,
created by fluctuations of the side chains of Leu(E4) and Phe(B14) amino acid side
chains. The main drawback of their approach was that the computations could only be
done on picosecond timescales. Ligand escape to the solvent happens experimentally in
hundreds of nanoseconds [22]. In the late 1970s and early 1980s, running multiple
simulations for 100 ns using the computer power available at that time was not possible.
Introduction of Locally Enhanced Sampling seemed to improve the situation [24]. The
new idea was that multiple copies of the ligand (60 CO molecules) are placed into the
active site of the protein and their simultaneous migration towards the solvent is followed
during MD simulations. In addition, to shorten the time of simulation and accelerate
ligand escape, the ligands were heated up to 10,000 K, whereas the protein was kept at
room temperature (300 K). Again, traditional His(E7) pathway and alternative trajectories
were discovered.

Another approach is called Implicit Ligand Sampling [25-27]. It is based on the
idea that ligands migrate inside the protein via temporarily interconnecting channels
created by thermal fluctuations of amino acid side chains. By calculating the free energy

of placing the ligand molecule into the protein structure (or potential mean force) during
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MD simulations and connecting areas with the lowest magnitudes, Cohen et al. [25]
attempted to trace potential ligand migration trajectories. The major distinction of ILS
technique from other computational methods is that only MD simulations of the protein
molecule are necessary and movement of the ligand is not calculated explicitly. Again,
the configuration of cavities with low potential mean force for ligand occupancies
suggested multiple routes for ligand diffusion into and out of Mb. Qualitatively, each of
the described computational approaches was able to predict the His(E7) gate as one of
many escape pathways; however, none of these techniques provide a quantitative
description of the process. First, even the longest simulations represent only ~10 ns runs,
which are still an order of magnitude less then experimentally measured half-time for
ligand escape. In addition, none of the systems were in equilibrium, because the ligands,
which managed to escape did not return on the timescales of simulation, and thus,
equilibrium approximations assumed during calculations are not completely appropriate
[28].

So far, the most comprehensive investigation of gas migration in Mb was reported
by Ruscio et al. [29]. The authors accumulated 68 trajectories, each for 90 ns. Moreover,
ligand entry events into the protein from the solvent were observed, validating to a
certain extent the equilibrium approximations applied to the calculations. The E7
pathway was found to be a major port of entry and escape with 5 entries and 7 escapes
occurring through this gate during simulations. However, 8 alternative routes were also
reported.

In general, there is a reasonable correspondence between different types of

computational approaches with regard to ligand diffusion pathways. In nearly every
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simulation, a very small number of ligands are observed to leave the protein through the
E7 gate, and a much larger number move through internal Xe cavities. These cavities are
small internal packing defects, which have been found to harbor Xe atoms when Mb is
crystallized under several atmospheres of Xe gas [30, 31]. The initial diffusion pathways
inside the globin molecule, especially the early events immediately after
photodissociation, are consistently predicted.

The major disagreements between computational and experimental results are the
actual location of the ports of ligand entry and escape. According to most structural and
functional investigations of ligand binding to Mb, at least 75% of ligands enter and
escape from the protein through distal His gate [22, 32]. Interestingly, in a recent paper
Tetreau et al. [33] reported studies of O, and CO recombination to Mb-Xe complexes in
79% glycerol at varying temperatures. They suggested that at room temperature the
escape occurs exclusively through the E7 gate, whereas at ~250K roughly 50% of CO
molecules escape to the solvent directly from Xel cavity. This paper represents the first
solid experimental confirmation of the existence of alternative ligand diffusion pathways
in Mb. However, the fact that Xel portal was only identified at low temperatures and
high glycerol concentrations suggests that non-E7 gate routes based on the results of
molecular dynamics simulations may have little physiological significance.

Pathways for ligand movement in human HbA subunits. The structures of the
active sites and the E7 channels in Mb and the subunits of human HbA are very similar,
and thus analogous mechanisms for ligand binding are inferred. Until very recently, there
were little experimental and computational data regarding the pathways for ligand

migration into HbA. Mouawad et al. [34] observed the formation of transient cavities in
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the oo and B subunits of human HbA during simulations of the T to R conformational
change. The authors suggested that ligands sequentially move from the existing cavity
into the newly formed spaces in the protein interior and then diffuse through the globin
matrix to the solvent phase. Sottini et al. [35] used molecular modeling approaches to
find potential Xe binding cavities in human HbA and suggested that ligands could use
these apolar voids as pathways to enter or escape the active site. Finally, Savino et al.
[36] reported crystal structures of wild-type and Tyr(B10)/GIn(E7) deoxyHbAs with Xe
atoms partially occupying the sites identified in molecular modeling experiments. Based
on these structures, multiple routes passing through the identified Xe sites were proposed

for HbA.

A. deoxy-aB10Y/E7Q + Xe B. deoxy-pB10Y/E7Q + Xe

Figure 1.4. Crystal structures of deoxy-a(B10Y/E7Q) (A) and deoxy-B(B10Y/E7Q) (B) subunits
with bound Xe. o helices are shown as ribbons, heme and proximal His — in sticks (color
code: carbon, white; oxygen, red; nitrogen, blue; iron, orange), Xe atoms are shown as
orange spheres. Blue and red arrows represent proposed ligand migration pathways. The
models were created from 2W72 [36].

If only the theoretical and structural literature is examined, multiple internal

pathways appear to occur for ligand entry into HbA, and the heme pocket appears to be
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accessible from virtually any direction within the globin matrices. Thus, one motivation
of this thesis was to determine experimentally whether the E7 pathway is the dominant
route for ligand entry and escape in human HbA and whether the theoretical work was

correct in suggesting multiple pathways.

1.4. NO scavenging by oxyhemoglobins and the hypertensive effect of Hb-
based blood substitutes.

Nitric oxide (NO), once called endothelium derived relaxing factor (EDRF), and
NO-generating compounds perform a major role in signaling relaxation of vascular and
other smooth muscles. Vascular relaxation starts in the endothelial cell layer, where nitric
oxide synthase (eNOS) produces NO from L-arginine. NO molecules diffuse into smooth
muscle cells where they bind to the heme iron of soluble guanylyl cyclase (sGC), which
catalyzes the formation of cGMP. cGMP activates cGMP-dependent protein kinase
(cGK). First, cGK reduces the hydrolysis of phosphatidylinositol 4,5-bisphosphate by
phospholipase C (PLC). Normally, this reaction results in the formation of inositol-1,4,5-
trisphosphate (IP3), which triggers Ca®* release from intracellular stores. The inhibiting
effect is achieved either via direct phosphorylation of PLC by ¢cGK, which prevents the
activation of PLC by G-protein subunits, or through the inactivation of G-protein
subunits by phosphorylating the regulator of G-protein signaling-2 (RGS-2). Also, cGK
diminishes Ca®* release into cytoplasm by interfering with the activity of the IP3 receptor
Ca®* channel of endoplasmic reticulum. Second, cGK phosphorylates BKc, ion channels,
resulting in hyperpolarization of cell membrane and subsequent closure of Ca®* channels,

which reduces Ca®* influx. Finally, phosphorylation of myosin light chain phosphatase
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(MLCP) by c¢GK prevents inhibition of the former by other kinases (Rho-kinase, MYPT1
kinase) and promotes deactivation of myosin ATPase. As a result, the cascade of
reactions that follows NO binding to sGC ultimately leads to decrease in vascular tone

([37] and references therein).
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Figure 1.5. Scheme for NO signaling in the endothelium, excess NO detoxification by Mb and
effects of NO scavenging by extracellular Hb. Generated by endothelial cells, NO binds to
sGC in smooth muscle cells and triggers vasodilation. Acellular oxyHb scavenges NO and
disrupts the signaling pathway. Extravasation of Hb tetramers into subluminal space is
thought to be the major mechanism of quick NO depletion, thus, one approach to prevent
pressure effect associated with infusions of acellular Hb solutions is to increase the size
and/or hydrodynamic radius of Hb by polymerization and conjugation with organic
polymers. NO which escapes to tissues represents a threat to enzymes involved in cellular
respiration, therefore, NO dioxygenation by MbQ, is a physiologically important mechanism
of defense against NO toxicity. Modified from [5].

When hemoglobin is packed in red blood cells, there is no interference with the
NO signaling system, because the large erythrocytes tend to stream in the center of the

blood vessel creating cell free layers adjacent to endothelium. Additionally, unstirred
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plasma layers surround the erythrocyte membrane. Thus, interaction between NO and
HbA is limited by the rate of NO diffusion from endothelial cell to the erythrocyte.
However, extracellular Hb molecules may approach very close the endothelial cell layer
and skew the established NO gradient. Moreover, rapid penetration of HbO; tetramers
into the lumen between endothelial cells and smooth muscle tissue completely destroys
NO flux into smooth muscle cells (Fig. 1.5) [5, 7, 38].

Nitrate intermediate

Leu(B10) His(E7)

g Phe(CD4)
Non-covalenD\ 0(+)‘ (

ligand pocket O / H—“N 2N
(-)

"N=0 Ileor{ : ‘ SN
Leu(G8)
MbO, & - Fe@ aquometMb

) |

N
His(F8) N
“H

Figure 1.6. Schematic representation of NO-induced oxidation reaction by MbQO; or HbO, at
neutral pH. NO is captured in the back of the distal pocket (non-covalent ligand pocket),
reacts with bound dioxygen to form a high spin nitrate intermediate; nitrate leaves the distal
pocket and water binds to Fe(IlI) heme producing aquometHb.

The reaction of NO-induced oxidation by MbO, and HbO, was first observed
over 100 years ago and the stoichiometry defined in 1981 [4], but little mechanistic work
was done until 1996 [6]. Since then, the reaction has been studied extensively, and the
following mechanism has been proposed. NO is a radical with an unpaired electron in its
outermost bonding orbital and is highly reactive with other paramagnetic molecules and
atoms including iron and O,. NO enters the distal pocket of oxygenated myoglobin (or

hemoglobin) and migrates to the non-covalent binding site in the distal portion of the
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heme pocket. Dioxygen bound to heme iron has superoxide anion radical character. In
solution, O,* reacts with NO in an ultrafast, diffusion control process to form
peroxynitrite. Similarly, NO in MbO, (HbO;) is proposed to react immediately with
bound dioxygen to generate a Fe(III)-OONO complex. This intermediate isomerizes very
rapidly to generate a Fe**-nitrate intermediate, which then dissociates irreversibly. The
resultant oxidized heme binds a water molecule and forms aquometMb (Fig. 1.6) [5, 38].
At neutral pH, isomerization of peroxynitrite and nitrite dissociation are so fast that it is
impossible to detect any intermediate, and the rate limiting step is the entry of NO into
the heme pocket. Increasing pH slows down nitrate dissociation and augments the
spectral differences between high spin nitrate complexes and low spin hydroxymetMb
(metHb) complexes [38-40]. The utility of NO scavenging by MbO, is obvious and vital.
NO in submicromolar concentrations can reversibly bind to cytochrome c oxidase, the
terminal enzyme in the mitochondrial electron transport chain, and inhibit cellular
respiration [41, 42]. Moreover, NO is extremely reactive with iron-sulfur clusters and
rapidly inactivates enzymes requiring these cofactors for function. One example of such a
protein is cis-aconitase, an enzyme catalyzing isomerization of citrate into isocitrate in
Krebs cycle. The presence of Mb in large quantities (0.5 to 1 mM) in cells of skeletal and
cardiac muscles prevents inhibition of the TCA cycle and respiration due to rapid NO
detoxification by dioxygenation [41, 42].

All first generation blood substitute prototypes based on extracellular Hb cause an
elevation in mean arterial blood pressure immediately after administration [43]. These

extracellular hemoglobins also caused decreases in gastrointestinal motility and, in some
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Winslow and coworkers [47, 49, 50] attempted to explain the blood pressure
effect by excessive oxygen transport by the more efficient extracellular HBOCs. They
claimed that premature O, delivery triggers auto-regulatory responses which cause
capillary constriction and the corresponding elevation of vascular resistance to blood
flow. However, this idea also appears to be inconsistent with two key experimental
observations. First, in many animal experiments, the amount of extracellular Hb added
was only 10% and ~90% of the oxygen transport was carried out by native erythrocytes.
Under these conditions, the amount of O, transport in the controls with serum albumin
addition is approximately the same as that when the hemoglobin solution is added.
Second, there is no obvious correlation between Psy of the protein and blood pressure
elevation after infusion of the hemoglobin solution (Fig. 1.7 B). HBOCs with high O,
affinity do not release oxygen in capillaries, but still cause a marked increase in blood
pressure even though no O, can be delivered.
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Figure 1.8. Hypertensive effect after administration of recombinant Hbs. k’yop values for rHbl.1
and rHb3011 are 70 uM's” and 3 pM's™, respectively. Changes in Total Peripheral
Resistance (TPR) are expressed as percentage above HSA control in 10% top load
experiments. Presented data were taken from [43].
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The most reasonable mechanistic explanation for the hypertensive effect of
extracellular Hb-based blood substitutes is their high rate of NO dioxygenation, which
removes free NO from the endothelial/smooth muscle signaling pathway. Proof of this
concept was obtained by constructing mutants with different NO dioxygenation rate
constants, k’nop, and then correlating the dependence of mean arterial pressure on k’nop
(Fig. 1.7 A). The most effective Hb mutant, rHb3011, contained Trp at B10 position and
Gln at E7 position in o subunits and Trp at E11 in B subunits. This combination of
mutations reduced the rate of NO dioxygenation ~20-fold and inhibited the elevation of
arterial blood pressure after infusion (Fig. 1.8) [5, 43]. Unfortunately, rHb3011 markedly
compromises apoglobin stability and causes low expression yields, which made it
difficult to use as a Hb-based blood substitute prototype.

The hypertensive effect of HBOCs was also prevented by precluding close
approach of extracellular Hb molecules to the sites of NO synthesis and action, including
endothelial and smooth muscle cell layers, and space between them. This effect was
achieved by increasing the effective molecular size of the HBOCs (see Fig. 1.7 A, C) via
polymerization of the Hb molecules and conjugation with polyethyleneglycols (PEGs).
The larger polyHb complexes diffuse into the endothelium more slowly and pegylation
causes the HBOC to be excluded from the endothelial surface layer. Both of these effects

reduce NO scavenging and interference with signaling (see Fig. 1.5) [5, 51, 52].

1.5. Significance and specific aims.
The development of effective and safe oxygen delivery chemotherapeutics is an

important world health priority. Research in the field of blood substitute production is
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directed to design synthetic biomolecules capable of efficient oxygen transport without
causing clinical side effects. Progress in this area would eliminate current problems in
transfusion medicine caused by limited availability of donated blood and high risk of
infectious disease transmission. Extracellular hemoglobin is currently the most potent
oxygen carrier for use as a blood substitute prototype. Structural factors regulating ligand
binding to Hb must be studied and understood thoroughly in order to optimize the O,
transport properties of Hb-based oxygen carriers (HBOCs) and to eliminate possible side
effects caused by administration of these oxygen therapeutics.

Previous investigations of the effects of distal pocket mutations on ligand binding
to Mb and Hb clearly show that stereochemical hindrance and electrostatic stabilization
of bound ligands by His(E7) regulate the rates and affinities of oxygen binding to both
Mb and the o chain of human Hb [20]. The role of His(E7) in ligand entry and
stabilization in human B-globin is still under debate.

Numerous experiments support the hypothesis that the His(E7) is the major
pathway for ligand entry and escape in sperm whale Mb [22, 32, 53]. In contrast,
molecular dynamic simulations always identify multiple ligand migration routes, which
often involve Xe cavities as transient stations for diffusing ligands [28]. There is little
experimental or theoretical data concerning ligand migration in o and [ subunits of
human HbA available, and thus ligand pathways in Hb are even more controversial [34-
36].

Extravasation of extracellular Hb and rapid scavenging of NO interfere with NO-
signaling and appear to be the main causes of the increase in mean arterial pressure by the

initial HBOC products [7]. Using site-directed mutagenesis, the rate of NO scavenging



21

was greatly decreased by introducing space-filling Trp substitutions that reduce the size

of the distal pocket in both subunits of Hb. Unfortunately, the resultant mutants express

poorly and are unstable.

In the following chapters of this thesis, I have addressed each of the four issues
described above. First, I will show unambiguously that His(E7) regulates the rates of
ligand binding and stabilizes bound O, in both subunits of human HbA by measuring
ligand binding parameters and FTIR spectra of Gly, Leu, Phe and Trp(E7) mutants, and
by solving the crystal structures of o and B Leu(E7) mutants to support my
interpretations of the kinetic results. Second, I will demonstrate that the pathway for
ligand entry into HbA is created by outward rotation of E7 side chain by determining the
rates of opening and closing of the E7 gate and the effects of the total blockade of the E7
channel on ligand entry into the distal pockets of o and B Trp(E7) subunits. Third, I will
establish that in human HbA alternative ligand migration pathways involving Xe binding
sites are not physiologically significant by measuring ligand entry and escape parameters
for wild-type o and B subunit under high xenon pressures. Fourth, I have attempted to
design new Hb mutants with reduced NO scavenging activity, optimized O, affinity and
improved apoglobin stability using combinations of space-filling mutations in the active
sites of o and P subunits of HbA, Gly crosslinking of the o subunits, and replacements

located at the subunit interfaces to alter O, affinity and globin stability.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Mutagenesis, expression and purification of HbA.

The plasmid system and bacterial strain used for both mutagenesis and
expression of recombinant Hbs were developed at Somatogen, Inc. [54, 55]. The E. coli
strain SGE1661 represents a variant of the E. coli strain JM109 that allows a more rapid
uptake of extracellular heme. The plasmid system pSGE1702 is composed of 1 copy of o
and B globin genes positioned in tandem downstream of the inducible fac promoter. In
each globin gene the N-terminal Val residue is replaced with Met for ease of expression
in E. coli, producing a double mutant, o(VIM)/B(VIM), which will be referred to as
wild-type rHb and is not essentially different from native human HbA with respect to R-
state ligand binding characteristics and overall structure [56-58]. However, it shows
slightly weaker cooperativity and sensitivity towards allosteric effectors, such as IHP and
protons [54], in comparison to native human HbA.

Some of the mutants that were used in crystallization studies were expressed
using the pHE?2 plasmid [59, 60]. pHE?2 also contains a-globin and B-globin genes placed
in tandem under tac promoter. In addition, the gene encoding Met-aminopeptidase
(MAP) was incorporated into the expression plasmid to allow posttranslational cleavage
of the N-terminal Met residue of the newly synthesized globin polypeptides.
Overexpression of the MAP gene results in 99% removal of N-terminal Met from a-
subunits and 95% from B-subunits. The Hb fraction containing B-subunits with uncleaved
N-terminal Met residues can be separated from the main fraction of HbA during the last
chromatographic step of Hb isolation (see below). The E.coli strain JM109 was used for

mutagenesis and expression of hemoglobin using the pHE2 system.
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All amino acid substitutions were made using Stratagene PCR-based
"QuikChange™ Side-Directed Mutagenesis” kit (Stratagene, La Jolla, CA, USA). This
procedure requires the design of specific complementary mutagenic primers that span the
region of substitution and have the necessary mutation. After temperature cycling, the
reaction mixture was digested with Dpn I to get rid of methylated parental DNA and was
transformed into competent cells. Transformed cells were placed on agar plates
containing 15 pg/ml of tetracycline (for pSGE1702) or 100 pg/ml ampicillin (for pHE2)
and grown overnight at 37° C. Antibiotic resistance selection was achieved due to the
presence of antibiotic resistance genes in the plasmids. Distinct E. coli colonies were
inoculated into 4 ml of LB with appropriate antibiotic and grown overnight at 37° C.
After plasmids were isolated and their sequences confirmed, the corresponding cell
suspensions were diluted with glycerol to achieve ~60% final concentration of
cryoprotectant and stored at -80° C.

Protein was expressed in a Biostat C20 bioreactor (B Braun Biotech International,
Melsungen, Germany). Cells were grown in 15 L DM media [55], initially at 37° C, pH
7. Steering speed and airflow were controlled automatically to keep the oxygen level at ~
60%. The glucose (40% w/v solution) feeding profile was the following: 40 ml/h for O-
0.5 ODggo; 60 ml/h for 0.5-1 ODggo; 100 ml/h for 1-1.6 ODggo. After ODggo reached 1.6,
the temperature was decreased to 28° C and protein expression was induced by IPTG (up
to final concentration 0.05 g/L). Excess heme was added throughout the expression phase
at a feeding rate of ~100 ml/h (1 g/L solution), and glucose was supplied at ~50 ml/h. The

expression phase was maintained for 9 to 12 hours, and then the cells were harvested.
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The final suspension was bubbled with CO, pelleted by centrifugation, and frozen for

storage. A typical growth profile of recombinant Hb is presented in Fig. 2.1.
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Figure 2.1. rHb o(WT) B(Gly(E7)) fermentor growth profile. Starting parameters for fermentor
growth were 37° C, pO, ~ 60%, pH 7. Steering speed and airflow are controlled automatically
to keep oxygen level at proper value. The concentration of glucose is increasing from 2% to
25%. After ODgy reaches 1.6 the temperature is decreased to 28° C and protein synthesis is
induced at this point by injecting IPTG. Excess heme is being added to maintain the
concentration at 25%. Expression phase lasts 9 to 12 hours.

To isolate protein, the frozen cell paste was thawed and resuspended in buffer
containing 40 mM Tris/HCI, pH 8, equilibrated with 1 atm CO, following the proportion
of 1 g of cells per 3 ml of buffer. The “breaking” buffer contained 1 mM benzamidine,
which serves as a protease inhibitor. Lysozyme solution was also added to lyse cell walls
(1mg of enzyme per 1 g of cells). The mixture was allowed to stir for 15 min, and then
deoxyribonuclease I, MgCl, and MnCl, were added to give final concentrations of 30
pg/ml, 10 mM and 1 mM, respectively. The resultant suspension was filtered through
cheesecloth and passed through a cell disruptor (Avestin, Inc., Canada) 2-3 times.

Concentrated Zn acetate solution was added to the final mixture to yield 2 mM of [Zn2+]
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and pH was adjusted to 8. To remove cell pellets, the suspension was centrifuged for up
to 2 h at ~22,000 g using Beckman J-21C (Beckman Coulter, Inc., Brea, CA) centrifuge
and JA-14 rotor. The clarified solution was applied to a Hi-Trap Chelating Sepharose
(Pharmacia) column preloaded with Zn?*. The column was washed by sequential passage
of: (a) 20 mM Tris/HCl, 500 mM NaCl, pH 8.5 (3 column volumes (CV)); (b) 200 mM
Tris/HCIl, pH8.5 (2CV); (c) 20 mM Tris/HCIl, pH8.5 (3CV). Hemoglobin was eluted with
20 mM Tris/HCl, 15 mM EDTA, pH 8.5 buffer. The eluant, representing ~ 85%
recombinant CO-hemoglobin (rHbCO), was concentrated to ~2 mM in heme using an
Amicon 8200 ultra-filtration unit (Millipore, Billerica, MA) with a 16,000 Da cutoff
Millipore membrane. In preparation for the next chromatographic step, the protein was
loaded on a Sephadex G-25 (Pharmacia) gel filtration column pre-equilibrated with 20
mM Tris/HCI, pH 8.3. Hb fractions were collected, concentrated as described above and
loaded on a Q-Sepharose (Pharmacia) column equilibrated with 20 mM Tris/HCIl, pH8.3.
The column was washed with several column volumes of equilibration buffer and the
protein was eluted using a 0-170 mM NaCl gradient (Fig. 2.2 A). A Source 15 S
(Pharmacia) cation exchange column equilibrated with 10 mM NaPi, pH 6.8 was used in
the last step of chromatographic isolation of Hb. The protein was loaded on the column,
washed with several column volumes of equilibration buffer and eluted by a linear
gradient of equilibration buffer versus 20 mM NaPi, pH 8.3 (Fig. 2.2 B). All procedures
were carried out at 4° C, using ice-cold, CO-purged buffers. The protein was always kept

under a CO atmosphere.
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Peak2 ;

Figure 2.2. Chromatographic purification of recombinant HbA. (A) Elution profile of Hb
oLeu(E7)BWT from Source 15 Q column (blue trace represents OD at 280 nm, cyan —
conductivity). (B) Elution profile of Hb aLeu(E7)BWT from Source 15 S column (blue trace
represents OD at 280 nm, brown — conductivity of the eluant, and gray — pH). Peak 1
represents Hb tetramers containing p-chains with uncleaved N-terminal Met residue. Peak 2
represents recombinant Hb with completely cleaved N-terminal Met's in both subunits.

2.2. Isolation of individual o and B subunits of HbA.

The procedure for chain preparation was modified from that initially developed
by Parkhurst et al. [61]. Tetrameric Hb was buffer-exchanged against 0.1 M KPi, pH 6
and concentrated to ~ 1mM in heme. This sample was mixed with p-mercuribenzoate
(PMB) solution in a ratio of 10 mg PMB to 220 mg Hb, adjusted to pH 6, and saturated
with CO. The mixture was left at 4° C overnight. Next day, any precipitated protein was
removed by centrifugation, buffer was exchanged with 10 mM NaPi, pH 8, and the PMB-
bound chains were loaded on a DEAE-cellulose (Whatman) column equilibrated with 10
mM NaPi, pH 8. o subunits pass through the column without binding under these
conditions; residual tetrameric rHb was washed out with 20 mM NaPi, pH 7.5, and then 3
chains were eluted with 0.1 M NaPi, pH 7. To remove bound PMB, the hemoglobin

chains were buffer-exchanged against 0.1 M Tris/HCI, 0.1 M NaCl, 1 mM EDTA, pH
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8.5, concentrated to ~0.4 mM, and dithiotreitol (DTT) was added to achieve 4 mM. This

mixture was incubated at 4° C for 30 min.
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Figure 2.3. Determination of the quality of isolated chains. (A) Cellulose acetate electrophoregram of
isolated a and B chains and Hb tetramers shows no visible contamination of Hb subunits with
Hb tetramers. (B) and (C) Optical spectra of a and B subunits before and after PMB removal
procedure, respectively, demonstrate the absence of bound PMB after incubation with
dithiothreitol.

Regenerated chains were stripped of DTT-PMB by passage through a Sephadex
G-25 column, equilibrated with 0.1 M Tris/HCI, 0.1 M NaCl, 1 mM EDTA, pH 8.5
buffer at 0.5 ml/min. Complete PMB removal often requires 3 rounds of incubation in
DTT with buffer exchange after each round. The extent of removal was examined by
evaluation of bound PMB extent spectroscopically (Fig. 2.3 B and C) and by PMB
titration [62]. The purity of isolated Hb subunits was assessed by cellulose-acetate

electrophoresis (Helena Laboratories, Beaumont, TX; Fig. 2.3 A).

2.3. Measurements of bimolecular O;, CO and NO binding to hybrid Hb
tetramers and isolated subunits.
The model of cooperative binding of ligands to tetrameric hemoglobin developed

by Monod, Wyman and Changeaux [63] is the most commonly accepted explanation of
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cooperative O, binding to hemoglobin. Ligand binding to deoxyHb mediates a transition
of Hb tetramers from the low affinity T-state quaternary structure to the high affinity R-
state. On average, the T — R conformational switch occurs after binding of the second
ligand. In practice, determination of association and dissociation rate constants for the
binding of the first ligand to Hb, represents the kinetic parameters for ligand binding to

the T-state (k'rx and krx). In order to obtain rates for binding to the R-state, the kinetics

of the last step of binding (HbsX3 + X = Hb4X}) must be measured. In the present
work mainly R-state parameters were determined.

The use of flash-photolysis technique has proved to be a very powerful method
for determining the kinetic parameters for ligand binding to Mb and Hb [64, 65]. In these
experiments, the energy of a laser flash disrupts the Fe-X bond and drives the ligand into
solution. The bimolecular rebinding of X is observed as the decay of deoxyHb fraction
with time. For Mb, this reaction is a simple, monoexponential process under pseudo first
order conditions. For tetrameric HbA, the analysis of kinetic traces is complicated by the
presence of different types of subunits, which have distinct binding parameters.
Moreover, full photolysis of Hb results in the formation of 100% deoxyHb, but the
rebinding of the first two ligands drives the T- to R-state conformational transition which
competes with ligand binding to deoxyHb. Newly formed R-state tetramers bind ligands
very quickly due to larger rate constants and introduce even more inhomogeneity into
photolysis traces. Thus, full photolysis of tetrameric HbX cannot be used to assess k'rx
and kgrx; however, the slowest phase in the trace allows an approximate estimate of the T-

state parameters.
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In the 1950s Gibson et al. [66, 67] showed that if the laser light intensity is
decreased by placing neutral density filters in the excitation beam so that only 10% of the
total absorbance change occurs, only the last step of rebinding is observed. Statistically,
10% photolysis results in the formation of only three-liganded species, HbsX3, and the T-
to R-state transition does not happen.

In the current work, parameters of O, and CO binding to the mutant Hb subunits
were measured using laser flash-photolysis of the stable HbCO complexes in O,/CO

mixtures to avoid prolonged exposure to oxygen and autooxidation [68].

K'co K'o,
HbCO=——=—= CO + Hb + O, =====HDbO,
Kco 0,

hv

Scheme 2.1

k

=Kk,[0,1+ ko, + koo [CO]

fast

Equation 2.1

l(02

obs _1+ lfz)z[oz]
ko [CO ]

Equation 2.2

The reaction is initiated by photolyzing HbCO to generate deoxyHb species that

can then react with the ligands present in solution (Scheme 2.1, Fig. 2.4). Two distinct
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phases are observed after photolysis. The initial fast phase represents bimolecular ligand
recombination with the transient deoxyHb species. In general, the observed rate (Krag,
Equation 2.1) represents the sum of association and dissociation rates for all ligands
present in the cuvette. However, since the rate of CO dissociation from HbCO is
extremely slow and the binding is considered irreversible, kco is not included in Equation
2.1. Moreover, the fast phase is dominated by O, binding, because in most cases k'o; >
k'co [65]. The slow replacement phase, rqps, represents the displacement of transiently
bound O, by CO. It is computed as the rate of O, dissociation times the fraction of deoxy-

species that bind CO (Equation 2.2, Fig. 2.4 C).

A B C

1000

0.0-mk loMo22s _ -

-—§ 800 - ky, =800 — =
[<o] [ o
§ 2 01 g
= -
! 5 =
@
O g g
@ 8 g

= o -0.24

© 8 %_
£ g :
g £ [COMO2)= 0.04 3
fd
@
@
o
(@]

-0.34
00.,4‘ ......... | :
T M T r T T 1 '04 T T T T ) o mrr 717 7 Tr T 1
0 10 20 30 40 0 5 10 15 20 0 1 2 3 4 5 6
Time, ps Time, ms [COVIO,]

Figure 2.4. Time courses for O, binding to and displacement from isolated human Ala(E7) aCO
subunits. (A) Reactions were carried out in buffers equilibrated with 1 atm of O, and air,
and no free CO, until after photolysis of the «CO sample. The time courses were fitted to
single exponential expressions with an offset representing the 1,000-fold slower CO
replacement reaction. (B) Time courses for the slower replacement reaction measured at 425
nm at 4 different [O,)/[CO] ratios. The amplitude of the slow phase decreases as [CO]/[O-]
increases because CO begins to compete with O, in the initial association reaction. (C)
Dependence of the observed replacement rate on [COJ/[O,] and fit to Equation 2.2. The
fitted curve is asymptotically approaching ko, at ry,:=800 s”'. Modified from [69].

The bimolecular binding reaction is best observed at 436 nm (Fig. 2.4 A), which

is near the peak of deoxyHb, and the replacement reaction is best observed at 425 nm
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(Fig. 2.4 B), near the peak for HbCO. The solutions of HbCO in O,/CO mixtures were
prepared as follows. First, 50-ml gas-tight syringes were filled with ~30 ml of buffer, and
some gas space (~ 10 ml) was kept above the liquid. The syringes were capped with
rubber septa, and a cannula needle was inserted through the septa into the liquid. The
needle was attached to tubing connected to a gas tank through a humidifying glass
chamber. The solution in the syringe was bubbled with either pure CO or O, for ~30 min
at 20°C. In order to maintain atmospheric pressure inside the syringes during gas
saturation an additional 20-gauge needle was also inserted through rubber septa. Final gas
concentrations in the buffers are 1000 uM for CO and 1250 uM for O, at 25°C, 1 atm (at
sea level). Reaction mixtures were prepared by using 1 ml gas-tight syringes to withdraw
different amounts of O,- and CO-saturated buffers to generate O,/CO ratios equal to
100/0, 75/25, 50/50, 25/75, and 0/100 %, which correspond to 1250/~50(from the HbCO
sample after photolysis), 937.5/250, 625/500, 312.5/750, and 0/1000 puM. HbCO samples
were injected into this 1 ml syringe from concentrated (~2,000 pM) stock solutions to a
final concentration of ~ 50 pM (in some experiments to increase the signal amplitude
~100 pM HbCO was used). Imm path length glass cuvettes were capped with a rubber
septum and purged with pure N, for at least 10 minutes. Then, the sample solution was
rapidly injected into the cuvettes and filled to the top without a gas space using another
small needle to allow excess solution to be forced out the top along with any N, bubbles.
In nearly every experiment the protein concentration was kept at least 5-fold smaller than

ligand concentration to maintain pseudo-first order conditions.
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The value of k'co was determined in a separate experiment by photolyzing HbCO
in the presence of only CO with a small amount of dithionite added to eliminate residual
oxygen. Equation 2.1 for CO binding simplifies to kg = k'co[CO].

Partial photolysis (< 10% absorbance change) was used to measure kg for
mutant/wild-type hybrid HbCOs to ensure that only rebinding to the R state tetramers
was being examined. Full photolysis was used for isolated subunits, which are
intrinsically in R state-like conformation [65]. The slow rate for O, displacement by CO
was measured after 100% photolysis for both tetramers and monomers because on these
time scales all Hb tetramers have either 3 or 4 ligands bound and remain in the R
quaternary state [65, 70, 71].

Photolysis was initiated by a 0.5 pus excitation pulse generated by a Phase-R Crop.
model 2100B dye laser system (New Durham, NH, USA) using Rhodamine 575.
Absorbance changes were detected using a Xe lamp (Model E7536, Hamamatsu
Photonics K.K., Japan) and photomultiplier tube (Instruments SA, Inc., Metuchen, NJ,
USA). Kinetic traces were recorded using a digital oscilloscope (TDS 220, Tektronix,
Inc., Wilsonville, OR, USA). The observed traces for tetramers were fitted in Igor Pro
4.05A to a double-exponential expression with an offset. The observed fast (ligand
rebinding) and slow (O, displacement by CO) pseudo first order rate constants measured
at different [O,] and [CO] were fitted simultaneously to the expressions in Equation 2.1
and 2.2 using the Solver routine in Microsoft Excel. In the case of mutant hybrid
tetramers, observed rates assigned to wild type and to mutant subunits were fitted
separately. Rate constants for the individual subunits within hybrid tetramers were

assigned by comparison to previously reported results for wild type o and B subunits,
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assuming that the amino acid replacements cause marked deviations of the binding
parameters for mutant subunits but have little effect on the wild-type R state subunit [64].
The buffer conditions for these kinetic experiments were either 100 mM Na phosphate
buffer, pH 7 (for comparison with previous Mb studies), or 50 mM HEPES, 0.1 M NaCl,
0.1 mM EDTA, pH 7.4 (for comparison with previous HbA studies). All kinetic
measurements were made at 20 °C. The two different buffer conditions did not appear to
influence ligand binding.

The values of CO dissociation, kco, for the mutant Hb tetramers and monomers
were determined by rapidly mixing the HbCO complexes in CO (10% or 100 pM) buffer

with the buffer containing an excess NO (2000 pM).

kco K'no
HbCO m——= CO + Hb + NO =—— HbLNO

k'CO kNO

Scheme 2.2

Keo
== k
l'obs 1+ k’CO [CO] co
k\o[NO]
Equation 2.3

Under these conditions, NO displaces all the bound CO from Hb with an observed
rate equal to kco because k'no[NO] >> k'co[CO] [65]. Experiments were conducted in a
modified stopped-flow spectrophotometer D-110 (Durrum, Palo Alto, CA, USA). The
absorbance changes were measured at 424 nm, and the time courses were analyzed as

described for the O, displacement reactions [65, 70, 71].



34

NO binding to the wild-type and mutant HbA samples was measured using a
flow-flash system to allow initiation of the reaction by photolysis of FeCO complexes,
which have quantum yields for photodissociation of CO into solvent of 0.4 to 1.0. In
contrast, the analogous yields for complete photodissociation of HbNO complexes are
very low < 0.001, making the measurement of bimolecular NO binding very difficult by
flash photolysis [17, 72, 73].

A Bio-Logic SFM-400 multi-mixer with a MPS-60 controller unit (Bio-Logic SA,
Claix, France) was attached by an umbilical cord to a portable cuvette assembly in the
Phase-R dye laser optical pathway, described above. A sample of HbCO was rapidly
mixed with concentrated NO and then photodissociated 50 ms after flow stopped with a
0.5 us excitation pulse. Stock syringes contained 100 uM HbCO and 2000 uM NO
(100% saturated solution), respectively, in 100 mM Na phosphate, pH 7. Additional
syringe contained an anaerobic buffer (i.e. purged with 100% N;) to adjust the final
concentration of the protein after mixing with NO buffer in stopped flow apparatus. To
prepare NO stock solutions, the syringe containing air-saturated buffer was purged with
N; for ~20-30 min, and then bubbled with 100% NO, using the approach described for
preparation of O, and CO stock solutions. The total volume after mixing was 400 pl, and

final concentrations of NO were 500 uM (25%), 1000 uM (50%) and 1500 uM (75%).

The final concentration of protein was 25 UM. Occasionally, 10% and 33.3% of NO after
mixing were used.
Bimolecular NO binding to the newly generated deoxyHb was followed at 436

nm. As shown in Scheme 2.3 and Equation 2.4, the observed rate, ko, is given by
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k'no[NO], because the concentration of CO was kept low (~50 uM) and k'no > Kk'co for all

the samples examined.

k'co k'no
CO + Hb + NO

HbCO

hv

Scheme 2.3

K, = Kio[NO] + ko [COJ = ko [NO]

Equation 2.4

Little difference was observed between the normalized time courses for NO
binding at high and low photodissociation yield because k'no is roughly independent of
quaternary state [19, 74]. The observed rates of bimolecular NO binding are linearly
dependent on [NO] with an intercept effectively equal to 0 and a slope equal to k'no (Fig.

2.5).
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NO binding to isolated native o and B chains. HbCO samples (25 pM after mixing) were
rapidly mixed with NO (1000 uM after mixing) and then photolyzed ~ 50 ms after flow
stopped. The time courses were normalized by the absorbance change immediately before
and after photolysis. The offset after the reaction is complete represents the difference in
absorbance between the final product HbNO and the starting HbCO sample. The red circles
and blue squares represent native a and B subunits, respectively. The black lines represent
fits to single exponential expressions for the isolated o (kops = 28,000 s and B (Kobs =
68,000 s™') subunits. The inset shows the dependence of the observed pseudo-first order rate
constants of native o and B subunits, and HbA tetramers on [NO]. The observed rates show
a straight line dependence with a y-intercept equal to O because the NO dissociation rate
constant is on the order of 10 s [12]. The red and blue symbols in the inset correspond to
the rates for isolated a and B subunits and the closed symbols represent the rates for the fast
(B) and slow (o) HbA phases. The slopes represent the k'yg values, which are given in Table
3.3 (Chapter 3).

2.4. Measurements of NO dioxygenation by oxyHb.

NO is a radical with an unpaired electron in its outermost bonding orbital and,

thus, is highly reactive with other paramagnetic molecules and atoms including iron and

O,. Extensive experimental work by our group and others [4-6, 39] resulted in the

mechanism for NO dioxygenation by HbO, and MbO,, according to which, in the distal

pocket, nitric oxide reacts with the bound dioxygen to form nitrate and metHb (Scheme

2.4). At neutral pH conditions, the critical step of the reaction is NO diffusion into the

distal pocket of O,-bound globin. The following events (formation of peroxynitrite,
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ONOQO', and subsequent isomerization into nitrate, NOj3") are significantly faster and not
rate-limiting.

The rates of NO dioxygenation were measured by mixing oxygenated forms of o
and B subunits and HbA tetramers with solutions of NO in a modified stopped-flow
spectrophotometer D-110 (Durrum, Palo Alto, CA); spectral changes were detected at
402 nm, which corresponds to metHb absorbance. Also, at this wavelength the
contributions from other possible reactions, such as NO binding to deoxyHb and metHb,
are minimal [6, 65]. Experiments were conducted in 100 mM NaPi, pH7, at 20 °C.

K'Nnop
HbO,+ NO —— metHb+ NO;3

Scheme 2.4

Ko o= L
NoP ¢, X[NO]

Equation 2.5

Kops = k;:on X[NO]

Equation 2.6

The reaction of NO dioxygenation is extremely fast (~ 60 uM's™! for HbA) and
part of it can be lost in the dead time of the apparatus (1-3 ms), unless very low
concentrations of HbO, and NO are used [6]. Mixing small equimolar amounts of oxyHb

and NO (1 pM after mixing) minimizes the undetected part of the reaction. Fig. 2.6
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shows the time courses for the reaction of HbA and isolated o and [ chains with

equimolar amounts of NO.
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Figure 2.6. NO dioxygenation by tetrameric HbO, and isolated 0O, and BO; subunits. 2 pM
solutions of Hb and NO were mixed (final concentration is 1 uM) at 20°C, in 100 mM
KPi buffer, pH 7; absorbance change was monitored at 402 nm. Determined rate
constants were 74 p.M'Is'l, 90 ]JM"S'l and 87 }J.M—ISJ for HbA, o and B subunits,
respectively. The rates are slightly higher then previously reported, most likely due to
the loss of the part of the time course in the dead time of the apparatus.

The rate constant, k’nop, can be estimated using Equation 2.5, where t;;; is the
half-time of the reaction, or by fitting the observed time courses to the integrated form of
an irreversible second order rate equation with equal concentrations of reactants.
However, determination of rate constants from these equimolar experiments is
troublesome, because it is highly dependent on the detection of the complete time course.
A more accurate assessment of NO scavenging rate can be achieved by using pseudo-first
order conditions with excess NO (1 uM HbO, and 5 uM NO after mixing) and

calculating k'nop from observed rate of the reaction (Equation 2.6).
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2.5. Measurements of geminate CO recombination to hybrid Hb tetramers
and isolated subunits.

Geminate recombination represents internal rebinding of the ligand to heme Fe
after photodissociation. The notable difference between bimolecular and geminate
recombination is that in the latter case the same molecules of ligand and protein associate
after photolysis [75]. After ligand-iron bond disruption, the ligand samples the available
space inside the protein and then some of ligand molecules escape to the solvent and
some geminately rebind. The speed and extent of rebinding depends on the protein and
ligand reactivity. In Mb, for example, geminate NO recombination occurs on picosecond
timescales and the fraction of rebinding is ~100%; in contrast, internal CO recombination
is negligible, ~5%, and is observed in nanosecond range [17, 22, 73]. The shape of the
rebinding curve reflects the internal architecture of the protein. Multiple phases are
observed if more than one distinct docking site are present within the protein globule and
the rate of ligand exchange between these sites is not faster than rebinding to heme.
These speculations were confirmed by studies on geminate O, rebinding to Mb. As noted
before, in addition to the distal pocket, the Mb molecule contains small apolar cavities,
called Xe pockets [31]. Both computational and experimental techniques have
demonstrated that geminate O, recombination to Mb is composed of fast and slow
phases. The fast phase corresponds to ligand rebinding from the collective volume of the
distal pocket and the adjacent Xe4 site. The slow process represents ligand rebinding
from the Xel site, located underneath the heme [22, 24, 26, 27, 29, 30, 33, 53, 76-80].
The parameters of geminate recombination allow us to assess ligand migration inside the

protein matrix.
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Figure 2.7. Schematic representation of geminate O, recombination time course of Mb. After a
short nanosecond laser pulse drives O, photodissociation, a fraction of dissociated ligand
molecules rebinds without leaving the protein (Fgeminae); the rest escape to solvent (Fecape)
and bimolecularly recombine with Mb on much longer timescales (ms). Spectral changes of
the protein associated with transitions between liganded and unliganded states allow optical
detection of the reaction (schematic representation of the cuvette with Mb sample
demonstrates the color change from bright red to purple upon O, dissociation).

For a general case, geminate recombination is viewed as a simple first order
process. It does not depend on ligand concentration. A simple two-step binding scheme is
assumed for analysis (Scheme 2.5). According to this mechanism, after photodissociation
the geminate state (HbeeeCO) is formed in the distal cavity, from which the ligand either
rebinds to iron with the rate of internal bond formation (kponq) Or escapes from the protein
(Kescape)- Eventually, the ligand returns to the binding site from solvent with the
bimolecular rate constant (k'enry). The rate parameters for these processes define the
observed rates (Kgem, Equation 2.8) and fractions (Fgem, Equation 2.7) of geminate

recombination and the overall bimolecular association rate constants (k'x, Equation 2.9)
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[22]. The schematic time course for geminate O, recombination to Mb is shown in Fig.

2.7.
'bond 'entry
HbCO =——= Hb--CO =—= deoxyHb + COsoivent)
-bond escape
hv
Scheme 2.5
F = kbond
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Equation 2.7

Keem = Kpona +K

escape

Equation 2.8
’r k:ntry kbond v’
X =7 v Nemuy Fgem
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Equation 2.9

Time courses for geminate CO recombination to 50 pM isolated wild type and
mutant Hb subunits in 1mM or 100 pM CO were collected after excitation with a 7 ns
pulse from a frequency-doubled YM600 Nd:YAG laser system (Lumonics, Inc.,
Billerica, MA). To increase the signal-to-noise of the kinetic traces, the sample was

illuminated by a pulsed Xe arc lamp (model 03-102, Applied Photophysics, Inc,
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Leatherhead, UK). Transmittance was measured at 436 nm using a photomultiplier tube
with a 0.9 ns response time (R-1913, Hamamatsu, Japan), recorded on a digital phosphor
oscilloscope (TDS 3052, Tektronix, Inc., Wilsonville, OR). A pulse/delay generator
(model 555, Berkeley Nucleonics Corp., San Rafael, CA) was used to synchronize the
laser firing, the Xe arc lamp pulse, and oscilloscope trigger. The data used for fitting were
an average of ~16-32 time courses collected at 20-22 °C. Rates and amplitudes of
geminate rebinding were obtained by fitting the time courses to the double-exponential
equation A(?) = Acscape + Agem,a €XP{-Kgema t} + Agem,p €xp{-kgem g t}. For isolated subunits,
the single-exponential equation A(z) = A.scape + Agem €xp{-kgem t} Was used. The fraction
of geminate recombination, Fgern, was obtained dividing Ag.» by the total absorbance
change at 436 nm (i.e. Agem /(Aescape + Agem)); Kgem is €qual to the observed rate of the first
order internal rebinding phase. Time courses were fitted in Igor Pro 4.05A. The rates of
internal bond formation, escape and bimolecular entry were calculated using Equations

2.7-9.

2.6. Laser flash photolysis of HbA tetramers and isolated subunits in the
presence of Xe.

Using a method adapted from Pesce et al. [81], bimolecular O, and CO binding
and geminate CO recombination to HbA tetramers and isolated subunits were measured
in the presence of 0, 4 and 9 atm of Xe in a home-made stainless steel pressure cell. A
small amount of Hb sample (0.5-1 ml) equilibrated with 1 atm CO (1000 uM CO) or 1
atm of air (~250 pM O,) was introduced into the sealed, CO- or air-purged pressure cell.

For CO samples, several grains of Na dithionite were also added to the cell before
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introducing the sample. First, time courses for the samples containing no xenon were
collected. Next, Xe was introduced via a three-way valve attached to the cell and the
sample was equilibrated with Xe/CO or Xe/air mixtures by vigorously shaking the
cuvette for ~ 1-2 min. The final pressures of the gas mixtures in the cell were 1, 5 and 10
atm. Measurements were made as described earlier, within 10 minutes after equilibrating

with Xe.

2.7. FTIR spectroscopy of HbCO tetramers and isolated subunits.

The infrared stretching frequency of bound CO (vc.o) is a sensitive probe to study
the structural environment of the distal pocket of hemeproteins [68, 69, 76, 82-87]. The
electrostatic field surrounding the CO molecule bound to heme in Hbs and Mbs is one of
the many factors affecting the magnitude of vc.o. It has been proposed that the polarity of
the immediate vicinity of the bound carbon monoxide alters C-O bond order, which
equals 2.4-2.6 in wild type Hbs and Mbs. Changing the electrostatic field around the
bound CO from "+" to "-" leads to the increase in the fraction of the Fe®”-C=0%"
resonance structure with triple C-O bond character (Fig. 2.8 C). Increase in the C-O bond
order is accompanied by the increase in the magnitude of vco. This approach has been
successfully verified by measuring FTIR spectra of a series of Mb mutants in which the
positive electrostatic field from distal His was removed and corresponding stretching
frequencies of CO shifted to the right part of the spectrum (Fig. 2.8 A; [83]). The
observed shifts correlated with the increases in CO dissociation rates (Fig. 2.8 B),

suggesting that the positive field of His(E7) stabilizes bound ligands by a H-bond. Here, I
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have used FTIR spectroscopy to prove that His(E7) electrostatically stabilizes bound O,

in the o and B subunits of HbA.

Figure 2.8.
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CO stretching frequency (Vco) as a probe to study electrostatic environment of the
distal pocket in Mb. (A) FTIR spectra of wild-type and mutant sperm whale Mbs. Note
that all apolar E7 mutations (G, A, L, F) and Tyr shift the CO stretching peak position to
~1965 cm", while GIn replacement is invariant because electrostatic environment has not
changed. (B) The correlation between rate of CO dissociation, kco, and veo. Correlation
coefficient is 0.8. (C) Schematic representation of the relationships between C-O bond
order and v¢qo. The polarity changes from “+” to “—* (left to right direction). (A) and (B)
adapted from [83], (C) adapted from [69].

The samples were prepared by adding highly concentrated HbCO and a small

volume of a stock 200 mM sodium dithionite solution to a nitrogen-purged 250 ul PCR

tube fitted with a rubber septum to give a final concentration of ~2 mM HbCO and 40

mM dithionite. The buffer conditions were the same as those used in the kinetic

experiments. The solution was quickly transferred by pipet to the center of a 40 um well

of a CaF; cell window and immediately sandwiched with a flat window and clamped with
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the cell holder (BioTools, Inc., Canada). The cell was placed in a nitrogen purged Nicolet
Nexus 470 FTIR spectrometer (Nicolet Instrument Corp., Madison, WI), equipped with
an 1800 cm™ to 2400 cm™! band pass filter. Sixty-four interferograms were collected and
averaged to produce a Fourier transformed spectrum with 1 cm™ resolution. A buffer
control spectrum was subtracted from the sample spectra to correct for any water vapor

peaks.

2.8. Crystallization of mutant Hbs, X-ray diffraction data collection and
structure determination.

Recombinant HbCOs were crystallized using the batch method initially designed
by Perutz [88]. Concentrated HbCO solution (in 10 mM Na phosphate buffer, pH 7) was
mixed with 3.4 M Na/K phosphate, pH 6.7 (precipitant) to yield ~ 20 mg/ml HbCO in 2.3
M Na/K phosphate, pH 6.7. 100 pl of the mixture was placed in a glass vial, sealed and
purged with CO, and a drop of toluene was added to the batch. A small aliquot of dilute
seeding solution, prepared by finely grinding previously grown WT HbCO crystals in
mother liquor, was added to the mutant HbCO mixture to initiate crystal formation.
Crystals grew over 2-3 days at room temperature (Fig. 2.9). Crystals of MbCO were
obtained using the batch method reported by Quillin et al. [89]. 10 pl of 60 mg/ml Mb
solution was mixed with 3.2 M ammonium sulfate in 20 mM Tris-HCl, 1 mM EDTA, pH
9.0 to give a final (NH4),SO4 concentration of 2.4-2.6 M. The mixture was placed in a
glass tube, seeded as above (using a small amount of a sperm whale wild-type MbCO

seeding suspension), sealed and purged with CO.
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Figure 2.9. Crystals of recombinant HbCO. (A) Pyramidal crystals of HbCO aWTBLeu(E7) were
obtained according to the procedure reported by Perutz [88]; (B) and (C) crystals of HbCO
oTrp(E7)B WT, which diffract too poorly to get any useful data.

DeoxyHbs were obtained from CO-bound proteins by successive oxidation and
reduction. First, the met-form of the protein was generated by incubating concentrated
HbCO with excess potassium ferricyanide in a 5 ml round bottom flask on ice under
constant illumination with strong light to promote CO photodissociation. The gas space
above the sample was continuously purged with N,. After prolonged incubation, an
aliquot of the protein mixture was passed through a Sephadex G-25 column to remove
excess ferricyanide, and then tested for the residual HbCO in flash photolysis
experiments. The whole procedure was repeated until no detectable CO photolysis and
rebinding was observed. Fully oxidized protein was buffer exchanged against 10 mM
ammonium phosphate, pH 7, concentrated to ~ 60 mg/ml, and degassed. The protein
samples were reduced in Njy-filled anaerobic glovebox (Vacuum Atmospheres,
Hawthorne, CA) by addition of a 10-fold excess of Na dithionite.

Crystallization of recombinant deoxyHb was performed according to the
procedure described by Brucker ez al. [90], which was adapted from Perutz [88]. The
precipitant solution was prepared by mixing 0.5 ml 2 M monobasic ammonium

phosphate, 1.5 ml 2 M dibasic ammonium phosphate and 8 ml 4 M ammonium sulfate,
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and then degassed. All solutions were brought inside a glove box, and the precipitant was
mixed with concentrated deoxyHb solution to give 10 mg/ml Hb and 2.26 — 2.80 M
ammonium phosphate/sulfate. 120 pl of the resultant mixture was placed in an evacuated
glass vial and sealed. Large crystals were formed in 2-4 weeks.

Just before data collection, crystals were bathed in a mounting solution containing
10-15% glycerol in the appropriate mother liquor. For CO complexes, the mounting
solution was saturated with 1 atm of pure carbon monoxide; for deoxyHb, the mounting
solution was saturated with 1 atm of ultrapure N, and a few grains of Na dithionite were
added to remove any residual oxygen contamination that occurred during transfer.

A cryo-cooling N, system was used to maintain low temperature (100 K) in the
environment of the mounted crystals to reduce radiation damage. The continuous flush
with ultra cold N, gas also sustains anaerobic conditions around crystal to prevent O,
binding to deoxyHb and CO replacement by O, in HbCO and MbCO crystals. Complete
X-ray diffraction data sets for each of the globins were obtained from single crystals
using Cu Ko radiation (A = 1.5418 A) from a Rigaku RUH3R rotating anode X-ray
generator operated at 50 kV and 90 mA and a Rigaku R-AXIS IV++ image plate detector
(Rigaku Americas Co., TX). Data were collected, scaled and reduced using d*TREK
software [91].

The structure of Trp(E7) MbCO was solved by molecular replacement using CNS
[92] and the structure of recombinant wild type sperm whale metMb (2MBW [93]) as a
starting model with the solvent molecules omitted. The best solution using data from
15.0-4.0 A yielded a correlation coefficient of 0.65 and a R-factor of 0.35 after rigid-body

refinement. This model was further refined by conjugate gradient minimization and then
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simulated annealing, interspersed with manual fitting. The slow-cool protocol was also
used to calculate unbiased OMIT maps to confirm the correct placement of Trp(E7). At
this stage, crystallographic refinement was pursued in PHENIX [94]. After an initial
round of simulated annealing refinement, several macrocycles that included bulk-solvent
correction and anisotropic scaling of the data, individual coordinate refinement with
minimization, and individual isotropic ADP refinement were carried out with maximum
likelihood as the target. The CO ligand was modeled into the electron density maps at this
point and refinement was continued with restraints imposed on the expected iron-CO
geometry. Solvent molecules were then included and combined TLS and individual ADP
refinements were carried out in the final stages.

The structures of HbCOs, deoxy Hbs and deoxyMb Trp(E7) were solved in CNS
by direct Fourier synthesis using the structures of wild type human HbCO (2DN3 [2]),
deoxyHb (2DN2 [2]), and sperm whale Trp(E7) MbCO, respectively, as starting models.
The final refinements were carried out in PHENIX as described above. Map fitting and
other manipulations with molecular models were performed using the graphic software
COOT [95]. The accession codes for the models, crystal parameters, and statistics of X-
ray data collection and refinement are provided in Tables 3.3 and 4.1. Crystallographic
figures were prepared using PyMOL Molecular Graphics System, v. 1.2r3pre

(Schrédinger, LLC).
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CHAPTER 3: HIS(E7) STABILIZES BOUND O; AND REGULATES
LIGAND ENTRY IN o AND B SUBUNITS OF HUMAN HBA

3.1. Previous ideas about the role of the distal histidine in HbA.

In 1970 Perutz [14] proposed that the distal histidines located at the seventh
position from N-terminus along the E-helix, o His58(E7) and B His63(E7), play crucial
structural roles for regulating both the affinities and rates of O, binding to HbA. Several
years earlier, Pauling [96] suggested that His(E7) could stabilize bound O, by donating a
hydrogen bond to the partial negative charge on the superoxide-Fe(Ill)-like FeO,
complex. Perutz and Mathews [13] had noted previously that upward rotation of the
imidazole side chain would open a short and direct channel for ligand movement from the
solvent into the heme pocket and that the distal histidine could be acting as a gate for

entry into and exit from the active site (Fig. 3.1).

Figure 3.1. His gate in deoxygenated B subunits of HbA. (A) closed conformer; (B) hypothetical open
conformer. His(E7) is depicted in pink spheres, heme — in blue sticks, iron — orange sphere,
green spheres — other residues. Created from 2DN2 [2].

In the late 1970s, studies of model heme compounds and naturally occurring

globins with His(E7) replacements suggested strongly that the distal histidine also plays a
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key role in discrimination between O, and CO binding. One group suggested that the
close proximity of the imidazole side chain sterically hindered the binding of CO, which
requires a linear Fe-C-O geometry, whereas a "good fit" occurs for the inherently bent
Fe-O-O complex [97, 98]. Another group argued that the discrimination was not against
CO binding but rather in favor of O, binding, which is preferentially stabilized 10 to
1,000-fold by hydrogen bond donation from the imidazole N.-H to the polar FeO,
complex [99-102].

The first mutagenesis studies on sperm whale Mb and human HbA reported that
the His(E7) to Gly mutations in o subunits and Mb cause marked increases in the rates of
O, dissociation and significant decreases in affinity, both of which indicate strong
stabilization of the FeO, complex by proton donation from the wild-type His(E7) side
chain [20, 100, 103]. In addition, the association rate constants for O, and CO binding
increased 5 to 10-fold. The latter results were interpreted in terms of the distal histidine
gate mechanism, with the His(E7)—Gly mutation resulting in an open E7 channel.

In contrast, neither the dissociation nor association rate constants for O, binding
to the R state of the B Gly(E7) mutant of HbA appeared to increase significantly,
implying no electrostatic stabilization of bound ligands by the native His(E7) in B-
subunits and an already open gate or alternative pathway. These surprising kinetics
results were explained by Shaanan's [104] published structure of human oxyhemoglobin,
in which the N H atoms of distal histidine in B subunits seemed to be further away from
the bound O, atoms and pointing toward the heme plane.

Between 1989 and 1999, our group and others constructed large libraries of

mammalian Mb mutants as a model system for understanding the structural mechanisms



51

of ligand binding to vertebrate globins involved in O, transport and storage, and a
detailed molecular mechanism for O, binding has emerged. Ligand entry into myoglobin
occurs through the distal histidine gate; hydrogen bond donation by the neutral Ne-H
tautomer of His(E7) regulates oxygen affinity; and electrostatic stabilization of bound
oxygen represents the main determinant of discrimination between O, and CO binding
[12, 22, 32, 85, 105, 106]. During the same ten-year period, Champion, Sage, and
coworkers [84, 86, 87] came to similar conclusions when examining opening of the E7
channel by protonation of His(E7) in Mb. They correlated changes in the vibrational
bands of bound CO and increases in the association and dissociation rate constants for O,
and CO binding with outward rotation of the E7 imidazole side chain as it becomes
protonated at low pH. Their conclusions were verified by the low pH crystallographic
studies of Yang and Phillips [107].

Similar mechanisms have been proposed to occur in the o and [ subunits of HbA.
However, the experimental evidence has been weak, due, in part, to the technical
difficulties of generating large mutant Hb libraries, and then, assigning rate and spectral
parameters to the individual subunits within mutant/wild-type hybrid tetramers in R and
T quaternary structures (see [64, 71]). The measurements and interpretations are
particularly difficult for distal histidine mutants, which are highly unstable with respect to
autooxidation, hemin loss, and denaturation.

In 2000, Chien Ho’s group [108] used heteronuclear NMR spectra of chain-
selectively labeled samples to show that the N atoms of His(E7) imidazole rings are
protonated and capable of donating hydrogen bonds to bound O, in both the o and B

subunits of HbO,. In 2006, Tame's group [2] reported a new ultra high-resolution crystal
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structure (1.25 A) of HbAO,. The distances between N, of His(E7) and bound O; in this
structure are 2.6 A and 3.0 A in the a and B subunits, respectively. These structural
observations indicate significant hydrogen bonding with bound ligands in both subunits, a
result which is also at odds with the lack of effect of the B His(E7) to Gly mutation
reported 20 years ago [16, 103].

In order to resolve the question of hydrogen bonding in B subunits, and test the E7
gate hypothesis in HbA, I systematically studied the effects of His(E7) to Gly, Leu, Phe,
and Trp mutations on the kinetics of ligand binding to wild-type/mutant hybrid HbA
tetramers, and isolated individual mutant subunits to verify assignments of kinetic and
spectral properties within the initial tetramers. New methods were designed to measure
rate constants for O,, CO, and NO binding under conditions that avoid autooxidation of
these unstable mutants. The new kinetics results show unambiguously that bound O, is
stabilized by hydrogen bonding in both subunits of human hemoglobin and suggest that

ligands enter each Hb subunit through the distal histidine gate.

3.2. Effects of mutagenesis at E7 position on O, association.

In the past, O, binding to hemoglobin was measured after flash-photolysis of
HbO, complexes. There are several problems with this approach when examining distal
histidine mutants. First, the quantum yields for complete photodissociation of O, into
solvent from HbO, complexes are inherently small, < 0.1, greatly reducing the signal-to-
noise ratio, and the yields often decrease even further when His(E7) is replaced with an
apolar amino acid. Second, the E7 apolar mutants autooxidize rapidly and lose hemin,

making the HbO, forms unstable with half-lives ranging from a few minutes to < one



53

hour. Third, His(E7) mutants are prepared as reduced CO complexes, which are very
stable, and because the E7 mutants have Kco/Ko, ratios in the range 4000 to 40000, the
generation of oxy-complexes by the replacement of CO with O, even in the presence of
strong light, is difficult and almost always leads to oxidation. In the case of the Leu(E7)
mutants, CO can only be removed by oxidation with ferricyanide under an intense light,
and then the oxygenated complexes have to be generated by reduction with dithionite in
air and rapid removal of excess reducing agent and side products by gel filtration.

As described in Chapter 2, Fig. 2.4, Scheme 2.1 and Equations 2.1-2, I have
addressed the quantum yield, autooxidation, and CO removal problems by examining O,
binding and release starting with HbCO complexes in mixtures of O, and CO. Direct
comparisons between my new data and older rate constant determinations are given in
Appendix 1.

Time courses for O, rebinding to isolated subunits in photolysis experiments with
HbCO in mixtures of O, and CO are shown in Fig. 3.2 for the complete set of E7
mutations. Similar experiments were carried out with hybrid tetramers at 10% photolysis.
In the case of hybrid tetramers, the observed time courses were fitted to two exponential
expressions, one for the wild-type subunit and one for the mutant subunit [70, 109].

Although physiologically more relevant, the assignments of the phases to o and B
subunits within Hb tetramers can be ambiguous. The identity problem is resolved by
comparisons to ligand binding time courses for isolated o and B chains. In some cases,
the monomeric subunits do show slightly different ligand binding properties from those
of the corresponding subunits in heterotetramers, but these differences are always small

compared to those caused by the mutations (< 2-fold, Table 3.1, [64]).
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Figure 3.2. Bimolecular binding of O, to native and E7 mutants of isolated o and f subunits of
recombinant human HbA. In these experiments, ~50 uM HbCO was photolyzed with a 0.5
us dye laser excitation pulse in a mixture of 625 uM O, and 500 uM CO in 0.1 M phosphate
buffer, pH 7.0 or 50 mM HEPES, 0.1 M NaCl, 0.1 mM EDTA, pH 7.4, 20°C (no differences
were observed between these conditions for isolated subunits and R state tetramers in partial
photolysis or replacement experiments). Under these conditions the observed first order rate
constant, Kqys, €quals k'oz[Oz]+ko+k'co[CO] and, in most cases, is dominated by O, binding.
Bimolecular rebinding was monitored at 436 nm, and the time courses were normalized
from the absorbance changes for the fast bimolecular phases for ease of comparison between
the mutants. (A) Time courses for O, rebinding to mutant a-subunits, where E7 refers to
position 58; (B) Time courses for O, binding to mutant B-subunits, where E7 refers to
position 63. Time courses for Ala(E7) were taken from [69].

A summary of the data for both isolated subunits and R-state hybrid tetramers is
given in Table 3.1. In B subunits, the rate constant for bimolecular O, binding decreases
significantly with increasing size of the E7 amino acid, from 160 uM's! for B Gly(E7) to
1.7 uM's™ for B Trp(E7) (Fig. 3.2 B, Table 3.1). This dramatic ~100-fold decrease
strongly supports the idea that His(E7) is acting as a gate for ligand entry into B subunits.
The His(E7) to Gln mutation has little effect on the association rate constants for O,

binding to either Hb subunit as expected because it is similar in size and polarity to the

wild-type histidine.



55

Table 3.1. Rate and equilibrium constants for O, binding to R-state native HbA, mutant hybrid
tetramers and isolated mutant subunits with E7 substitutions. Equilibrium association constants were
calculated as Ko, = k’02/koz. The superscripts M and T refer to isolated monomers or wild-type/mutant
hybrid tetramers, respectively. Data for Ala and GIn(E7) mutants were taken from [69].

Subunit z;\‘,’lﬁs-l :‘.,"2 ,1‘(13;_1 Subunit :;31’.,5.. :‘.."2 ,lfff"
aGIlyg™ 250 540 0.45 B Glye™ 160 680 0.24
aGlyE7T" 190 500 0.38 B GlyE7" 95 310 0.31
o AlaET™ 160 880 0.18 B Ala(ET™ 120 860 0.14
a Ala(E7)" 170 320 0.53 BAla(E")T 120 520 0.23
aLeuENM 91 450 0.2 B Leu(ET)™' 110 4600(40%)  0.02

630(60%)  0.18
aLeu(E7)" 10060 680+180 0.14£0.10 B Leu(E7)" 110423 600+170 0.18+0.1

aGInET™ 43 2 10 pGlnET™ 70 26 27
oGInE7)" 35 86 041  BGInE7' Tl ) 1.7
aNative® 4022 2246 25:12  PNative  63%12  16:16 23110
aWTT 2911 1428 1.940.5 BWTT 60£12 3113 3.9+0.6
M,2 51 9800 M,2 25 2400
aPhe(EN™ 63 28) (13500,6600) 00092 BPhe(ED™ 13 36y (1900,3500) 00!
oaPhe(EN)" 47 3500 0.013 B Phe(E7)" 33 1700 0.02
M 210 0.47 M
aTrpEN™  “g' 450 0.001° B Trp(E7) 1.7 190 0.009
o Trp(E7)T 260 940 0.27 B Trp(E7)" 4.1 200 0.02

! The replacement reactions for isolated Leu(E7) B subunits showed two measurably different phases,
whereas the BLeu(E7)/WT mutant tetramers showed only one phase. The relative amplitudes of the two
phases for the B Leu(E7) monomer O, dissociation traces are given in parentheses.

?Although fits to a single exponential function are satisfactory approximations, the observed time courses
for O, binding to and dissociation from isolated o and P Phe(E7) chains are slightly biphasic, and the
calculated k’o; and ko, values for each phase are presented in parentheses. Only one phase could be
resolved for the same mutants in hybrid tetramers. Because the heterogeneity was not dramatic (<2-3-fold),
single values for the Phe(E7) monomers were used in all remaining analyses.

3 The fast phases for O, binding to the o Trp(E7) monomer in the O,/CO mixtures appeared monophasic.
Slow O, rebinding to a closed conformer, similar to that seen for CO rebinding to this mutant (Fig. 3.3 B),
is obscured in the oxygen binding experiments because the slow displacement phase (HbO, + CO — HbCO
+ O,) occurs on roughly the same time scale. The slow O, rebinding phase was observed in 100% O,
rebinding experiments without any displacement phase. In this case, the very small slow phase suggests a
bimolecular rate constant of ~0.5 uM's”, which is similar in magnitude to that observed in the CO
rebinding experiments.
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The situation for o subunits is more complex. The value of k'o; for o Gly(E7)
subunits in either R-state tetramers or isolated subunits is also very large, 200-250 uM's”
! and decreases as the amino acid is increased in size from Ala to Leu to Phe and
His(E7). The average value of k' for oo His(E7) subunits is 35 uM’ls'l (Fig. 3.2 A, Table
3.1). The o Phe(E7) mutant binds O, slightly more rapidly than the wild-type o subunit
(~ 50 pM's ! vs. ~ 35 uM!s!| respectively), even though the phenyl ring is bigger than
the imidazole ring. This difference can be explained by the presence of a water molecule
hydrogen bonded to His(E7) in wild type deoxy o subunits [2]. Distal pocket water must
be displaced from the active site of wild-type o chains before ligands can enter the heme
pocket and coordinate to Fe. The distal pockets of both Phe(E7) mutants are presumed to
be anhydrous and the only hindrance to binding is the large aromatic side chain of the E7
residue. The smaller k', value for wild-type o subunits indicates that water displacement
offers a larger barrier to ligand binding in this subunit than the benzyl side chain. In the
case of the B Phe(E7) mutant, the value of k', is 2-fold smaller than that for wild type
subunits (~30 pM's? vs. ~60 pM's”, respectively). In this case, the lower rate of the
mutant subunit is explained by the larger size of the Phe(E7) side chain because no water
molecule is present in the distal pocket of native deoxy P subunits or it is highly

disordered and easily displaced [2].

The most remarkable result in Fig. 3.2 A and Table 3.1 is the rapid rate of O,
rebinding to the photolyzed oo Trp(E7) mutant in either monomers or tetramers. The
observed rate constant is 200-250 puM's™ for o Trp(E7), which is ~5 times larger than
k'oz for wild-type o subunits, and identical to that for the oo Gly(E7) and o Ala(E7)

mutants, in which the E7 gate should be completely open. This result suggests that the
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indole side chain of o Trp(E7) adopts an outward pointing conformation when a ligand is
bound, but, after photolysis, cannot rotate back into the E7 channel on the time scales
observed for bimolecular O, binding shown in Fig. 3.2 A. In contrast, O, binding to
photolyzed B Trp(E7) mutants is slow, indicating rapid relaxation of the indole ring into
the E7 channel after photolysis of bound CO and blocking of ligand entry. (Note that O,
binding was studied in the presence of O,/CO mixtures to prevent autooxidation and to

initiate the reaction by photolyzing the CO complex which has a higher quantum yield).

3.3. Bimolecular CO binding to E7 mutants.
Time courses for CO rebinding to mutant and native isolated o and [ subunits are
shown in Fig. 3.3, and fitted values of k'co for isolated chains and subunits within R state

tetramers are given in Table 3.2.
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Figure 3.3. Time courses for bimolecular CO rebinding to wild type and E7 mutants of isolated
human HbA subunits after laser photolysis. (A) carbon monoxide binding to mutant o-
subunits, and (B) carbon monoxide binding to mutant B-subunits, both at [CO] = 1000 pM
(1 atm). Under these conditions the observed first order rate, K equals k'co[CO].
Bimolecular rebinding was monitored at 436 nm, and the time courses were normalized for
ease of comparison between the mutants. Buffer conditions were the same as in Fig. 3.2.
Several crystals of sodium dithionite were added into each cuvette to scavenge any residual
O,. Time courses for Ala(E7) were taken from [69].
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Table 3.2. Rate and equilibrium constants for CO binding to native HbA, mutant hybrid tetramers
and isolated mutant subunits with E7 substitutions. CO equilibrium association constants for the R
state, Kgo, were calculated from k’co/k co. The superscripts M and T refer to isolated monomers or wild-
type/mutant hybrid tetramers, respectively. Data for Ala and GIn(E7) mutants were taken from [69].

. Kco Kk co Kco . k'co k co Kco
Subunit pM'ls'l &1 pM'l Subunit pM'ls'l &1 ”M-l
aGIyE™ 100 0.013 7700 B GlyE™ 40 0.016 2500
o GlyE7" 77 0.0078 9900 B GIyE7" 53 0.0084 6300
a AlaETY™ 93 0.014 6600 B Ala(ET)M 64 0.012 5300
a Ala(E7)" 90 0.0096 9400 B Ala(E7) " 48 0.01 4800
aLeuENM 53 0.0027 20000 B Len(ENM! 24 0.0056 4300
aleuwEN" 22 0.0019 12000 B Leu(E7)" 29 0.0014 21000
aGInEN™ 63 0007 890 BGWEN 10 0.0082 1200
aGIn(E7)" 438 0.011 440  BGENT 13 £ 0.0056 2300
aNative"  5.2#05 0.016:0‘.003: 330+100 P Native 11#33 . 0.010£0.001 1100240
a W7 40:1.1  0011:0004 360:200 BWI'™  7.1420  0.008:0001 8904440
w1 5.7 | w1 3.9
aPhe(EN™ 3555 0041 140 B Phe(E7) (18.6) 0.012 330
aPhe(E7)" 5.1 0.028 180 B Phe(E7)" 39 0.012 330
150(<20%) 41000
M2 125(77% M2

T o, 0.008 16099 BTmED™ 0760%) 00037 190
' 0.08(~20%) 22

aTrp(E7)" 53 0.0048 11000 B Trp(E7)" 1.3 0.0058 220

! The observed time courses for CO binding to isolated a and B Phe(E7) chains were slightly biphasic and
analyzed by one and two exponential expressions. I used the single exponential fits in my analyses, and the
results of the two exponential analyses are given in parentheses. Note that the differences between fast and
slow rate parameters were not dramatic (<2-3)

% The traces for CO rebinding to the monomeric Trp(E7) mutants contain at least two phases. For o
subunits, the fraction of the fast phase is large in 1000 pM CO (77%), but the slow phase becomes
dominant at low [CO] (Fig. 3.4 A). For B subunits, there is predominantly one phase (~60%), which is
relatively slow (k'co = 0.7 pM's™) and the parameter for this phase was used in further analyses. However,
both a very small fast and ultraslow phases were detected.
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The patterns of dependence on E7 amino acid size are similar to those observed
for O, rebinding. As shown in Fig. 3.3, the bimolecular rate constants for CO binding to
isolated o and B subunits decrease with increasing size for the Gly, Ala, Leu, and His
series, from 50-100 uM™'s™' to ~5-10 uM's”'. CO binds slightly faster to the o Phe(E7)
mutant than to the WT subunit (~5.5 uM's™ vs. 4.5 uM™'s™"), whereas the opposite order
is observed for B Phe(E7) and WT subunits. This difference in order is the same as that
observed for O, binding and, again, is most readily explained by the presence and
absence of ordered water in the o versus 3 deoxygenated subunits, respectively. The
same trends are observed for the mutated subunits in tetramers, although assignment of
parameters becomes difficult when the mutant reacts at rates similar to those of its partner

wild-type subunit.
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Figure 3.4. Time courses for bimolecular CO rebinding to Trp(E7) mutants after laser photolysis.
(A) CO rebinding to isolated o Trp(E7) subunits at four different [CO] labeled beside each
time course. The observed bimolecular rates for the fast phases of the reactions were: 16500
s, 50 uM CO; 46000 s™', 350 uM CO; 90000 s, 750 pM CO; and 125000 s™', 1000 uM
CO. The subunit concentration was 50 uM. (B) More detailed comparison between the time
courses for CO rebinding to monomeric o and B Trp(E7) mutants on both long and short
time scales at [CO] = 1000 uM. Several crystals of sodium dithionite were added into each
cuvette to scavenge any residual O,. Data were normalized for the total absorbance change.
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The time courses for CO binding to the o and B Trp(E7) mutants demonstrate the
complexity implied in the results for O, binding. Rebinding to o Trp(E7) subunits at high
ligand concentration (i.e. 1000 uM, Fig. 3.4 A) is dominated by a rapid bimolecular
phase, which defines a k'co value equal to ~ 120 p,M'ls'l based on the dependence of
Kobs fast ON [CO]. However, a slow phase is clearly present, even at 1000 uM CO. When
[CO] is varied from 1000 to 50 pM in laser photolysis experiments, the fraction of the
fast phase decreases from 77 to ~20% (Fig. 3.4 A). In the case of partial photolysis
experiments with mutant hybrid tetramers, multiple phases are also seen but are almost
impossible to resolve because of the presence of CO rebinding to wild-type subunits.

The slow phases in Fig. 3.4A for isolated o Trp(E7) subunits indicate a
bimolecular rate constant of 0.11 pM™'s” based on the dependence of the observed
pseudo first order rate on [CO]. The presence of such a phase in the ligand binding
experiments in O,/CO mixtures is obscured by the O, replacement phase, which occurs
on similar time scales. To look for this phase, a fully oxygenated sample of isolated o
Trp(E7) subunits was prepared in the absence of CO and then bimolecular O, rebinding
was measured after laser photolysis of the HbO, complex. Two phases of bimolecular O,
rebinding were observed, and k', values for the fast and slow phases were calculated to
be 230 puM's? and 0.5 pM's"!(see Table 3.1). The latter rate constant is similar to the
k'co value obtained from the slow phases shown in Fig. 3.4 A.

Together, these results suggest that the indole side chain of o Trp(E7) adopts an
outward conformation when ligands are bound. This conformation persists on
microsecond time scales after photodissociation. Rotation of the indole side chain into the

entry channel occurs at a rate that competes with bimolecular CO binding to the “open”
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conformation (~ 10*-10° s™'). When the external [CO] is high, ligand binding from the
solvent successfully competes with inward movement of the E7 side chain. The fast
bimolecular phases after photodissociation represent O, and CO binding before the indole
side chain has moved back into the E7 channel and over the iron atom. The slow phases
represent ligand binding to the equilibrium conformational state of the o deoxyHb
mutant, in which the indole side chain fills the E7 channel and blocks ligand entry.

In B subunits, Trp(E7) relaxation after complete photodissociation must be greater
than ~10° s”! because only a small rapid phase (~150 uM's™!, ~20%) is observed at the
highest CO concentration and is difficult to define (Fig. 3.3 B and 3.4 B, inset). The
majority of the B Trp(E7) CO rebinding phase is slow with k'co equal to ~ 0.7 uM's!
(60%). A small third phase is seen on longer time scales with a rate similar to that for o
Trp(E7) subunits, ~0.08 p,M"s'1 (~20%), indicating that slow relaxation to an even more
blocked and hindered conformation may also occur in [ subunits. This competition
between Trp(E7) relaxation and ligand rebinding after photolysis in o subunits is similar
to internal His(E7) coordination after photolysis of the CO complexes of non-symbiotic
plant Hbs and neuroglobins [110-113]. Tian et al. [87] observed a similar competition in
Mb between both geminate and bimolecular CO rebinding and inward relaxation of
His(E7) at low pH values where the imidazole side chain is in the protonated open
conformation when ligands are bound and in the deprotonated closed state when the
heme is unliganded. A more detailed and complete analysis of these Trp(E7) movements

and ligand binding to the open and closed conformers is presented in the next chapter.
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3.4. Crystal structures of o and B Leu(E7) mutants in CO- and deoxy-state.

In previous sections we hypothesized that the rate of ligand binding to apolar E7
mutants partially increases due to the absence of structured water in the binding site of
the protein. In order to provide a direct structural basis for this hypothesis, the structures
of the o and P Leu(E7) mutants were determined by X-ray crystallography. Table 3.3
summarizes data collection and refinement statistics.

The structures of the distal pockets of Hb o(Leu(E7))B(WT) and Hb o(WT)
B(Leu(E7)) in CO- and deoxy-forms are shown in Fig. 3.5. No major deviations from
wild-type structures are observed, except the differences in the E7 residues and the lack
of distal pocket water in the active site of the mutant o subunit. This loss of water is
expected, because substituting the polar His by the aliphatic Leu makes the whole
binding site completely apolar, making the presence of internal water extremely
unfavorable. In wild type o hemoglobin, an internal water molecule is weakly stabilized
by electrostatic interactions with the imidazole side chain of His(E7) [2]. Displacement of
this distal water represents an additional energy barrier for incoming ligand and slows
down the rate of binding compared to the apolar oo E7 mutants, which possess anhydrous
binding sites. Surprisingly, in the deoxy-B-subunit, distal pocket water is absent even in
wild type protein. This phenomenon was demonstrated by Park et al. in 2006 [2] and by
my present structure of deoxyHb o(Leu(E7))B(WT) (data not shown). This fact partially

explains 2-3 fold higher rates of ligand binding to BWT subunits than to aWT.



Table 3.3. Crystallization and structure determination parameters of Leu(E7) Hb mutants.

Protein DeoxyHb HbCO DeoxyHb HbCO
o(Leu(E7))B(WT) a(Leu(E7)B(WT) a(WT)B(Leu(E7))  o(WT)B( Leu(E?)

PDB entry code 3QJD 3QJB 3QJE 3QIJC

Crystal data:

Resolution range A) 61.79-1.45 99.0-1.8 38.58-1.80 51.37-2.00

Space group P21 P41212 P21 P41212

Unit cell parameters (A, °) a=62.7,b=82.1, a=b=536,c=1912 a=624,b=814, a=b=533,c=1927
c=53.5,=995 ¢=53.5p3=996

Reflections (measured/unique) 215,542/76,521 111,460/26,524 222,287/41,952 60,659/18,799

Completeness (%) 80.9 (14.2)* 98.1 (96.9) 85.8 (81.9) 95.4 (97.4)

<D>/o<I> 13.0(1.9) 32.1(12.5) 12.0 (2.4 7.7 (4.3)

Redundancy 2.8 (1.5) 4.1 (4.0) 5.18 (5.43) 4.0 (4.0

Ruerge (%) 4.4 (16.1) 5.1(14.8) 7.5(30.2) 9.8 (22.9)

Refinement:

Resolution range (A) 20.60-1.56 37.18-1.80 38.58-1.80 51.37-2.00

R-factor (%) 16.9 17.0 19.9 19.4

Riree (%) 19.1 20.5 243 25.0

RMS deviations from ideal values:

Bond length (&) 0.006 0.027 0.007 0.028

Bond angles (°) 1.193 0.989 1.223 0.994

Ramachandran plot:

z{qgldues in most favorable region 98.3 98.6 98.0 987

Residues in additional allowed 17 1.4 20 13

region (%)

*Parameters in parentheses () are for the outer resolution shell

€9



CO-a Leu(E7) B Peoxy-a Leu(E7)

Figure 3.5. Structures of CO- and deoxy-forms of o and B Leu(E7) distal pockets. The electron
density was contoured at 1.3 ¢ and is shown as a blue net. Color code: white, carbon; red,
oxygen; blue, nitrogen; orange sphere, iron.
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Figure 3.6. Stick models of deoxy (green) and CO-forms (beige) of aa WT (A) and o Leu(E7) (B)
distal pockets. The wild-type structures were created using the following PDB entries: 2DN2
for CO-form and 2DN3 for deoxy-from [2]. Color code: green or beige, carbon; red, oxygen;
blue, nitrogen; pink, iron. Red sphere in (A) represents distal pocket water molecule in deoxy-

aWT subunit.

In Fig. 3.6, the aLeu(E7) and aWT distal pockets in deoxy- and CO-forms are
superimposed. In oWT, after photolysis, His(E7) rotates inward towards iron and
occupies the "deoxy" position, which hinders ligand rebinding (Fig. 3.6A, [12]). In the
mutant subunit, the immediate vicinity of iron is less crowded in both CO- and deoxy-
forms of the protein, and the position of Leu(E7) does not change upon ligand
dissociation (Fig. 3.6B). The greater accessibility of the iron atom explains the larger
fractions of geminate recombination of photodissoicated ligands in Leu(E7) mutants in
comparison to HbA due to greater ease of bond formation. Moreover, the larger His side
chain appears to represent a bigger barrier for the entering ligand than Leu, supporting
previously proposed inverse relationship between the size of the E7 moiety and the rate

of ligand recombination.
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3.5. Direct and indirect measurements of ligand entry into o and g E7
mutants of HbA.

Two other sets of experiments were carried out to verify that the E7 mutations are
directly affecting the rate of ligand entry into hemoglobin. Internal CO recombination
after photolysis was examined on nanosecond time scales to determine the fraction of
geminate recombination and estimate rates of internal ligand bond formation and escape
using Equations 2.7-8 (Chapter 2). CO is the ligand of choice for hemoglobin subunits,
because the quantum yield for formation of the initial CO geminate state is close to unity
and the observed rate of geminate CO recombination, 2 to 70 us'l, is readily measured on
nanosecond time scales. Geminate O, rebinding to o and B chains in the R state is too
rapid to measure readily with a 7 ns YAG laser pulse, requires assumptions of a single
phase for analysis of events occurring during the light pulse, and exhibits a quantum yield
for formation of the geminate state of < 0.2 [16]. The rates of CO entry and exit appear to
be the same as those for O, and NO because all three diatomic gases have almost the
same size and polarity [22, 32, 73, 114]. The major differences are for the iron
coordination rates, kpong, With NO>>0,>CO due to a wide range of chemical reactivities
[18, 19,73, 115, 116].

Time courses for geminate CO rebinding to isolated o and B E7 mutants are
shown in Fig. 3.7. As in the case of Mb, the dependence of geminate recombination on
the size of the E7 residue is complex [17, 22, 72, 89]. Replacement of His(E7) with Gly,
Ala, and Leu increases the fraction of internal recombination (Fgem) by removal of steric
hindrance for ligand return to the iron atom. As a result of these mutations, the rates of

internal bond formation increase 5 to 10-fold with little change in the computed rate
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constant for escape (Table 3.4). In contrast, the extents of geminate recombination in the
wild type, GIn(E7), and Phe(E7) subunits are all small. As in Mb, the His(E7) and
GIn(E7) side chains are close enough (< 3A) to donate hydrogen bonds to bound ligands,
but this proximity results in steric hindrance of the initial photodissociated ligand,
pushing it back into the distal pocket and inhibiting its return to the iron atom [17, 117].
As a result, kponq is relatively small for CO rebinding, and the fraction of geminate
recombination, Fgem, is < 0.3 for the isolated wild type Hb subunits, and the same steric

effect appears to occur for the Phe(E7) mutants.

A 1.0 a Phe(E7) o His(E7) B 10, ' B His(E7) g Gin(g7) B Phe(ED)
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Time, ps Time, ps

Figure 3.7. Geminate CO recombination in wild type and E7 mutants of isolated o and B subunits
of recombinant human HbA. In these experiments, ~50 uM HbCO was photolyzed with a
7 ns Nd:YAG laser excitation pulse (at time 0.0) in 1000 uM CO. Buffer conditions were the
same as in Fig. 3.2. Geminate rebinding was monitored at 436 nm and the absorbance
changes were normalized for comparison between the mutants. Time courses were fitted to
single exponential expressions; Fger, is calculated as (total AAyse - offset)/(total AAuze), Kgem
1s equal to the observed rate of the first order internal rebinding phase. (A) Time courses for
geminate CO rebinding to mutant a-subunits, where E7 refers to position 58; (B) Time

courses for geminate CO recombination to mutant B-subunits, where E7 refers to position
63.

The fractions of geminate recombination and the observed overall association rate
constants for CO binding were used to estimate the bimolecular rate constants for ligand
entry into the individual subunits of Hb. k'c«y is defined as the observed bimolecular rate

constant divided by the empirically determined fraction of internal recombination, i.e.
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K'enry=k'co/Fgem (see Equation 2.9, Chapter 2), regardless of the number of steps in the
mechanism. Unlike the values of kpond and Kescape, Which assume only a two step
mechanism, K'enyy is a relatively model independent parameter [22].

As shown in Table 3.4, there is a general decrease in K'eniry With increasing size of
the E7 amino acid. Again the results for the Trp(E7) mutants warrant more careful
consideration. In the case of o subunits, the large fractions of geminate rebinding and
values for Kpong almost certainly represent CO recombination in an open conformation
with the indole side chain pointing outward and with little or no steric hindrance near the
iron atom. These parameters in combination with the rate for the fast bimolecular CO
rebinding phase, predict that k'enyy for the open conformation is ~160 uM s, which is
similar to that for o Gly(E7) and close to the diffusion limit, ~ 200-500 uM™' s™!, observed
for pentacoordinate model hemes ([118, 119] and hemoglobins with unhindered active
sites (i.e. leghemoglobins [120] and Cerebratulus lacteus mini-globin [68]). However,
when o Trp(E7) relaxes to its equilibrium deoxyHb conformation, the rate of entry is
markedly reduced, with a computed value of K'eney = 0.14 p,M"s'l. In the case of isolated
B Trp(E7) subunits, both slow phases for bimolecular CO rebinding after laser photolysis
predict small values for K'cnry (Table 3.4).

To further verify the K'enyy calculations based on CO kinetics, the bimolecular
association rate constants for NO binding to both mutant monomers and tetramers were
measured. Many workers have shown that the fraction of geminate recombination of NO
in mammalian Hbs and Mbs is > 0.99, with bond formation occurring on picosecond time
scales [17, 72, 121] due to the high reactivity of the NO radical with high spin ferrous

iron. In terms of Equation 2.9, Chapter 2, Fger, = 1.0 and K'eniry = k'no. In the case of Mb,
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Scott et al. [22] showed that the rate constants for ligand entry computed from analysis of
geminate and bimolecular O, binding correlate linearly with association rate constants for

NO binding to ~30 different mutants.

Table 3.4. Rate constants for bimolecular CO and NO binding, and parameters for CO geminate
recombination to isolated o and B E7 mutants. k'no“” represents NO binding to mutant subunits within
Hb tetramers. All other parameters presented are for ligand binding to isolated subunits, Native o and
subunits have His(E7). Conditions were the same as in Table 3.1.

swomit  Kop, Fem e K Keap K kao | keo
aGyET 100 063 25 17 86 150 170 140
wAlaET) 93 057 37 21 16 160 150 160
oLeuE7) 53 066 45 30 16 80 82 64
aGInE?) 63 03 2 51 11 7 45 12
aNaive 52 014 24 34 21 3 o 3 25
o Phe(ET) 5.7 0.13 69 89 60 44 94 7
aTRED o7 sey 0T 61 2 15 0 e Do, nd
B GIyE7 40 045 20 9 1 89 140 120
BARET) 64 039 16 6.4 96 160 170 130
BLeuE?) 24 055 14 77 63 44 91 68
BGIET) 10 0.22 6 13 47 45 69 63
BNaive 92 022 76 11 6 4 & 66
B Phe(E7) 3.9 014 37 52 3 28 53 44
150(~20%) (250)
BTpET'  0.7(60%) 061 70 43 27 1.2 5.4 6.4
0.08(~20%) ©0.13)

'The values of K'eary for the Trp(E7) mutants were calculated using the single Fr, value listed in
column 3 and the k'co values for all the observed phases.

Time courses for NO binding to native o and B subunits are shown in Fig. 2.5,
Chapter 2; summaries of all the bimolecular rate constants are listed in Table 3.4; and the
strong linear correlation between k'no and the K'enyy values calculated from CO binding

data is shown Fig. 3.8.
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Figure 3.8. Ligand entry and NO binding to E7 mutants of HbA subunits. Comparison of calculated
rates of CO entry with the bimolecular rate constants measured for NO binding to
recombinant Hb. Data were taken from Table 3.4. The closed and open circles represent
isolated o and B subunit rate constants, respectively, and the open and closed triangles
represent values for the closed o and slowly reacting B Trp(E7) conformers.

These results confirm the ~2-fold greater rate of ligand association with native 3
subunits than with o subunits, the ~200-fold decrease in the bimolecular rate constant for
ligand entry in HbA with increasing size of the E7 side chain, and the competition
between o Trp(E7) relaxation to the closed conformation and ligand rebinding. In the
latter case, two phases are observed for NO rebinding to isolated o Trp(E7) subunits,
with the dependence on [NO] suggesting fast and slow k'no values = 150 and 0.4 uM s
respectively. The slow phase k'no value is similar to that obtained from the slow phases

for O, and CO bimolecular rebinding to o Trp(E7) mutants (Tables 3.1 and 3.2).

3.6. Rate constants for O, and CO dissociation from the o and B E7 mutants.
Rate constants for O, dissociation were obtained by analyzing the slow phase time
courses for the displacement of transiently bound O, by CO after laser photolysis of

HbCO complexes of both isolated chains and mutant/wild-type recombinant HbA
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tetramers in O,/CO mixtures (Equations 2.1-2, Fig. 2.4, Chapter 2). Sample time courses
for O, replacement from native and E7 mutants of isolated o and B chains are shown in
Fig. 3.9, and a summary of the fitted ko, values for R state HbA are listed in Table 3.1.

It is clear that replacement of His(E7) with apolar amino acids causes marked, 20
to 500-fold increases in the rate of O, dissociation from both subunits. As expected, the
conservative His(E7) to Gln mutations cause the least effect, 2 to 4-fold increases in kog,
whereas the Phe(E7) mutations cause the largest increases, from ~20 s in  wild-type
HbO, to ~2,400 s™' in B Phe(E7) chains and 9,800 s™ in o Phe(E7) chains (Table 3.1).
Similar trends were observed for the corresponding mutant subunits in hybrid tetramers,

although the numerical values in these cases are almost always smaller.
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Figure 3.9. Time courses for O, replacement by CO in native and E7 mutant o and B subunits. The
solutions contained a mixture of 625 uM O, and 500 pM CO. Buffer conditions were the
same as in Fig. 3.2. Absorbance changes were detected at 425 nm and normalized for
comparison between the mutants. In these experiments, HbO; is transiently formed after
photolysis of HbCO with a 0.5 pus dye laser pulse, and then is slowly displaced by CO
present in the solution. Only the slow O, replacement phase of the reaction is shown, and for
these time courses, the observed first order rate constant, rus equals kgy /7 (1 +
kK'02[0,1/K'co[CO]). (A) O, dissociation from o-subunits, where E7 refers to position 58; (B)
O, dissociation from a-subunits, where E7 refers to position 63.

The results for the Gly, Ala, and Leu(E7) mutations show that hydrogen bonding

to the native His(E7) side chain stabilizes bound O, roughly 20 to 30-fold in both
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subunits. In the case of B Leu(E7), heterogeneous O, displacement time courses were
observed for isolated subunits but not for the mutant in tetramers (Fig. 3.9 B, Table 3.1).
The heterogeneity for isolated Leu(E7) B subunits was verified in two completely
independent preparations and does not depend on subunit concentration. The latter
observation rules out differences between B monomers and tetramers and suggests

conformational mobility in the active site of the isolated B chains (Appendix 1).

The much greater increase in ko, observed for the Phe(E7) mutants suggests that
the larger benzyl side chain is sterically hindering the bound ligand, causing a greater rate
of thermal bond disruption (kpong in Scheme 2.5, Chapter 2) and sterically restricting
return to the iron atom after dissociation. This interpretation is supported by the low
fractions of geminate ligand rebinding to the o and B Phe(E7) mutants shown in Fig. 3.7
and Table 3.4. The rate constants for O, dissociation from the Trp(E7) mutants are
smaller than those for the Phe(E7) mutants and more similar to those of the other apolar
mutants. Presumably, the indole ring cannot be accommodated in the active site when a
ligand is bound, and, therefore, does not sterically clash with the bound ligand and
increase the rate of ligand-Fe bond disruption. In addition, the large indole ring may also
block ligand exit from the distal pocket. Both of these effects increase geminate
recombination and lower overall rates of ligand dissociation.

Rate constants for CO dissociation from isolated chains and intact tetramers are
listed in Table 3.2. Unlike O, dissociation, there is only a small variation in kco, from
~0.04 to 0.002 s™! for the His(E7) mutants, with the native value of k., being ~0.01 s! for
both subunits. There is little change in the rate of CO dissociation for the Gly and

Ala(E7) mutations, but a 5-fold decrease in kco is observed for both Leu(E7) mutations,
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giving these mutants unusually high affinities as has been observed for Leu(E7) mutants

in several different mammalian Mbs (Table 3.2, [12, 85]).

3.7. Measurements of distal pocket polarity in E7 mutants of HbA by FTIR
spectroscopy.

The marked increases in the rate of O, dissociation due to the apolar E7 mutations
in HbA indicate hydrogen bond donation from N¢H of His(E7) to bound O; atoms. As a
final test of this idea, the C-O stretching frequencies of bound CO, vc.o, for the complete
series of mutant subunits were measured (Fig. 3.10 and Table 3.5). Many authors have
shown that the positive electrostatic field from the N¢H atoms of His(E7) causes lower
Vvc.o values for MbCO and HbCO complexes [82, 83, 85, 122, 123]. In sperm whale
MbCO, a strong positive electrostatic field is exerted by two major His(E7)
conformations and gives rise to peaks at 1932 and 1945 cm™ for the wild-type protein.
Mutation of His(E7) to Ala, Val, Leu, or Phe in Mb causes shifts to single peaks in the
1962-1968 cm’ region, and similar values of vco are observed for model CO-heme
complexes in apolar environments [83, 122]. The vc.o shifts in mutant MbCOs correlate
with increases in ko from 15 s to 5,000 - 10,000 s’ [85].

Representative FTIR spectra for wild-type and mutant Hb hybrid tetramers in the
region of the C-O stretching frequency (1900 - 2000 cm™) are shown in Fig. 3.10 A, and
spectra for isolated Hb subunits with His (native), Phe and Trp residues at the E7 position
are shown in Fig. 3.10 B. The values of the corresponding peak maxima for all the distal

His mutants are summarized in Table 3.5. Mutation of His(E7) to apolar amino acids in
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HbA causes shifts of the vc.o peak, from 1950-1951 cm™ for wild-type and native

subunits to 1967-1973 cm’! for the mutant subunits, both as monomers and in tetramers.
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Figure 3.10. FTIR spectra of wild type and E7 mutants of human HbA. (A) Spectra for wild type
HbA (black) and mutant hybrid Hb tetramers (red spectra represent Hb tetramers
containing mutant a chains; blue spectra represent Hb tetramers containing mutant 8
chains). (B) Spectra of isolated native and mutant a (red) and B (blue) subunits. Buffer
conditions were the same as in Fig. 3.2.

For all three globins, the FTIR spectra of the Gly(E7) mutants show a much
broader high frequency peak, which in o subunits is clearly split into two peaks. The
crystal structure of Gly(E7) metMb shows discrete water molecules in the distal pocket in
positions similar to those of the Ns and N atoms of His(E7) in the wild-type protein [89].
Thus, multiple electrostatic fields exerted by different water conformers give rise to
broadening and splitting of all the Gly(E7) mutant vc.o peaks. As expected, replacing

His(E7) with Gln does not significantly change the position of the IR band. However, in
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both subunits, the peak is broader than that of wild-type protein, indicating greater
conformational heterogeneity of the amide side chain than that for the imidazole ring in
the native subunits. In the case of the a GIn(E7) mutant subunits, a low frequency
shoulder is observed at 1945 cm™’, implying a small fraction of a conformer with a more
positive field near bound CO than that in native o subunits containing His(E7) (Fig. 3.10,
Table 3.5).

Table 3.5. Bound C-O stretching frequency peaks, vc.g, for WT and mutant o and B subunits of
native and recombinant human hemoglobin. Conditions were the same as in Table 3.1. The superscripts
M and T refer to isolated monomers or wild-type/mutant hybrid tetramers, respectively.

Subunit veo em’” Subunit Voo em’
a Native™ 1950 B Native™ 1950
aWT' 1950 BWT" 1951
o GIn(E7)M 1945,1950 B GIn(E7)M 1950
o GIn(E7)" 1945,1951 B GIn(E7)" 1950
o GIy(ET)" 1965,1973 B GIy(E7)" 1965,1971
o Ala(E7)™ 1972 B Ala(E7T)™ 1971
o Ala(E7)" 1971 B Ala(E7)" 1969
o Leu(E7)M 1969 B Lew(E7)M 1970
o Leu(E7)" 1969 B Leu(E7)" 1970
o Phe(E7)M 1967 B Phe(E7)™ 1967
o Phe(E7)" 1967 B Phe(E7)" 1967
a Trp(E7)M 1970 B Trp(E7)™ 1969
o Trp(E7)" 1970 B Trp(E7)" 1969

Twenty years ago, Yu's group [124] obtained very similar values of v¢.o for CO
bound to o Gln and Gly(E7) and to B Gln, Gly, Val, and Phe E7 mutant/wild-type hybrid
tetramers using resonance Raman techniques. Our new results and their old data suggest
strongly that positive electrostatic fields occur near bound ligands in both native HbA

subunits, and are lost when His(E7) is mutated to an apolar amino acid.
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3.8. O, affinity of E7 mutants and hydrogen bonding.

The 1.25A resolution crystal structures of the o and B subunits in oxygenated
human HbA are shown in Fig. 3.11 [2]. Even a cursory examination shows that the
imidazole side chains in both subunits have roughly the same conformation and are

equidistant from the bound O, atoms. The reported distances between the His(E7) NeH

atoms and the ligand atoms in the o and B subunits are 2.7 and 3.0 A, respectively [2].
These distances are similar to the values reported for MbO,, 2.6-2.8 A [89, 125]. The
effects on oxygen affinity of the apolar E7 amino acid substitutions allow an assessment

of the relative strengths of the apparent hydrogen bonds within these three globins.

Figure 3.11.  Structures of the o and B active sites in HbO,. The structures were constructed from
the PDB file 2DN1, containing the high resolution structure of human oxyhemoglobin A
determined by Park et al. [2]. The key residues of the heme pocket are labeled and shown
in sticks. The atoms of the key amino acids are colored as following: white, carbons; blue,
nitrogens; red, oxygens; yellow, the atoms of other residues lining the binding site; red, O
atoms of bound dioxygen; and orange, heme Fe. The blue dotted lines in the o subunits
represent H-bonds between His (CE3) and the carboxylate O atoms of the heme-6-
propionate, and Lys (E10) and the carboxylates of the heme-7-propionate.

The free energy released when O, binds to a globin can be divided into four

components: (/) the intrinsic free energy change for binding to an unhindered
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pentacoordinate heme in an apolar environment, AG°heme; (2) the free energy changes
associated with restricted movement of the iron into the plane of the heme, which is
governed by constraints on the geometry of the Fe-His(F8) complex and back-bonding by
the proximal imidazole, AG®py; (3) hindrance with surrounding distal pocket amino
acids, excluding possible steric clashes with E7 residue, AG®4isra1; and (4) both favorable

and unfavorable interactions with E7 side chain, AG°g; (Equation 3.1).

AGP, =AGfeme +AGrox +AGgisul + Ay

Equation 3.1

Interactions with the E7 amino acid side chain can be divided into three
categories: (a) stabilization of the bound ligand by hydrogen bond donation, AG°g7H-bond;
(b) inhibition of ligand binding by distal pocket water, which in the native deoxyHb
subunits can be hydrogen bonded to the imidazole side chain, AG°g7water; and (c) direct or
indirect steric hindrance with the bound ligand, AG°E7steric-

AGE, = AGLk bond + AG Erwaer + AGE

E7water ET7steric

Equation 3.2

When His(E7) is mutated to smaller apolar amino acids, i.e. Gly, Ala, and Leu,
the values of AG°heme; AG°prox, and AG°gistal Should be unaltered. The effects of small

apolar E7 substitutions on the overall free energy of O, binding, AG°mywan, can be
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calculated from the ratio of the mutant to wild-type equilibrium constants (Equation 3.3)

and should equal dAG®g;.

K, (mutant)

OAG:
K, (wt)

mutant

= AGS, (mutant) — AGS, (wt) = —RTln( ] =8AG?,

Equation 3.3

Because these amino acid side chains are small and apolar, they do not interact
with bound ligands nor do they stabilize internal water molecules, and all three terms in
Equation 3.2 should be zero for O, binding to these variants, i.e. AG°g; (mutant) =0 . As
a result, 8AG°g; = -AG°g7 (WT). If it is assumed that there are no unfavorable steric
interactions between bound ligands and His(E7) (AG°hisg7steric = 0) and that the close
proximity of the imidazole side chain to bound O; and CO is due to favorable hydrogen
bonding interactions, according to Equation 3.2, 8AG°g; should be approximately equal
t0 -(AG°HisE7water + AG°HisE7H-bond), Which represents the free energy difference between
the loss of the unfavorable requirement to displace water non-covalently attached to
His(E7) and the loss of favorable electrostatic stabilization of the bound ligand by
His(E7) [12].

Values of -8AG°g; for isolated and tetrameric oo and B subunits of HbA were
calculated using the average values for the Gly, Ala, and Leu(E7) mutants for
Koz(mutant) in Equation 3.3 and are compared in Table 3.6 with that computed for sperm
whale Mb using the average Ko, value for Ala, Val, and Leu(E7) mutants. Gly(E7) Mb

was excluded because there are discrete water molecules in the distal pocket that clearly



Table 3.6. Effects of small apolar E7 mutations on AG°® for O, binding to HbA and sperm whale Mb. 8AG e = 0AGg; = - RTIn(Koy(mutant),,./
Koo(native)), where Ko (mutant),,. represents the average O, affinity for unhindered E7 mutants containing Gly, Ala, and Leu at the E7 position (Equations 3.2
and 3.3). Oxygen affinities for these calculations were taken from Table 3.1. The Ko, values for sperm whale Mb were taken from [22] as described in the text.
Superscript M and T stand for monomer and tetramer, respectively. As described in the text, -0AGg; for small apolar mutations defines the net electrostatic
stabilization of bound O, His(E7) defined as the sum, AG°gig7water + AG HisE7H.bond- Estimates of free energy for water displacement from native deoxyHb or
deoxyMb were computed from -(-RTIn(k’ o(mutant)r v, ave/k’ op(native,wild-type)ay.)), where k’ox(mutant)y v ave is the average O, association rate constant for Gly,
Ala, Leu E7 mutants in monomers and tetramers of Hb subunits and Ala, Val, and Leu E7 mutants of Mb. Estimates of the free energy for H-bond donation to
bound O, were computed from -RTIn(kg,(mutant)yy;, ave/koz(native, wild-type)aye), where ko (mutant)ry ave is the average O, dissociation rate constant for Gly,
Ala, Leu E7 mutants in monomers and tetramers of Hb subunits and Ala, Val, and Leu E7 mutants of Mb. All rate parameters for HbA subunits were taken form
Table 3.1 and those for Mb were taken from Scott et al. [22].

. - 1 Ko, (mutant),,, SAGg; -0AGgy(ave) AG°uiskrwater AG°HisE7H-bond
Globin  E7 Substitutions  Kozwer WM™ 3¢ ot whpe  Kl/mol Kimol  ki/mol  kl/mol
aHbA HM 2.5+1.2

GA,LM 0.2810.15 0.11+0.08 5.4+1.8
HT 1.9+0.5 47+12'  +3.7+1.0 -8.61.0
GALT 0.35+0.20 0.18+0.11 4.1%1.5
BHbA HM 2.3%1.0
GALM 0.18+0.05 0.08+0.04 6.2+1.3
HT 3.9+0.6 6.5+0.7"  +1.5+0.7 -8.0+1.2
G,A,LT 0.2410.07 0.06:0.02 6.8+0.8
MbSW H 1.120.2
AV,L 0.020£0.008  0.018+0.008  9.8+1.0 98+1.0' +4.1x1.0 -14.5%2.1

"The value of -8AGg;(ave) can also be estimated from the sum of the AG®y;sg7water a0d AGPHisk71.50na Values calculated from an analysis of the effects of mutagenesis
on the O, association and dissociation rate constants, respectively. The correspondence between values of -8AGg;(ave) calculated from the sum of the entries in
last two columns and that calculated from the ratio of observed equilibrium constants is quite good indicating that the analyses are self-consistent.

6L
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stabilize bound O,, as judged by its markedly lower ko, and higher Ko, values compared
to those for the Ala, Val, and Leu(E7) Mb mutants [126].

The results in Table 3.6 demonstrate that the net stabilization of bound O, by
His(E7), (AG°Hise7H-bond + AG°HisE7water), 1S roughly the same (average value is -5.6
kJ/mol) in both subunits of HbA, regardless of whether they are isolated or combined into
R state tetramers and approximately 2-fold weaker than the net stabilization observed in
mammalian Mb, -8AG°g; = -10 kJ/mol at 20°C, pH 7.0.

In 1997, Olson and Phillips [12] argued that increases in O, association rate
constants due to apolar amino acid substitutions provide a measure of the loss of distal
pocket water and the free energy barrier for its displacement, as well as opening of the
His(E7) gate. They estimated the value of AG°yjsg7water from -RTIn(k’ g2(small apolar E7
mutant),y/k’02(Wild-type, native)), arguing that rate of movement into an empty distal
pocket would be only partially lowered by the size of the imidazole side chain and that, in
Mb, a significant barrier to ligand entry is displacement of distal pocket water. Values for
AG°yisE7water Were estimated using average values of k’p, for the Gly, Ala, and Leu E7
mutants of Hb subunits and Ala, Val, and Leu E7 mutants of Mb and are compared in
Table 3.6.

Olson and Phillips [12] also argued that the strength of His(E7) hydrogen bonding
to bound O, could be estimated from a comparison of the apolar mutant dissociation rate
constants with those for wild-type and native Mb (i.e. AG°y;sE7H-bond = -RTIn(koz2(small
apolar E7 mutants)/k’o,(Wwild-type, native)); last column, Table 3.6). This calculation
assumes that ko, reflects primarily the thermal rate of Fe-O, bond breakage, which will

be reduced markedly by the favorable free energy of hydrogen bonding. The overall
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value of ko, is reduced by geminate recombination and increased by direct steric
hindrance, but these effects are small compared to the 10 to 100-fold reduction in rate due
to electrostatic interaction with His(E7) (Tables 3.1 and 3.4; [12]).

The results in Table 3.6 are clear and supported by the published structures of Mb
and the o and B subunits in HbA. Both o subunits and Mb contain distal pocket water [2,
89], which reduces the free energy liberated during O, binding by ~ +4 kJ/mol. In
contrast, no observable water is present in the distal pocket of deoxygenated B subunits
[2], and AG®isg7water is Oonly +1.5 kJ/mol, which is roughly zero considering the errors in
the measurements. The extents of electrostatic stabilization of bound O, in both subunits
of HbA are roughly the same, ~ -8 kJ/mol, and almost half that observed in Mb, where
AG°Hise7H-bond 18 ~ -14.5 kJ/mol. As a result, the net stabilization of bound O, by His(E7)
is almost 2-fold greater in Mb than in the Hb subunits (~ -10 kJ/mol vs ~ -5.6 kJ/mol)

The enhanced hydrogen bonding stabilization in myoglobin is supported by the
lower vc.o value of native MbCO (~1941 ¢cm™) compared to those for tetrameric and
isolated *CO and BCO subunits (~1950 cm'l, Table 3.5). In contrast, the values of vc.o
for the apolar mutants of all three globins are in the 1965-1968 cm™ range. Clearly there
is a stronger positive electrostatic field adjacent to bound CO in Mb than in the subunits

of human Hb, accounting for the greater net stabilization of bound O,.
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3.9. Correlation between Kcg and Kq; and ligand discrimination.

Fig. 3.12 A shows a plot of logKco versus logKe, for all the mutants listed in

Tables 3.1 and 3.2.
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Figure 3.12.  Effects of E7 mutants on K¢o Koz, and their ratio M. (A) Correlation between LogKco

and LogKgp, of wild-type and E7 mutant HbA subunits and tetramers. Closed circles
represent data for subunits containing polar His and GIn(E7) side chains; open circles
represent data for apolar E7 mutants. There is strong linear correlation between logKco
and logKo, values for the apolar mutants whereas the polar E7 variants are clearly outliers
and show little correlation as a group. (B) The effects of mutagenesis on ligand
discrimination expressed as Log(Kco/Ko,) or Log(M) and plotted as function of the size of
the E7 amino acid. Black bars represent a E7 mutants and the grey bars represent § E7
mutants. The upper dashed line represents the logarithm of the average M value for all the
apolar mutants, and the lower dashed line represents the logarithm of the average M for
HbA subunits. (M) and (T) in the name of the mutant specifies whether Log(Kco/Ko,) was
calculated for isolated, subunit monomers or the mutant subunit in hybrid tetramers,
respectively. NatHisE7 and WTHisE7 stand for native HbA (derived from red blood cells)
and wild-type recombinant HbA (expressed in E. coli). Data for the diagrams were taken

from Tables 3.1 and 3.2.

The E7 variants fall into two classes. The apolar mutant equilibrium constants

define a straight line with a slope of 1. The smaller amino acid substitutions show Kc¢o

and Ko values that cluster together in the upper right of Fig. 3.12 A. Increasing the size

of the E7 side chain from Leu to Phe and Trp causes, with one exception, uniform

decreases in both affinity constants. In the case of o Trp(E7), two sets of constants were

estimated, one for the transient open conformer observed directly after laser photolysis



83

and one for the equilibrium closed conformation. The transient open conformer shows
affinities and rate constants for CO and O, binding which are similar to those of the
Gly(E7) and Ala(E7) mutants (upper open circles, Fig. 3.12 A), whereas the closed
conformer shows the lowest affinity constants (lower open circle, Fig. 3.12 A). The polar
variants (His and GIn(E7)) have much higher oxygen affinities due to preferential
electrostatic stabilization of bound O, (solid circles, Fig. 3.12 A), and the Ko, and Kco
values cluster significantly to the right of the line for the apolar E7 variants.

The traditional way of looking at discrimination in favor of O, versus CO binding
is to examine the dependence of the ratio Kco/Koz (M-value) on ligand size and polarity
as shown in Fig. 3.12 B (Kco and Ko, values from Tables 3.1 and 3.2). The results are
very clear. The average M value for all the apolar E7 mutants is 34,000, and, although the
variation in the K¢co/Kop ratio appears large, +85%, this 6-value is small compared to the
100 to 1000-fold variation in the absolute values of Kco and Ko (Fig. 3.12 A). When Gln
is present at the E7 position, the average M value for the o and B subunits is ~900+400,
and the average M Value for the wild-type His(E7) subunits is 260+150. The latter value
is 10 times greater than that for mammalian Mb, for which M = 30. The increase in M for
the o and B subunits correlates well with the less negative values of AGpq1ar and the higher
vco frequencies for the CO complexes of HbA compared to the corresponding
parameters for sperm whale Mb. The strength of the positive electrostatic field near
bound ligands, which preferentially enhances O, binding, is clearly larger in Mb than in

the subunits of Hb.
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3.10. Steric hindrance of ligand binding by Phe and Trp(E7) mutations.

The marked decreases in Ko, for B Phe(E7), B Trp(E7), o Phe(E7), and the closed
o Trp(E7) mutants shown in Fig. 3.12 A and Table 3.1 imply a large increase in the
AG°E7seric term in Equation 3.2 for these mutants. This increase is due to either direct
hindrance of the bound ligand by the aromatic E7 side chains or indirect inhibition by the
need to displace the side chain from the active site before incoming ligands can be
captured. The extent of this "extra" hindrance by the benzyl and indole side chains can be
estimated by computing 8AGpheE7) or TrpE7) from -RTIn(Koo, mutant/ K02 native) and then
subtracting the 8AGgmalapolare7 term determined from effects of the Gly, Ala, and Leu(E7)
mutations, which takes into account the loss of hindrance by distal pocket water and the
loss of stabilization of bound O, by the native His(E7) side chain (i.e. the AG°g71.bond and
AG°E7water terms in Equation 3.2). The results of these calculations for the Phe and Trp E7
mutants are summarized in Table 3.7.

For a and B subunits, the introduction of the benzyl side chain causes both the
loss of net electrostatic stabilization and significant hindrance by the aromatic ring, with
AGphegsteric = +7 to +9 kJ/mol. As a result, the O, affinities of these Phe(E7) mutants are
very small, i.e. Koz = 0.01 pM™ or Psp =~ 100 pM in the R state. The B Trp(E7) mutation
causes a similar amount of added hindrance, AGgeric = +7 kJ/mol.

The closed deoxygenated conformer of o Trp(E7) shows a dramatic amount of
steric inhibition, leading to an estimated O, association equilibrium constant equal to ~
0.001 uM'l (Pso = 1000 uM) and AGrrpe7steric = +14 kJ/mol. In contrast, the transient open
conformation of o Trp(E7) in both monomers and tetramers has an estimated Ko, value

of ~ 0.4 uM'l, which is similar to the Ko, values for the smaller Gly, Ala, and Leu(E7)
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mutants, and exerts no steric resistance to ligand binding (AGrpe7steric = 0 kJ/mol, Table

3.

Table 3.7. Effects of Phe(E7) and Trp(E7) mutants on O, binding to HbA and sperm whale Mb.
SAGpneg7 or TrpE7 Values were calculated as -RTIn(Koz, muant/Koz native) and found to be significantly larger than
the 8AGg; values computed for the smaller Gly, Ala, and Leu mutants, implying steric hindrance by the
larger Phe and Trp side chains. The extent of this effect was estimated as AGgrgeric = OAGpheg7 or TrpE7 -
SAGmal, apotar E7» Where SAGimai,apolar £7 Was taken from monomer and tetramer values for SAGg;(ave) in Table
3.6 for each subunit. O, affinities for the Phe(E7) and Trp(E7) were taken from Table 3.1. Ko, values for
sperm whale Mb were taken from [22]. Superscripts M and T stand for monomer and tetramer, respectively.
The estimated errors for AGgygeric are assumed to similar to those for the dJAGgy values in Table 3.6, i.e. <+ 2
kJ/mol. Thus, the values of AGgzgeric for the open conformation of o TrpE7 and the PheE7 and TrpE7
mutants of Mb are very close to zero, and the decreases in Ko, for these mutants are similar to those for the
corresponding small apolar E7 mutants.

Ko (mutant)

. < OAGpne or Trpe7 OAG 11, apolar E7 AGg7steri

K or Trp small, apolar steric

Globin  E7 Mutants 0, Ymol KJ/mol KJ/mol
o HbA  Phe(E7)™ 0.0021 15.0 5.4 9.6
Phe(E7)" 0.0068 12.1 4.1 8.0
Trp(E7)Mclosed  0.0004 19.1 5.4 13.7
Trp(E7)™ open 0.24 3.4 5.4 2.0
Trp(E7)" open 0.14 4.7 4.1 0.6
BHbA  Phe(EM 0.0043 13.2 6.2 7.0
Phe(E7)" 0.0051 12.8 6.8 6.0
Trp(E7)™ 0.0039 13.5 6.2 7.3
Trp(E7)" 0.0051 12.8 6.8 6.0
Mb SW  Phe(E7) 0.0067 12.1 9.8 2.4
Trp(E7) 0.064 6.7 9.8 -3.1

The inhibitory effect of the Phe(E7) and the closed Trp(E7) conformers occurs
roughly to the same extent for both O, and CO binding (Tables 3.1 and 3.2, Fig. 3.12 A).
Decreases in Ko, and Kco for Phe(E7) mutants are caused by increased dissociation rate
constants (ko and kco, Tables 3.1 and 3.2), suggesting that negative steric effect is due to
the direct hindrance of bound ligand by the benzyl side chain. The low ligand affinities

for equilibrium deoxyHb Trp(E7) conformers are due to very low k’o; and k’co values.
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The latter case is the example of indirect steric inhibition of ligand binding due to the
requirement to displace bulky E7 side chain from the binding site.

In contrast to the HbA mutants, the Phe(E7) and Trp(E7) mutations in Mb show
little or no hindrance (i.e. the small or negative AGg7seric Values for Mb mutants in Table
3.7). These results suggest that the Mb active site can either accommodate both the
Trp(E7) side chain and a bound ligand or, more likely, that the Trp(E7) side chain is
prevented from entering the active site and directly hindering bound ligands. These ideas
are confirmed by the kinetic and structural data for the Trp(E7) HbA and Mb mutants,

which are described in the next chapter.

3.11. Pathways for ligand entry into Mb and HbA subunits.

With one exception (the transient, open o Trp(E7) conformer), there are dramatic
decreases in the bimolecular rates of O, CO, and NO binding to the subunits of Hb with
increasing size of the E7 side chain (Tables 3.1-3.3). These results strongly suggest that
ligands enter and exit through a channel gated by the distal histidine. Overall CO
association rate constants and the fraction of geminate CO recombination were used to
estimate bimolecular rate constants for ligand entry into isolated HbA subunits. Then rate
constants for bimolecular NO binding to both monomers and tetramers were measured to
verify experimentally these estimates of k'enay (Table 3.4). The dependence of k'no on the
size of the E7 side chain in monomeric o and B subunits and sperm whale Mb is shown

in Fig. 3.13 using the closed conformers of the Trp(E7) mutants.
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Figure 3.13. Dependence of rate constant for NO association on E7 mutations in monomeric o
subunits, B subunits, and Mb. Native HbA contains His at E7 position. Only the slow
phase k’no for a Trp(E7) was used since it represents NO binding to the closed,
physiologically relevant equilibrium state of the mutant. Data for SW Mb mutants were
taken from [22], and k’no for HDA mutants were taken from Table 3.4.

The Gly and Ala(E7) mutations open up all three proteins, giving rise, to
bimolecular rate constants on the order of 200 pM's', which is probably the diffusion
limit. The highest rates of ligand binding to a globin are in the range of 200 to 500 pM's"
"and have been observed for wild-type and mutant Cerebratulus lacteus Hbs [68], certain
wild-type and mutant plant hemoglobins [110], and a few bacterial globins [127]. These
values are similar to those observed for ligand binding to pentacoordinate model hemes
in soap micelles or isotropic organic solvents [119]. In the closed conformation, the
Trp(E7) mutations markedly decrease k'no to values <6 uM's™, effectively blocking the
E7 channel, and there is a roughly monotonic decrease in the rate of NO entry with
increasing size of the E7 side chain for other mutants. Scott et al. [22] carried out a much

more extensive mutagenesis mapping study of Mb using 90 mutants at 27 different
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positions, and their results confirmed quantitatively the E7 gate mechanism for ligand
entry into Mb, which was originally developed using just E7 mutations [126]. By analogy
with the more extensive results for Mb, it seems clear that the E7 channel is also the
major route for ligand entry into both subunits of HbA.

The most striking difference between the o and B subunits is appearance of a
rapidly reacting, transient intermediate after photolysis of Trp(E7) aCO subunits. It
appears that relaxation of the indole side chain to its equilibrium unliganded
conformation in o subunits is relatively slow compared to ligand rebinding at high CO or
O, concentrations. Little rapidly reacting intermediate is seen after photolysis of Trp(E7)
BCO subunits, which show low rates of bimolecular ligand rebinding. The cause of the
slow relaxation in o subunits appears to be a narrower channel opening, due in part to the
large His(CE3) side chain in o subunits (Fig. 3.11). In B subunits, the channel is larger
due to a smaller Ser side chain at the CD3 position, which, presumably, facilitates inward
rotation of E7 side chain after ligands leave the active site. These ideas are expanded in
the next the chapter.

The larger opening in B subunits may also contribute to the two-fold larger
bimolecular rate constants for O, and NO binding to native or wild-type B subunits,
particularly, in tetrameric hemoglobin where protein fluctuations are dampened by the
quaternary structure (Appendix 1). The CD3 amino acid in Mb is Arg and the rate of
entry into Mb does increase up ~2-fold when this residue is decreased in size [22].
However, the differences in rate constants between the native o and [ subunits are small

compared to the effects of the Gly and Trp(E7) mutations which cause ~3 to 5-fold
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increases and 15 to 80-fold decreases, respectively, in the rates of ligand entry into the

equilibrium R-state forms of deoxygenated HbA (Fig. 3.13).
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CHAPTER 4: MECHANISMS FOR LIGAND BINDING TO oo AND B
TRP(E7) MUTANTS OF HUMAN HBA

4.1. The motions of the E7 gate in Mb and Hb.

Direct measurements of the rates of opening and closing of the distal histidine
(E7) gate in mammalian myoglobins and hemoglobin subunits have proved to be difficult
and rare. In time resolved X-ray analyses of photolyzed MbCO, the ligand is observed to
move between the distal pocket and the Xe4 and Xel cavities on nanosecond time scales,
but no rotation of the His(E7) side chain out into solvent is observed as the total ligand
electron density disappears to generate transient unliganded states on nanosecond time
scales. Similarly, no observable open conformer is observed as bound ligand electron
density reappears after several hundred microseconds due to bimolecular rebinding from
the mother liquor [53, 128, 129]. The imidazole side chain of His(E7) does rotate
completely out into solvent in low pH wild-type and neutral pH F46V MbCO crystal
structures, and these open conformers correlate with large bimolecular rates of ligand
entry [22, 86, 87, 107, 130].

Tian et al. [86, 87] estimated that the rate of opening and closing of the His(E7)
gate in Mb is on the order of 1 to 10 ps™, which competes with internal geminate
rebinding of CO and water entry, but is much faster than bimolecular binding from
solvent which is regulated by the equilibrium fraction of open states [131, 132]. Thus,
CO rebinding to wild-type MbCO after laser photolysis is a simple one step process on
microsecond to millisecond time scales. The unliganded intermediate generated after the
0.5 us photolysis pulse has spectral and kinetic properties identical to the equilibrium

deoxygenated state examined in rapid mixing experiments. Conformational transitions
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between open and closed states of distal His were observed by Bossa et al. [133] in their
90 ns molecular dynamics simulation of CO photodissociation from Mb, seem to agree
well with Tian’s nanosecond flash photolysis results [87].

Much less is known about opening and closing of the E7 channel in the subunits
of human hemoglobin. Recently, Jenkins and co-workers reported a crystal structure of a
new quaternary sub-state of high affinity HbA [134], in which B His(E7) rotates into
solvent creating a direct channel to the active site. However, as with Mb, only single
bimolecular binding phases are observed after laser photolysis of the O,, CO, and NO
complexes of isolated wild-type and native oo and B subunits (Chapter 3). Thus, any
movements of the His(E7) side chain and water entry are very rapid and, like those in
Mb, occur on sub-microsecond time scales [135].

However, replacing His(E7) with Trp in Hb subunits causes the appearance of
complex bimolecular rebinding time courses on microsecond to millisecond time scales
(Figs. 4.1 and 4.2 A). The open and closed states of the indole side chain interconvert on
microsecond time scales and compete with bimolecular ligand rebinding from solvent. In
contrast, water movement into the distal pocket is much faster than the rotations of the E7
side chains [135], and is in equilibrium during the observed bimolecular binding kinetics.
The kinetic results for the Trp(E7) mutants also provide evidence that the E7 gate
regulates bimolecular ligand binding to the o and B subunits. In effect, the large indole
ring of Trp(E7) exaggerates the degree of opening and closing caused by the small, native

His(E7) imidazole ring.



92

4.2. CO rebinding to Trp(E7) hybrid mutant tetramers of HbA.

Dramatic differences are observed for bimolecular CO rebinding to hemoglobin
tetramers containing o versus B Trp(E7) mutants with wild-type partner subunits (Fig.

4.1).
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Figure 4.1. CO binding to wild-type and Trp(E7) mutants of human HbA tetramers. Bimolecular
rebinding to ~ 100 uM native HbA, o Trp(E7))B(WT), and o WT)B(Trp(E7)) tetramers at
[CO] = 1000 uM, after complete photolysis with a 0.5 ps excitation dye laser pulse, which
"pumps" all the ligands into the solvent phase. Conditions were 100 mM Na phosphate, pH
7,20 °C.

In dye laser experiments the observed time courses represent bimolecular
rebinding to the various, transiently generated conformational states of unliganded
hemoglobin. In the case of wild-type HbA at 1000 uM CO, the observed time course is
markedly biphasic, with a large rapid phase due to ligand binding to the R quaternary
state (~40%) and a slow, accelerating phase due to binding to T state tetramers (~60%)
(Fig. 4.1, black time course). After complete ligand photodissociation, the initial
deoxyHb complex undergoes the R — T state transition at a rate of ~10*-10° ¢! [65].

Thus, at high [CO] there is competition between rapid CO binding to the deoxyHb R state
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and the quaternary conformational change that leads to the slowly reacting hemoglobin T
quaternary conformation.

Replacing His(E7) with Trp in one pair of subunits dramatically alters the time
course for bimolecular CO binding to the resulting hybrid Hb tetramer after laser
photolysis. The oTrp(E7))B(WT) HbCO mutant shows almost 80% rapid binding (Fig.
4.1, red time course), whereas the time course for CO binding to the a(WT)B(Trp(E7))
mutant is almost 100% slow (Fig. 4.1, blue time course). The fast phase for
o(Trp(E7))B(WT) is itself biphasic with apparent bimolecular R-state rate constants of ~
60 uM's™! (~35%) and 5 uM's!(~45%). The latter rate constant is similar to that
expected for R-state wild-type B subunits (k’co = 7 puM's™, Chapter 3). The slow phase
for the o(Trp(E7))B(WT) mutant suggests a bimolecular rate constant of ~0.2 uM'ls'l,
which is similar to CO rebinding to the T-state HbA [70, 71]. Thus, it appears that the
Trp(E7) mutation in o subunits enhances rapid CO rebinding after laser photolysis by
speeding up the intrinsic rate of binding to the mutated R-state subunit, which in turn
generates partially liganded intermediates that prevent the R to T transition from
occurring.

In contrast, the Trp(E7) mutation significantly decreases the rate of CO binding to
hybrid Hb tetramers when it is in B subunits. As shown in Fig. 4.1, bimolecular CO
rebinding to c(WT)B(Trp(E7)) is virtually all slow, with little or no rapid phase, and the
apparent bimolecular rate, ~ 0.1 uM's? is roughly two-fold smaller than that observed
for the slow phase of CO rebinding to wild-type HbA. Thus, the Trp(E7) mutation slows
CO binding to R-state B subunits, which in turn allows more time for the R—T transition

to take place and results in more slowly reacting conformations.
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4.3. Bimolecular CO binding to isolated o and B Trp(E7) subunits.

In order to reduce the complexity of the kinetic results and to avoid problems in
partial photolysis experiments due to the significant differences in quantum yields of the
native versus mutant subunits (Chapter 3), the individual o and B Trp(E7) subunits were
isolated and then examined separately in both laser photolysis and stopped flow rapid

mixing experiments (Figs. 4.2 A and B, Chapter 3). Under these conditions, the
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Figure4.2. CO binding to o and B isolated subunits of Trp(E7) mutants. A, Slow phases for
bimolecular CO rebinding to ~ 50 uM isolated Trp(E7) o and B subunits at 1000 pM CO;
inset shows the rapid bimolecular binding phases, which occur on us timescale. B, Stopped
flow, rapid-mixing experiments for CO binding to equilibrium deoxygenated forms of ~5
uM isolated Trp(E7) a and B subunits at [CO] = 200 uM after mixing. The black and gray
lines in panels A and B represent fits to single or multiple exponential expressions.
Conditions were 100 mM Na phosphate, pH 7, 20 °C.

subunits exist in high affinity, R-state-like conformations with none of the quaternary
constraints found in the tetramer. However, CO binding to isolated o Trp(E7) subunits is
still biphasic, with one extremely fast phase (~90 uM's™") comprising 79% of the total
absorbance change at 1000 uM CO and a small slow phase (0.1 uM’[s"). Analogous

experiments with B Trp(E7) subunits show a small fast phase, 33%, with an apparent rate
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constant for CO binding equal to ~ 80 uM’ls'l, and two slow processes, with apparent
rate constants equal to 0.7 pM's” (49%) and 0.06 pM’'s" (18%). As described in
Chapter 3, the fast phases were attributed to bimolecular CO binding to open conformers
of the o and P Trp(E7) mutants in which the Trp(E7) side chain has rotated out into
solvent and does not obstruct the E7 channel. The bimolecular rate constants for the fast
phases of both subunits approach the diffusion limit and are similar or larger than those
for Gly or Ala(E7) mutants where the E7 tunnel is completely open to solvent. The
slowly reacting components were assigned to species in which the pathway for ligand
movement into the distal pocket is severely hindered or completely closed by the indole
ring of Trp(E7). However, in the previous chapter, a detailed kinetic mechanism was not
developed to describe quantitatively the competition between rapid bimolecular ligand
binding to the open conformers and relaxation of the indole side chain to the closed,
slowly reacting conformations.

In order to define the kinetic mechanism, the ligand concentration dependences of
the observed time courses for bimolecular CO rebinding to the isolated mutant subunits
after laser photolysis were measured. In the case of the o Trp(E7) mutant, the extent of
rapid bimolecular rebinding diminishes from 79% at 1000 uM CO to 25% at 50 pM (Fig.
4.3 A and Chapter 3). These results demonstrate that the two phases are not due to
heterogeneity in the sample, but, instead, to open and closed conformers which

interconvert on the same time scale as ligand binding.
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Figure 4.3. Rapid bimolecular CO rebinding to Trp(E7) a and B subunits after laser photolysis.
Concentrations of CO are listed beside each curve and the lines represent fits to either a
single exponential process with an offset or to a two exponential process with a second very
slow phase. Experiments were conducted in 100 mM Na phosphate, pH 7, 20 °C. A, time
courses for ~ 50 uM isolated Trp(E7) aCO. B, time courses for ~50 uM isolated Trp(E7)
BCO. Complete photolysis was achieved with a 0.5 us excitation pulse from dye laser.

In contrast to the oo mutant, bimolecular CO rebinding to isolated Trp(E7) B
subunits is mostly a slow process, and only at very high [CO] is there a significant
fraction of the fast phase, 33% at 1000 uM (Fig. 4.3 B). In addition, the rate of the fast
phase does not show a large dependence on [CO], increasing from ~ 190,000 s' to
260,000 s over a 20-fold increase in ligand concentration. The observed rate of the fast
phase at [CO] — O represents the rate of interconversion between open and closed,
slowly reacting conformations and equals ~175,000 s™', which is roughly 10-fold greater
than the estimated rate for the same conformational relaxation in Trp(E7) o subunits.

To prove that the closed, slowly reacting forms represent the equilibrium,
deoxygenated conformation, deoxygenated solutions of o and B Trp(E7) subunits were
rapidly mixed with various [CO] in stopped-flow experiments. As shown in Fig. 4.2B,
only slow phases are seen in these mixing experiments, even at very low ligand

concentrations where fast bimolecular binding could be detected. Thus, the slowly
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reacting closed conformations are completely favored at equilibrium. The open, rapidly
reacting unliganded conformers are transient and only observed immediately after laser
photolysis.

In the rapid mixing experiments with isolated o@ Trp(E7) subunits, two slow
phases are observed (Fig. 4.2 B). The initial slow phase corresponds to the slow
bimolecular phase for CO rebinding observed after photolysis. The second, smaller phase
is 5-fold slower. This second slow phase represents a conformer of deoxy-o Trp(E7),
which is even more restricted to ligand binding than the initial closed state, is formed
much more slowly, and is not observed in the laser experiments. Trent et al. [112]
observed similar discrepancies between the slow phases observed in laser-photolysis
versus rapid-mixing experiments with the nonsymbiotic hexacoordinate hemoglobin from
rice, nsHb1. They proposed that, at equilibrium, deoxygenated rice nsHb1 also exists in
two structurally distinct, slowly interconverting, closed deoxyHb forms [112, 136].

In the case of B Trp(E7), two significantly different slow CO binding phases are
observed after laser photolysis suggesting transitions to at least two distinct slowly
reacting conformers (Fig. 4.2 A). In rapid mixing experiments with isolated B Trp(E7)
subunits, only the very slow phase seen in the laser experiments is observed (Fig. 4.2 B).
The dominant middle phase from the flash photolysis time courses is absent in the
stopped flow experiments, implying that at equilibrium there is primarily just one closed

Trp(E7) B conformer that reacts very slowly with CO.
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4.4. CO recombination to Trp(E7) mutant of swMb.

As

a control, ligand binding to Trp(E7) sperm whale Mb was examined to look

more carefully for slow interconversions between open and closed states. Both O, and

CO association time courses show no heterogeneity after laser photolysis at either low or

high ligand concentrations (Fig. 4.4A), and the observed bimolecular rate constants are

identical to those observed in stopped flow experiments at low [CO] (Fig. 4.4 B) and to

those reported previously [83].
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Figure 4.4. Bimolecular CO binding to Trp(E7) sperm whale Mb. A, time courses for bimolecular

CO rebinding to ~50 uM Trp(E7) Mb after complete photolysis by the 0.5 ps dye laser at
[CO] = 1000 and ~50 puM. The fitted and estimated observed pseudo first order rate
constants were ~700 s and ~35 s, respectively. B, Dependence of the pseudo first order
rate constant on [CO] for CO binding to the equilibrium deoxygenated form of Trp(E7) Mb
measured in stopped-flow, rapid mixing experiments at low ligand concentrations. The slope
of the fitted line gives an association rate constant equal to 0.69 pM's™, which is identical to
the value computed from the laser photolysis data in panel A.

The absolute value of k'co for Trp(E7) Mb is roughly the same as that observed

for wild type Mb, ~0.7 uM's™" and 10 to 20-fold smaller than that observed for Gly(E7)

and Ala(E7) mutants (Chapter 3). Thus, either the Trp(E7) side chain cannot enter and

completely close the E7 gate in myoglobin, or, if multiple conformations exist, they
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interconvert very rapidly, resulting in population averaging, with the observed rate of

ligand binding being proportional to the equilibrium fraction of open conformers.

4.5. Crystal structures of Hb and Mb Trp(E7) mutants.

To examine the structures of the open and closed conformations of the Trp(E7)
side chains, I attempted to crystallize the deoxygenated and CO forms of Hb
o(WT)B(Trp(E7)), Hb o(Trp(E7))B(WT) and sperm whale Mb Trp(E7). Despite
extensive efforts, high quality crystals of the deoxy form of a(WT)B(Trp(E7)) and the
CO form of oTrp(E7))B(WT) were not obtained. Fortunately, the high resolution crystal
structures of deoxyHb o(Trp(E7))B(WT) (pdb code INMM), HbCO a(WT)B(Trp(E7))
(pdb code 3NL7), MbCO Trp(E7) (pdb code 3NML), and deoxyMb Trp(E7) (pdb code
30GB) were obtained and provide plausible structural models for the closed, blocked,
and open conformers of the mutants defined in the kinetic mechanisms proposed in the
end of this Chapter. The crystal properties and statistical parameters for X-ray diffraction
data collection and model refinement of all four proteins are given in Table 4.1, and
electron density maps of the active sites are shown in Figs. 4.5 and 4.7.

Remarkably, the Trp(E7) mutations do not cause any significant global
perturbations of the structures of either HbA or Mb. Alignment of deoxy-
o(Trp(E7))B(WT) with native deoxy-HbA gave average rmsd values of 0.26 A for the Cq
atoms in o chains, and 0.17 A for the C,, atoms in [ subunits. In case of the CO forms of
o(WT)B(Trp(E7)) and HbA, the rms deviation of the C, atoms of the B subunits is 0.18

A, whereas the value for the native versus wild-type o chains is 0.10 A.



Table 4.1. Crystallization and structure determination parameters of Hb and Mb Trp(E7) mutants.

Protein DeoxyHb HbCO MbCO DeoxyMb
o(TrpSS8(ET)B(WT) o(WT)B(Trp63(E7)) Trp64(E7) Trp64(E7)

PDB entry code 3NMM 3NL7 3NML 30GB

Crystal data:

Resolution range A) 52.67-1.60 51.27-1.80 41.59-1.68 23.57-1.60

Space group P 21 P 41212 P 212121 P 2[212|

Unit cell parameters (A, %) a=62.6,b=81.8, a=b=532,c=191.8 a=389,b=47.0, a=38.8,b=47.1,
c=534,=99.8 c=289.5 c=2889

Reflections (measured/unique) 176,967/62,570 94,990/25,409 71,043/19,145 78,267/21,466

Completeness (%) 89.5 (72.3)* 95.5 (98.8) 98.9 (94.7) 96.6 (91.0)

<I>/o<I> 159 4.2) 8.8 (3.5) 19.7 (7.0) 15.5 4.1)

Redundancy 2.83 (2.64) 3.74 (3.46) 3.71 (3.20) 3.65 (3.66)

Rierge (%) 3.8 (18.7) 7.4 (26.0) 4.1 (13.4) 4.3 (26.3)

Refinement:

Resolution range A) 28.82-1.60 31.11-1.80 22.71-1.68 23.57-1.60

R-factor (%) 17.3 18.6 16.6 18.0

Rree (%) 19.8 233 19.6 20.3

RMS deviations from ideal values:

Bond length (A) 0.013 0.028 0.019 0.006

Bond angles (°) 1.571 1.281 1.242 1.088

Ramachandran plot:

gsldues in most favorable region 94.4 93.2 92.8 92.0

Re§1dues in additional allowed 56 6.8 19 8.0

region (%)

*Parameters in parentheses () are for the outer resolution shell

001
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Thus, the functional changes resulting from the large indole side chain appear to be
localized to the E7 channel and active site, including greater blocking of ligand entry into

the active site and less accessibility of the iron atom.

' His5B(E7)

g

) ( His87(F8)

Figure 4.5. Side views of wild-type and Trp(E7) mutants of HbA. The electron density was contoured
at 1.3 o and is shown as a blue net. The color code for atoms is: green, carbon; blue,
nitrogen; red, oxygen; orange, iron. The key residues are shown clockwise: Trp(E7) or
His(E7), His(F8), Val(E11) and Leu(B10). The hemoglobin subunits are part of a tetrameric
structure with wild-type or native subunit partners. A, native deoxy-o ([2], 2DN2) with the
distal pocket water removed and Trp(E7) deoxy-a. (3NMM); B, native CO-f ([2], 2DN3)
and Trp(E7) BCO (3NL7).

Fig. 4.5A compares the structures of the ligand binding sites in native versus
Trp(E7) o subunits in deoxyHbA tetramers. As described by Park et al. [2], the distal

histidine side chain moves inward in deoxy o and 3 subunits compared to its position in
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the O, or CO complexes (compare to native BCO subunit in Fig. 4.5B). In the native
deoxy-0. structure, an internal water molecule is also present directly above the iron atom
and hydrogen bonded to the Ne atom of the E7 imidazole side chain (not shown in Fig.
4.5A). In the structure of the deoxygenated Trp(E7) o subunit, the large indole ring has
rotated into the distal pocket, completely closing the E7 channel for ligand entry, and
hindering access to the iron atom from any direction. CO binding to this conformation is
impossible without outward rotation of the Trp(E7) side chain, and as a result, this
structure is assigned as a model for the closed, very slowly reacting states observed in the

kinetic mechanisms.

of

Deoxy a Trp(E#)
in conformer

Figure 4.6. Front view of Trp(E7) o subunit in hybrid deoxyHb. Different conformers of o
His45(CE3) are observed in the o; and oy subunits of deoxygenated o(Trp(E7))B(WT)
tetramers (3NMM). The stick models of the key amino acids are colored as: white, carbon;
blue, nitrogen; red, oxygen. The atoms of the other amino acids are represented as space-
filling yellow spheres. The orange sphere represents the heme iron. The blue dotted line in

the o, subunit represents a H-bond between His45(CE3) and the heme-6-propionate with an
inter-atomic distance of 3.0 A

There are two other major changes in the structure of the distal pocket of Trp(E7)

deoxy-a compared to that of the native subunit. First, the side chain of Leu(B10) has
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rotated clockwise, ~ 90° around Co-CP bond, causing an expansion of the distal pocket to
make room for the large indole side chain. Second, multiple conformations are observed
for the o His45(CE3) side chain (Fig. 4.6). In o subunits of native deoxyHbA, the CE3
imidazole is pointing towards the carboxyl O atoms of the heme-6-propionate, forming a
strong electrostatic interaction that stabilizes bound heme [2, 137]. In the ¢ subunit of
the o(Trp(E7))B(WT) deoxy-tetramer, the CE3 imidazole has rotated out into solvent and
is far away from the heme propionate (Fig. 4.6, o,; conformer). The space between
His(CE3) and the heme propionate is filled with several high occupancy water molecules
(positions not shown). However, in the o, subunit of the mutant tetramer, the position of
the His(CE3) is the same as in the native subunit (Fig. 4.6, 0, conformer). These results
imply that the His45(CE3) interaction with the heme-6-propionate must be disrupted
before the Trp(E7) side chain can enter the distal pocket.

In contrast, there is no interaction between the heme-6-propionate and the
spatially equivalent but much smaller Ser44(CD3) side chain in B subunits [2]. This lack
of stabilization of the heme-6-propionate in 3 subunits explains the higher rates of hemin
dissociation from [ subunits in native HbA [137]. The lack of electrostatic interaction
between the CD3 side chain and the heme-6-propionate may also facilitate inward

rotation of the large Trp(E7), accounting in part for the more rapid conformational
transitions between the open and closed states in B subunits.

The distal histidine remains in the distal pocket of the o and § subunits of native
HbA and sperm whale Mb when ligands are bound. The Ne atom of His(E7) donates a

hydrogen bond to bound ligands in all three globins, which is manifested as decreased

rates of ligand dissociation and shifts of the ligand stretching frequencies ([85], and Fig
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3.10). When His(E7) is replaced by Trp in aCO and BCO subunits, the stretching
frequency of the bound ligand, vc.o, increases from ~1950 to ~1970 cm’! indicating the
loss of the positive electrostatic field donated by the native distal histidine (Fig. 3.10).
This result suggests that there is no interaction with either the edge of the aromatic indole
ring or the pyrrole N-H atoms and that the side chain is not in the distal pocket near
bound CO. This prediction is verified by the structure of the Trp(E7) BCO subunit in
which the large indole ring is precluded from the active site by the bound ligand (Fig.
4.5B).

The indole side chain of Trp(E7) BCO is located outside of the distal pocket with
most of the indole ring exposed to solvent. The nitrogen atom of the indole ring is
hydrogen bonded to a water molecule, which, in turn, is donating hydrogen atoms to the
O atoms of both heme propionates (Fig. 4.5B). These electrostatic interactions appear to
be quite strong and cause a downward displacement of the Ca. atom of Trp(E7) by 0.67 A
with respect to the position of the Coa of His(E7) in native BCO subunits. Although not in
the distal pocket and interacting with the bound ligand, the B Trp(E7) side chain does
physically block the entrance to the E7 channel in the crystal structure, and ligand entry
through the E7 pathway requires outward rotation of the indole ring.

A comparison of the crystal structures of wild-type and Trp(E7) MbCO and
deoxyMb are shown in Fig. 4.7. In both Trp(E7) Mb structures, the indole ring has
moved further away from the heme ring by additional rotation about the Co-Cp bond
than in Trp(E7) BCO subunits. The entire side chain is in the solvent phase. The aromatic
ring has rotated 180° about the CB-C8 bond, causing the phenyl portion of the indole ring

to be closer to the heme than the pyrrole portion. This indole ring orientation is similar to
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that seen in the closed Trp(E7) deoxy-a structure but is the opposite of that seen for
Trp(E7) BCO. The E7 channel is significantly but not completely blocked in the Trp(E7)
Mb structures and small rotations about the CB-Cd bond would open up the channel

completely.

A . WT deoxyMb Trp64 deoxyMb
Leu29(B10)

VaIBB(E11) g

=

B  wrwmco Trp64 MbCO
:"‘.. : - ,""'\_Trp64(E7)
Leu29(B10) == D

o

Figure 4.7.  Side views of wild-type and Trp(E7) mutants of Mb. The electron density was contoured at
1.3 o and is shown as a blue net. The color code for atoms is: green, carbon; blue, nitrogen;
red, oxygen; orange, iron. The key residues are shown clockwise: Trp(E7) or His(E7), His(F8),
Val(E11) and Leu(B10). A, wild-type deoxyMb ([89], 2MGL) with the distal pocket water
removed and Trp(E7) deoxyMb (30GB); B, wild-type MbCO ([89], 2MGK) and Trp(E7)
MbCO (3NML).

The solution FTIR spectrum for Trp(E7) MbCO shows two vc.o bands, one at

1969 cm’! (60%) and another at 1942 cm'1(40%) [83]. The high frequency band probably
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reflects the properties of the conformers shown in Fig. 4.7, whereas the low frequency
band implies hydrogen bonding from internal water molecules that may have penetrated
into distal pocket and interacted with the bound CO when the Trp(E7) side chain
populates an open conformation. However, the spectrum of Trp(E7) metMb(Felll) has a
broad Soret peak at 395 nm, which is indicative of a five-coordinate hemin complex and
no coordinated water [89]. Thus the active site of Trp(E7) Mb appears to be primarily

apolar with ligand entry partially blocked by the indole ring.

A«Blgcked
(JrpEY deoxyMb
4 . "

b -

Figure 4.8. Models of Open, Closed, and Blocked kinetic states. A, model for one of the blocked states
based on the crystal structure of Trp(E7) deoxyMb (30GB). B, hypothetical model of an
open state based on the Trp(E7) BCO structure shown in panel D, in which the E7 indole
side chain has moved further away from the porphyrin ring by rotation about the Ca-CP
bond to an angle similar to that for the indole side chain in Trp(E7) deoxyMb (pane! A). C,
closed conformation observed in the structure of deoxy-o(Trp (E7))B(WT) HbA (ANMM).
D, blocked conformer based on the observed structure of c(WT)B(Trp(E7)) HbCO with the
ligand removed (3NL7) and blue sphere representing the water molecule interconnecting the
indole N atom with the heme propionates. The color scheme is identical to that in Fig. 4.6.
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The crystal structures of the Trp(E7) mutants of Mb, o- and B Hb subunits
described above provide the models for the open, blocked and closed states responsible
for the appearance of fast, middle and slow phases, respectively, in the kinetics of ligand
binding to o~ and B Trp(E7) mutants (Fig. 4.8). Here, the closed and blocked states
correspond to existing structures of deoxy-a Trp(E7), BCO Trp(E7) and the deoxy- and
CO-forms of Mb Trp(E7). The open conformer was not observed in any of the crystal
structures, and was generated by rotating the Trp(E7) side chain in the BCO structure
(Fig. 4.8D) by ~60° about Ca-C} bond to create an open channel connecting solvent and

distal pocket.

4.6. Simple linear conformational relaxation mechanism.

The simplest mechanism for explaining the rapid and slow bimolecular binding
phases observed after laser photolysis of Trp(E7) aCO is shown in Scheme 4.1. It is
analogous to the mechanism proposed 14 years ago for ligand binding to non-symbiotic,
plant hemoglobins [110, 138-140], in which the fast process represents competition
between His(E7) coordination and ligand binding to an open conformation, whereas the
slow phase reflects the displacement of the coordinated distal histidine by ligands
incoming from solvent. In Trp(E7) o subunits, bound CO displaces the large indole side
chain, pushing it out into solvent. Thus, after photodissociation the initial conformer is
open (Hbgpen in Scheme 4.1, modeled in Fig. 4.8 B), and there is a competition between
rapid bimolecular binding and conformational relaxation of the indole side chain back
into the distal pocket to form the closed, slowly reacting deoxy-o. conformer (Hbgjosea in

Scheme 4.1, modeled in Fig. 4.8 C).
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Scheme 4.1 successfully describes the dependence of the observed fast rate and
the fraction of the fast phase on [CO] for isolated Trp(E7) o subunits but cannot
reproduce the almost linear dependence of kg, on [CO] (Fig. 4.9) without allowing
binding to Hb,,.s by alternative routes (gray dashed line and k'y;). The hyperbolic
dependence of the slow phase rate, kg,y, on [CO] was obtained by simultaneously fitting

the dependences of kfugt, ffasr, and Kgow on [CO] to the expressions in Equations 4.1-3. The
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best fit values of k'), Kkcipse, and Kkypen, are ~95 uM"s'l, ~15,000 s and ~120 s
respectively. In Scheme 4.1, a linear dependence of kg, on [CO] can only be obtained
when ke,se >> k’;[CO], but then fz,, would be = 0.0 and the time courses would show
completely slow bimolecular rebinding. Thus, this simple mechanism cannot
quantitatively describe bimolecular CO rebinding to Hb o Trp(E7) subunits even though
the basic idea of a competition between closing of the E7 gate and ligand binding to an

open state is qualitatively correct.
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Figure 4.9. Fitting the dependence of oo Trp(E7) slow rate on [CO] with simple linear mechanism.
The dark cyan diamonds represent rates determined in stopped flow, rapid mixing
experiments with the equilibrium deoxy forms of the Trp(E7) o subunits. The blue circles
represent slow rates obtained in laser photolysis experiments. The dashed line represents a
fit to Scheme 4.1. The experimental conditions were 100 mM Na phosphate, pH 7, 20 °C.

The linear dependence of kg, on [CO] can be explained by direct ligand binding
to the closed o Trp(E7) subunits as indicated in Scheme 4.1 by the gray dashed arrow
and question mark. In this interpretation ligand binding does not require a transition to an

open E7 channel state, and the closed conformer can bind ligands that migrate to the

active site via alternative pathways. If the rate of outward movement of Trp(E7) were
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very small, the observed slow bimolecular rate for CO binding would reflect the speed of
bimolecular binding via non-E7 gate routes.

A major argument against using Scheme 4.1 with alternative binding to the
Hb.oseq State is the structure of the deoxy-o Trp(E7) distal pocket (Figs. 4.8 C). Access
to the iron atom is inhibited directly by the bulky indole side chain, which not only
blocks the E7 channel, but also is located directly above the iron atom. Thus, any binding
event, regardless of the direction of ligand migration, requires outward rotation of the

o Trp(E7) side chain to allow access to the iron atom.

4.7. Mechanism of CO binding to o Trp(E7).

Analysis of the molecular models of open and closed states of oo Trp(E7) subunits
(Figs. 4.8 B and C) demonstrate that it is impossible to position the Trp side chain into
the E7 channel and the distal pocket by simple rotation about Ca-Cp or CB-Cy bonds.
Severe steric clashes between the edge of the indole ring and the surface of the heme
group occur, regardless of whether the pyrrole or phenyl portion of the indole ring is
pointing toward the protein interior. Thus, there must be transient expansion of the heme
pocket in the open state (conformer Hb* ) to increase the size of the E7 channel and
allow inward movement of the large Trp side chain.

A mechanism, which can quantitatively describe the kinetics of CO binding to
mutant o subunits and take into account transient expansion of the distal pocket, is shown
in Scheme 4.2. Here, both open conformers (Hbopen and Hb*qpen) react rapidly with CO at
pseudo first order rates, k; = k’;[CO], but only the expanded Hb* e, conformation allows

the Trp side chain to move rapidly into the distal pocket, close the E7 channel, and form
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the slowly reacting Hbgjosea conformer. The linear dependence of the slow phase rate on
[CO] requires that the rate of closing of the E7 gate in the Hb*open is very rapid compared

to the interconversion of open states (i.e. k3 >> k; and k.).

-----
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S Kke=kK4[COl ¥
HbCO —= Hbopen

k2 1 k_2
ki = k'4[CO] Hb*

open "_"" Hbclosed

ks

Scheme 4.2

The observation of only slow phases in rapid mixing experiments demonstrates
that closing is highly favored and almost complete at equilibrium (k3 >>k.3). For these
conditions, a steady state assumption can be made for [Hb*,en] during both the fast and
slow phases after laser photolysis, and k.; can be neglected during the fast phase. An
analytical solution for the formation of HbCO as function of time during the fast phase
can be derived (Appendix 2, Equations S1-S9) and provides the following expressions for

ksast and ff,s after laser photolysis of Trp(E7) aCO:

(k,[CO])2+k1[C0]( Ky +ks+ky Y ok
Jast Kj[COJ+k_p+k;

Equation 4.4
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___(ki1Col) +KICOI(k o +ks +k2)
fast (k;[c01)2 +K7[COJ(k_g + k3 +kp )+ koks

Equation 4.5

Both expressions show a complex quadratic dependence on [CO]. However, if k3
>> (k';[CO], k», and k.3), then only the k3 terms in the numerators and denominators need
to be considered. Under these conditions, kp = k'1[CO] + k2, and frue = k') [COV/( k';[CO]
+ k2), which are analogous to the simple expressions for Scheme 4.1 in Equations 4.1-3.

The binding of CO to the Hb,,s.s State, which occurs during the slow phase after
laser photolysis and in rapid mixing experiments, can be analyzed by assuming a steady-
state for both open conformers and taking into account the rate of the Hbgjosed t0 Hb*open
transition, k.3. A complete derivation for kg, is given in Appendix 2, Equations S11-S21,

and the final expression is:

k_sk;[CO]

, ks (k1(COJ+k;)
([col+ky )+ (ki[COl+ky +k_3)

kslow =

Equation 4.6

This expression also implies a complex quadratic dependence on [CO], but if k3
>> (k'j[CO], k.3, k2, and k_;) , it simplifies to kg =~ k';[COlk.3/k3 = k';[COVK; at high
[CO], which prescribes a linear dependence on [CO] and an inverse dependence on the
equilibrium constant for the Hb*open to Hbciosed transition, K3 (Appendix 2, Equations S20

and S21). Thus, the apparent bimolecular rate constant for the slow phase (i.e. the slope
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of kgow versus [CO] shown in Fig. 4.10 B) can be interpreted as the rate constant for

binding to the open form times the equilibrium fraction of Hb*open, 1/(1+K3), which

equals 1/K3 when Kj is large.
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Figure 4.10. Dependences of the observed fast and slow rates for bimolecular CO binding and

fraction of the fast phase on [CO] for both laser photolysis and rapid mixing
experiments with isolated Trp(E7) o subunits. A, dependence of kg, (red circles) and fry
(red squares) on [CO]. B, dependence of kg,, (circles and diamonds) and K. (gray
squares) on [CO]. The dark cyan diamonds represent rates determined in stopped flow, rapid
mixing experiments with the equilibrium deoxy forms of the Trp(E7) o subunits. The blue
circles represent data from laser photolysis experiments. Black lines represent fits to the
model described in Scheme 4.2, and the fitted parameters are listed in the text. The rates for
the ultra slow phase were fit using the previous parameters and the model described in
Appendix 2, Equations S22-S28. The fitted rate constants for the interconversion of the slow
o subunits forms are k, = 610 s k., =200 s'. The experimental conditions were 100 mM Na
phosphate, pH 7, 20 °C.

The full expressions in Equations 4.4-4.6 were used to successfully fit plots of

Kfas, ksiow, and frg values vs. [CO] for bimolecular CO rebinding to Trp(E7) o subunits

after laser photolysis (Fig. 4.10). The fitted value of k', for bimolecular CO binding to the

open o forms is 92 uM's™'. The fitted values of k; and k., for the interconversion of open

conformers are ~18,000 s and ~21,000 s and on the same order as the pseudo first rates

of CO binding to Hbgpen. The fitted rate of the Hb*gpen to Hbeciosea transition was 100 times

larger, k3 = 2,010,000 s™', whereas k.3, the rate for opening the closed E7 channel is much

smaller 2,900 s™'. As result, K3 is equal to 690, and the equilibrium fraction of deoxy-o.



114

subunits in the open state is 1/(1+Kj3) =I/K3 = 0.0015, which accounts for the 1000-fold
smaller bimolecular rate constant for CO binding to the closed conformer, ko, = 0.1 pM’
s,

The fitting analysis indicates that the absolute values of k3 and k_; are poorly
defined, but k3 must be > ~1,000,000 s’!. Thus, the expansion of the distal pocket and
inward movement of the indole side chain are concerted processes, with the rate limiting
step being the increase in size of the active site (i.e. ky < k3 in Scheme 4.2). In contrast,
the ratio of kyk.; (i.e. K3) is well determined by the observed dependence of the slow
phase rate on [CO] and must be ~700. In addition, the detailed shape of the plot of ko
versus [CO] (Fig. 4.10 B) does exhibit curvature at low [CO] reflecting the quadratic
expressions for [CO] in Equation 4.6.

In this interpretation, the slow bimolecular rates observed in rapid mixing and
flash photolysis experiments reflect the very small fraction (< 0.001) of open states at
equilibrium in the unliganded form instead of the rate of binding through alternative
routes with very high kinetic barriers. Unfortunately, distinguishing between ligand
binding by alternative pathways and the E7 gate cannot be achieved unambiguously by
kinetic data alone. We favor scheme 4.2 because the crystal structure suggests that
outward rotation of Trp(E7) is needed for any ligand to bind and the more complex
quadratic expression in Equation 4.6 does emulate the observed curvature in plots of Kgow
versus [CO].

The rate of the first slow phase observed for CO binding to equilibrium deoxy

oTrp(E7) subunits in stopped flow experiments matches exactly that for the slow phase

observed in the laser photolysis experiments (see dark cyan diamonds in the upper curve,
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Fig. 4.10 B). The second ultra slow phase is unique to the mixing experiments. Similar
ultra-slowly reacting deoxy forms are seen in stopped flow rapid mixing experiments for
CO binding to non-symbiotic, hexacoordinate plant hemoglobins [112] and the heme
protein transcription factor CooA [141]. These slowly reacting forms can be modeled by
an additional linear transition to an even more hindered, less accessible form of Hbcjosed
(Appendix 2, Scheme 4.2¢). Thus it appears that, after the initial closed state is formed,
the Trp side chain induces further expansion of the distal pocket to bury itself even
deeper in the protein interior, giving rise to the observed ultra-slow phase (a more

detailed mechanistic description is provided in Appendix 2, Equations S22-S28).

4.8. Mechanism of CO binding to  Trp(E7).

As shown in Fig. 4.2A, three phases are observed for CO rebinding to Trp(E7) B
subunits after laser photolysis. A small, very fast phase is followed by a dominant,
moderately slow middle phase and then a smaller phase with a rate similar to that of the
slow phase observed after laser photolysis of Trp(E7) aCO subunits. The rate of the fast
phase, kys, shows a linear dependence on [CO] with a large y-intercept reflecting the rate
of conformational relaxation to the slowly reacting species (blocked and closed) (Fig.
4.11B). The competition between conformational relaxation and rapid ligand rebinding to
the open conformer of P Trp(E7) is demonstrated by the increases in f;y and the
decreases in the fractions of the middle, fyzae, and slow, fy.w phases with increasing
[CO] (Fig. 4.11A). The middle and slow phase rates, kmigaie and kgon, both show a linear
dependence on [CO]. Thus, in the case of B subunits, two slowly reacting conformers are

formed from the unliganded open state immediately after photolysis.
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I have assigned the slowest process to a closed conformation of Trp(E7), similar
to Hb,joseq fOr o subunits, in which the indole ring fills both the E7 channel and the distal
pocket, restricting ligand access to the iron from any direction (see Fig. 4.8C). The
middle phase is assigned to bimolecular ligand rebinding to Hbpiocked, @ deoxygenated
blocked conformer resembling the structure shown in Fig. 4.8D for the mutant subunit in
o(WT)B(Trp(E7)) HbCO. In this case, the indole side chain is located outside the distal
pocket, being held in place by a water molecule that interconnects the indole N atom and
two heme propionates. In contrast to the closed state, the Trp side chain in the Hbpjocked
conformer blocks only the entrance to the E7 gate but not access to the iron from within
the heme pocket. Thus, the blocked conformer could bind ligands migrating via
alternative routes.

The blocked-to-closed transition cannot be achieved by a simple one step rotation
of the indole side chain about Ca-CB bond due to severe clashes with the heme and other
residues lining the inner surface of the distal pocket. Instead, the indole side chain in the
blocked state shown in Fig. 4.8D must first rotate outward about the Co-CB bond
forming a transient open state similar to that proposed in Fig. 4.8B, "flip" its orientation
about the CB-Cy bond to generate a conformer analogous to that in Fig. 4.8A, and finally
swings back into the distal pocket by rotation about the Ca-Cp bond to form a closed
state similar to that seen for Trp(E7) deoxy o subunits in Fig. 4.8C. Thus, Hbjeseq cannot
be formed directly from the blocked B conformer without first returning to an open
conformation (i.e. from Fig. 4.8D to 4.8B to 4.8A to 4.8C).

A mechanism for ligand binding to B Trp(E7), which accommodates the structural

interpretations described above, is shown in Scheme 4.3. The open conformation of the
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protein is generated immediately after CO photodissociation, and then, either CO rebinds
rapidly to Hbgpen Or Hbgpen interconverts to Hbpiocked and Hbjesed. As in case of oo Trp(E7)
subunit, the transition from Hbgpen to Hbciosea involves the expansion of the initial open
state (Hbopen—>Hb*open) to accommodate the indole side chain orientation shown in Fig.
4.8 C. In contrast, relaxation of Hbgpen to the blocked state (Fig. 4.8 D) does not require
any significant structural perturbations at the active site because the E7 indole side chain

only blocks the channel and can be described as a one-step process.

Kan=K'an[CO] Hbpiocked

Scheme 4.3

In this mechanism, direct CO binding to the blocked state was modeled as due to
ligand movement into the active site by alternative routes without requiring opening of
the blocked state, and thus, the middle phase rates in Fig 4.11 C are postulated to
represent k';x[CO]. Alternatively, these rates could represent the fraction of open states
derived from Hbyjocked (i-€. 1/(1+K4) where K4 = ka/k ). It is not possible to discriminate
between these interpretations of the middle phase, and we have chosen to use Scheme 4.3
as a compromise that allows an alternative route interpretation for analyzing ligand

binding to Trp(E7) B subunits.
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A steady-state approximation was assumed for Hb*qp, to derive expressions for
the dependencies of K, frast, fimiadie and fiow on [CO], and the rates k',,[CO], k.3 and k4,
were neglected when analyzing the initial phase, because CO binding to the blocked and
closed species is significantly slower than binding to the open states (Appendix 2,
Equations S29-S44). When k3 >> k';[CO], k2 and k_;, simple expressions for the observed
photolysis parameters can be obtained (Equations 4.7-10), which are analogous to the
expressions for the simple linear mechanism in Scheme 4.1 and simplified equations for

Scheme 4.2.

kpust = k1[CO )+ Ky + kg

Equation 4.7
s ki[co]
T kg [coTrky + k4
Equation 4.8
Fuidte ™ it
e g [coTrky + kg
Equation 4.9
f slow = kz
ki[co+k, +k,

Equation 4.10
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An expression for the rate of CO binding to the Hbyiockea state was derived by
applying steady-state approximations for both open intermediates (Hbopen and Hb*open)
and ignoring CO binding to Hbjeseq because kpmiqare is observed to be >10-fold faster than

ksow. The detailed derivation can be found in Appendix 2, Equations S45-S50.

kmidate = Kait [CO T+ kg (1= Frmidare )

Equation 4.11

Thus, the middle phase is a sum of two binding processes: (1) ligand binding via
alternative routes directly to Hbyjocked (€xpressed as k’.[CO]) and (2) CO recombination
to open conformers originating from Hbpocked (expressed as the k.4(1-fmidae) term).
Although, Equation 4.11 predicts a complex dependence on [CO], since fimidde is inversely
proportional to [CO]J; kmiaae is effectively equal to k’,[CO] when the ligand
concentration is high and k.4 is small.

An analytical solution for the slow phase after laser photolysis of Trp(E7) BCO
subunits was derived assuming a steady-state for Hbopen, Hb*open and Hbypjocked in Scheme

4.3 (Appendix 2, Equations S51-S58). When k3 >> kj, k.2, k; and k.3, the expression for

ksiow can be simplified to:
[ o ook
k,, = ra k[COl+k_, = ¥ IC 0];‘
3 k[COY+k, + -2 4

k., [COl+k_,

Equation 4.12
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The 1/K3 term represents the fraction of Hb*gp, formed from Hbciosea When
Ks>>1. If ky << k'y;,[CO] so that k4 + k'au[CO] = k'su[CO], the ratio in parentheses
reduces to (k';[CO] + k)/( k';[CO] + kz + ky4), which is ~(1-fow). As a result, the final

form of the Equation 4.12 becomes:

kslow = KL_; (k; [C0]+ k—2 (1 - f slow ))

Equation 4.13

and is analogous to the rate expression for the middle phase (Equation 4.11). Thus, the
rate for slow CO recombination to Hbjoseq is the sum of all possible binding processes:
(1) CO binding to Hb*,pen (Hbeiosea — Hb*gpen — HbCO); (2) CO binding to Hbgpen
(Hbclosea = Hb*open = Hbgpen — HbCO); and (3) CO binding to Hbpiocked (Hbclosed —
Hb*open — Hbopen — Hbpiockea = HbCO).

The dependences of fractions and rates of fast, middle and slow phases on [CO]
were fitted to full expressions for frus, fmiddies fsiows Kfasts Kmiddie and Ksion. The solid lines in
Fig. 4.11 represent best fits with parameter values k'; = 81 pM™'s™, k, = 51,000 s, k., =
14,000 s, k3 = 3,500,000 s, k.3 = 2150 5™, ks = 125,000 s™', kg = 100 57, K’y = 0.61
p.M'ls'l.

Generally, most of these values are similar to the analogous parameters for o
Trp(E7) subunit (except for k4 , k.4 and k’,, which are unique to B Trp (E7) subunits).

The values of k3 and k.; are undetermined; however, k3 must be at least 10-fold larger
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than k. At the same time, the equilibrium constant for the closed conformer, K3 = ky/k 3,
is defined and equals ~ 1600. This large value of K; determines the very small fraction of
open conformers compared to Hbgjoseq and explains the markedly slow bimolecular rate of

CO binding to the closed species.
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Figure 4.11. Dependences of the observed rates and the fractions of the fast and slow phases on
[CO] for CO binding to isolated Trp(E7) B subunits. A, squares represent the observed
fractions of the fast (red), middle (blue), and slow (gray) phases (fus, fricaie fsiow
respectively) observed after laser photolysis of Trp(E7) BCO subunits (see Figs. 4.2 and 4.3)
B, red circles represent the observed rates for the fast phase, k4. C, circles represent the
rates for the middle (blue), k,,;a4., and slow (gray), ky.., phases, respectively, measured after
laser photolysis. The gray diamonds represent the slow phase measured in stopped flow
rapid mixing experiments with the equilibrium forms of Trp(E7) deoxy B subunits. The
black lines represent fits to the model described in Scheme 4.3 for the blocked and closed
states, and the fitted parameters are listed in the text. The experiments were conducted in
100 mM Na phosphate, pH 7, 20 °C.
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Only slow phases are seen when isolated deoxy-B Trp(E7) subunits are rapidly
mixed with CO in stopped-flow experiments (Figs. 4.2B and 4.11C). Thus, at equilibrium
the closed Trp(E7) conformer is also favored in P subunits, whereas the blocked
conformer is a transient state, which is primarily seen after photolysis. This conclusion is
supported quantitatively by equilibrium analysis of Scheme 4.3 (Appendix 2, Equations
$59-S62), which indicates that the fraction of closed state for deoxy Trp(E7) P subunits is

>0.9.

4.9. Comparison of the mechanisms for o and P subunits.

In both subunits, ligand binding to the open state is fast (~ 90-80 uM's?) and
comparable to that for Gly and Ala(E7) mutants (~ 90-50 p.M'ls'l) (Chapter 3). The rate
of the decay of the initial open state (Hbgpen) to the closed or blocked states is 10 times
faster in B subunits than in o subunits (175,000 s vs. 18,000 s'l, respectively). The
multiple orientations of His45(CE3) in the crystal structure of deoxy-o(Trp(E7))B(WT)
(Fig. 4.6) provide a possible explanation for these differences. In the wild-type structures
of either deoxy-o. or ®CO subunits, His(CE3) forms a salt bridge with the heme-6-
propionate, which would have to be disrupted for either outward or inward movement of
the distal E7 tryptophan. In B subunits, the equivalent CD3 amino acid is Ser44. This Ser
residue is located too far to interact strongly with the heme-6-propionate, which could
explain the more rapid formation of the expanded open state (Hb*,peq) in B subunits and
account for the higher rates of inward movement of the B Trp(E7) side chain.

This idea is supported by the lack of a closed conformation in Trp(E7) Mb. In

wild type Mb, Arg(CD3) forms strong hydrogen bonds with the heme-6-propionate and
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water molecules at the entrance to the E7 channel, and the heme-7-propionate is fixed in
position by strong electrostatic interactions with His97(FG3), both of which would inhibit
expansion of the E7 channel. These interactions reduce the rate of hemin loss markedly in
ferric Mb (0.01 hr'') compared to Hb subunits in R state ferric hemoglobin [137], and
will also inhibit expansion of the E7 channel, preventing inward movement of the
Trp(E7) side chain in Mb.

The lifetime of Hbgpen in P subunits is also shortened by the appearance of the
unique blocked conformer of B Trp(E7). The formation of the blocked conformer in
subunits appears to depend on the orientation of the heme propionates, with the carboxyl
atoms lying below the heme plane, and the presence of a water molecule between them
(Figs. 4.5 B and 4.8 D). In o subunits and Mb the existence of this blocked conformer is
unlikely, because the heme-6-propionate is involved in strong electrostatic interactions
with either His45(CD3) (o subunits) or Arg45(CD3) (Mb), both of which keep the 6-
propionate “arm” above the heme plane (Fig. 4.5 A and 4.7). In the blocked conformer of
Trp(E7) Mb (Figs. 4.8 A), the indole ring has rotated 180° about the CB-Cy bond causing
the pyrrole N atom to be far away from the heme propionates.

In general, there appears to be more conformational flexibility in the B subunits.
This idea is supported by the observations that B subunits bind and release all the
diatomic gases ~2 times more rapidly and react much more rapidly with larger ligands
than the o subunits [142]. Larger rates of formation of the blocked and closed states in 3

subunits add further support to this conclusion.
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4.10. Opening and closing of the E7 gate in wild-type and mutant Mb and
Hb.

Roughly 15 years ago Champion and coworkers examined the interconversion of
the open and closed states of the His(E7) side chain in sperm whale MbCO [86, 87].
Using double-pulse flash photolysis methods, they were able to kinetically select and
then measure the fraction of open Mb molecules after the initial excitation pulse. The
interconversion rate between open and closed forms was estimated to be 1,400,000 s'in
aqueous solutions of Mb at neutral pH. A similar and probably, greater rate occurs
between the open and closed forms of His(E7) in hemoglobin subunits, which are, in
general, less rigid with fewer electrostatic interactions between His(E7), surrounding
amino acid side chains, and the heme propionates. Thus, the smaller, naturally occurring
His(E7) side chain can move rapidly between open and closed conformational states on
sub-microsecond time scales, probably without significant expansion of the distal portion
of the heme pocket. In contrast, inward movement of the larger Trp(E7) side chain
requires expansion of the distal pocket, which occurs at rates equal to ~18,000 s and
~51,000 s in the o and B subunits, respectively, and competes with bimolecular ligand
rebinding after laser photolysis.

Morikis et al. [84] and Tian et al. [86, 87] estimated that in Mb, the His gate is
open 3-5% of the time at neutral pH. In HbA, similar fractions of open His(E7) states (~
0.07) are obtained from comparisons of CO binding to the wild type Hb subunits (k'co =
6 uM's™") and to the open forms (~80-90 pM's!). The slow phase rate constants, k'co =
0.1 pM's™!, observed in rapid mixing experiments, indicate that the equilibrium fraction

of open Trp(E7) conformers is 50-fold smaller (~0.001) than that observed for His(E7).
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The larger more apolar Trp side chain prefers the interior, closed position and can be
accommodated at equilibrium in the distal pockets of both the o and B subunits.

In contrast to the Hb subunits, the indole side chain in Trp(E7) Mb does not
appear to form a closed conformer but remains in a blocked conformation in both the
liganded and unliganded states (Fig. 4.7). Rotation about the Ca-CP Trp(E7) bond to
bring the indole ring into a closed, internal conformation is restricted by close contacts
with the heme ring and by significant steric clashes with Val68(E11). In addition, the
cluster of charged amino acids (Arg 45, Asp 60 and Lys 66) and ordered water molecules
located in vicinity of the pyrrole portion of the indole ring (data not shown) may
electrostatically stabilize the conformation seen in Fig. 4.7. This structural interpretation
is supported by the observation of simple kinetics after laser photolysis of Trp(E7)
MbCO (Fig. 4.4 A). The observed bimolecular rate for CO binding to the Mb mutant is
close to that for the wild-type protein (Table 4.2), indicating that there is no dramatic
increase in hindrance at the iron atom due to filling of the distal pocket with the indole
side chain.

The bimolecular rate of CO binding to Mb is limited by internal Fe-ligand bond
formation, and is not affected significantly by the bimolecular rate of ligand entry [73,
143]. Because the Trp(E7) side chain can only block the entrance to the E7 channel and
does not influence iron reactivity, it has little effect on the overall association rate
constant for CO binding. In contrast, the bimolecular rate constant for O, binding to Mb
is governed more strongly by the rate of ligand entry. As a result, k'o; for Trp(E7) Mb is
~3-fold less than for wild-type Mb due to blocking of the entrance to the E7 channel

(Table 4.2).



126

Table 4.2. The parameters for ligand binding and opening and closing of the E7 gate for isolated
wild-type and mutant HbA subunits and Mb

Globin and conf . K’co Open — Closed, Ko K’ entry
obin and conforme uM"s" Blocked (s") uM-ls-l uM"s"

His(E7) o 5.5° >1,400,000? 40° 36°
Gly(E7) o 100° N.A. 250° 150°
Trp(E7) o

Open 92 210% 160°

Closed 0.12 18,000 ~0.5* 0.14°
His(E7) B 7.2° >1,400,000? 52° 42°
Gly(E7) B 40° N.A. 160° 89°
Trp(E7) B

Open 80 130° 250°

Blocked 0.7 130,000 1.7° 1.2

Closed 0.06 50,000 0.13*
His(E7) Mb 0.51° 1,400,000* 17° 34°
Gly(E7) Mb 5.8° N.A. 140° 540°
Trp(E7) Mb 0.70 N.A. 6.2" 8.6°

Rate parameters taken from: ® Chapter 3; ° Springer ez al. [100]; ¢ Scott et al. [22]; ¢ The interconversion
rate for Mb was taken from Tian et al. [86, 87]; corresponding parameters for Hb subunits were assumed to
be equal or larger than that for Mb (see section 4.1); * Computed as the slope of the linear dependence of
the observed rate on [ligand].

Scott et al. [22] estimated that the specific bimolecular rate constants for ligand
entry into the distal pockets of wild-type and Trp(E7) Mb are 34 uM's™! and 8.7 uM's!,
respectively. In contrast, the slow phases for O, binding to the Trp(E7) Hb subunits
exhibit bimolecular rate constants on the order of 2-5 uMs™}, which is significantly

smaller than for Trp(E7) Mb (Table 4.2), and suggests that the side chain of Trp(E7) can

enter the distal pockets of the a and B subunits of human hemoglobin but not in Mb.

4.11. Multiple pathways versus the E7 gate.
In both Hb subunits, the large indole side chain can enter the distal pocket and
form a closed conformer, which obstructs the E7 channel, restricts access to the iron

atom, and lowers the bimolecular rate of ligand binding 50-100-fold compared to wild-
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type human HbA. In B subunit, an additional conformation is formed in which Trp side
chain only blocks the entrance to E7 channel, but not access to the iron atom within the
distal pocket. Bimolecular ligand binding to this blocked conformer is still 10-fold slower
than to wild-type protein, suggesting that, if alternative ligand migration pathways occur,
those routes are taken < 10% of the time in B subunits containing His(E7). Much smaller
effects are observed for sperm whale Trp(E7) Mb where k'enr, is only ~3 to 4-fold less
than the value for the wild type protein, implying that more ligands could take alternative
routes in Mb. Alternatively, this smaller effect can be explained by a more flexible
orientation of the indole ring in the blocked conformer of Trp(E7) Mb in comparison to
that for the blocked B Trp(E7) state (see Figs. 4.8 A and D). In Mb, the Trp(E7) side
chain appears to have more rotational freedom about the Ca-Cp and CB-Cy bonds.

These structural and kinetic data for the Trp(E7) mutants argue strongly that the
E7 channel is the major route for ligand entry and escape, particularly for B subunits of
human hemoglobin. If the alternative pathways based on Xe binding and computational
predictions [36] were major routes for ligand migration in Hb, it would be hard to
understand how the blocked conformer of the B Trp(E7) mutant subunit (Fig. 4.8 D)
could have such large effects on the time courses for bimolecular ligand rebinding after
laser photolysis. These ideas are explored further in the next chapter where the effects of

Xe binding to and changes in internal volume in the Hb subunits are examined.
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CHAPTER 5: THE ROLE OF INTERNAL CAVITIES IN LIGAND
BINDING TO HUMAN HBA

5.1. Protein cavities, Xe binding, and ligand capture in globins.

Internal voids and pockets are common features of protein structure [144, 145].
Often, these cavities play obvious crucial roles in the function of the particular protein,
i.e. fatty acid binding in serum albumin [146] and oxygen access to the active site in
heme oxygenase [147]. In other proteins, internal cavities are referred to as simple
packing defects and their functional significance is not entirely clear, including
myoglobin [30, 31], hen egg-white lysozyme [148] , IL-1PB [149], Scapharca Hb [150],
cytoglobin [151], neuroglobin [152]. However, the conservation of some of these cavities
during the course of evolution implies their importance because the presence of these
packing defects appears to have a high energetic cost during protein folding and reduces
protein thermostability [145, 153-157].

Mb was the first globin molecule in which the existence of internal cavities was
discovered. In 1965, the Kendrew group [30] and then, in 1985, Petsko and coworkers
[31] reported crystal structures of Xe-bound Mb. Xe-harboring sites were found in the
proximal part of the heme pocket just below pyrrole ring B (called Xel), behind the heme
next to the vinyl group of pyrrole B (Xe2), in the back of the distal pocket (Xe4), and
between EF corner and H helix (Xe3). Later, it was demonstrated by our group and others
that these Xe cavities are involved in kinetics of internal ligand movements after
photolysis of Mb-ligand complexes [22, 33, 80, 158-160]. Most authors suggested that
Xe cavities, particularly Xe4 and Xel, serve to capture and retain entering ligands before

they bind to the heme iron, thereby, increasing the efficiency of ligand capture [158,
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160]. Molecular modeling and dynamic simulations went further and predicted that
apolar cavities may function as transient stations for ligands migrating from the solvent to
the active site of Mb and may be part of the pathways for ligand entry and exit [23, 24,
26, 27, 29, 77]. However, most experimental data do not support these theoretical
conclusions.

Filling these cavities with Xe or space-filling mutations (Trp, Phe) does not affect
significantly the rates of ligand entry and escape in Mb [22, 32, 80]. Time-resolved
crystallography demonstrated that the lifetime of CO in the Xel pocket strongly depends
on the size of the B10 residue, which is located on the opposite side of the heme,
suggesting that ligands can not diffuse into the solvent directly from the Xel cavity and
must first return to the distal pocket [53]. Replacing Leu(F4), which shields the Xel
pocket from solvent, with Gly did not increase the rate of ligand entry, indicating strongly
that the Xel cavity is not a part of the major ligand migration pathway [161]. In contrast,
analogous mutations at the E7 position resulted in ~10-fold increase in the association
rate constants for O, binding [20, 126]. Thus, functional studies almost uniformly
indicate that ligands enter the distal pocket via the channel created by outward rotation of
His(E7) [22, 32, 80, 84, 86, 87, 107, 126, 130].

Apart from harboring and helping to capture gaseous ligands, the Xe cavities in
Mb were also reported to bind fatty acids at very high concentrations, suggesting that Mb
may participate in transporting it to mitochondria. However, there is little or no in vivo
experimental evidence to support this hypothesis [162].

Hemoglobin I from blood clam Scapharca inequivalvis (HbI) is another

representative of the globin family revealing a system of apolar, internal cavities similar
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to those in Mb. Time resolved X-ray crystallography and FTIR spectroscopy associated
with temperature-derivative spectroscopy demonstrated that these cavities can trap
photodissociated CO molecules. However, again blocking these docking sites with Xe
atoms and organic halides (dichlorethane), as well as space-filling mutations, caused no
appreciable effect on ligand escape from protein [150, 163]. Thus, as in the case of Mb,
the distal His in the clam Hb was also proposed to be the major entry/exit pathway for
ligands.

However, the His(E7) gate is not a universal pathway for ligand diffusion in
globins. In some bacterial truncated 2/2 hemoglobins and the neuronal mini-globin from
the Nemertean seaworm Cerebratulus lacteus, ligands enter the protein between the C-
terminal ends of the E and H helices through an apolar tunnel [164]. Our group has
shown that, in Cerebratulus lacteus Hb (CerHDb), either blocking the apolar tunnel with
Trp mutations or filling the tunnel with Xe results in markedly diminished fractions of
ligand escape to solvent and slower rates of ligand entry into the distal pocket [68, 81].

As described in the previous chapters, detailed information regarding ligand
migration in human HbA is scarcer than for the monomeric globins due to the complexity
of four subunits, at least two quaternary structure transitions, and experimental
difficulties associated with the differences between o and [ subunits. Adachi and
coworkers [165] used time-resolved crystallography of Fe-Ni hybrid hemoglobins to
study ligand recombination in T-state Hb. After CO photodissociation, the electron
density corresponding to ligand in o subunits was observed in the primary docking site,

located 3.5 A away from Fe above the pyrrole C ring. In B chains, an additional ligand
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electron density sphere was found in the back of the distal pocket, ~ 8.5 A from Fe, in a
cavity circumscribed by B10, E11, E12 and G8 amino acid side chains.

Sottini et al. [35, 166] measured CO rebinding kinetics for R-state HbCO
encapsulated in silicon hydrogels in the presence of 80% glycerol at 10 °C and resolved
two different geminate rebinding phases with characteristic rebinding times of ~ 10 and
10 s. They concluded, that these phases did not reflect subunit heterogeneity but rather
corresponded to ligand rebinding from two discrete sites. Using molecular modeling, the
authors suggested potential ligand docking sites in the o and P distal pockets located in
the regions similar to the Xe4 binding site in Mb, and proposed that these cavities are
responsible for slower geminate process as was observed in Mb at physiological
conditions [22].

In an attempt to experimentally locate these internal, apolar cavities in o and B
subunits of HbA and to determine their potential involvement into ligand migration,
Savino et al. [36] crystallized Xe-bound deoxyHbA. In o chains, three Xe sites were
found, one in the distal pocket close to Phe(CD4) and two others roughly 14 A away
from heme iron in the protein matrix. In B chains, four Xe binding sites were identified,
two of which corresponded to the Xe4 and Xe2 cavities of Mb. An additional Xe atom
was found between these two cavities, and one atom was external, located between A and
H helices. Savino et al. [36] proposed that these Xe binding sites map multiple ligand
migration pathways from the active site to the solvent in both Hb subunits.

In the preceding chapters, the E7 gate in HbA was blocked and closed by
replacing the distal His with a larger Trp residue. The rate of bimolecular CO and O;

binding to the blocked B Trp(E7) conformer decreased 10-fold in comparison to wild-
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type, His(E7) species, suggesting that at least in P subunit ~ 90% of ligands bind to heme
via the His(E7) gate. In this chapter, the contribution of the apolar distal pocket and small
internal cavities on ligand migration within the o and B subunits of HbA were
investigated by measuring the effects of high xenon pressures and Phe and Trp
substitutions at the internal B10, E11 and G8 positions on ligand binding to isolated

chains.

5.2. Nanosecond CO recombination to o and P subunits and HbA tetramers.

Monitoring geminate rebinding after laser photolysis provides indirect evidence
for the extent of ligand migration inside globins immediately after the bond between the
ligand and Fe has been disrupted. Depending on the reactivity of the ligand and iron, the
length of the laser pulse, and the experimental conditions, rebinding from the initial
docking site of the ligand and/or from more distant locations within the protein can be
observed. In case of myoglobin, geminate O, recombination with the heme iron is
moderately slow (~10 ps™), which allows ligand molecules to migrate from the distal
pocket and rebind from more remote sites, presumably the Xe cavities. In human
hemoglobin A, due to the staggered orientation of the proximal His, the rate of in-plane
movement of heme iron increases, and, hence, the reactivity of the iron with ligands is
much greater [167]. As a result, O, geminate recombination in HbA is very fast (>100 ps
') and reflects primarily ligand rebinding from the vicinity of Fe [16]. More information
about ligand migration in hemoglobin subunits can be obtained by measuring geminate
CO recombination. The rate of internal CO rebinding to Fe is 10-fold lower than that for

O, which allows the ligand to escape to more distant sites. In addition, HbCO complexes
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are much more stable than HbO,, which tends to autooxidize, particularly in the case of

unstable mutants.
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Figure 5.1. CO geminate rebinding to HbA and isolated chains. (A) Geminate CO recombination to
HbA tetramers and isolated native o and B subunits. Smooth lines represent best fits to
single or double exponential equations. The signal was normalized (excluding the ultra-fast
phase). (B) Geminate CO recombination to HbA tetramers emphasizing the ultra-fast phase.
Samples, containing ~100 uM HbA(CO) in 1000 uM CO, were photolyzed with a 7 ns
Nd:YAG laser excitation pulse (at time 0.0). Geminate recombination was monitored at 436
nm. The ultra-fast phase is not well-resolved, because it decays simultaneously or even
faster than the laser pulse, and varies between experiments. The slow phase represents
rebinding from within the distal pocket. Measurements were conducted in 100 mM NaPi, pH

7,20 °C.

Fig. 5.1A shows typical time courses for CO geminate recombination to
tetrameric HbA and isolated o and B subunits. Calculated kinetic parameters are
presented in Table 5.1. In both subunits and tetramers, the kinetic traces are markedly
biphasic with one small ultra-fast phase in addition to a nanosecond geminate rebinding
process (Fig. 5.1). The ultra-fast phase represents ligand rebinding from the initial
photodissociated state adjacent to the heme iron atom and can not be measured reliably

using our 7 ns YAG laser, because this state decays simultaneously or even faster than
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the laser pulse (> 100 ps™). In this work the ultra-fast phase was excluded from the

analysis.

Table 5.1. Geminate parameters of CO recombination to HbA tetramers and isolated subunits.
Geminate parameters were computed using Scheme 5.2 and Equations 5.1-3. To compare Fg, of isolated
subunits to those of subunits within HbA tetramers, the latter were multiplied by 2 to normalize for heme
concentration (i.e. in HbA one half of heme groups is o, and the other half is B).

Subunit Parameter Monomer Tetramer
oWT Kgem 19.7 33.7
Feem 0.157 0.284
Kbond 3.09 9.51
Kescape 16.61 24.13
BWT Kgem 7.1 10.4
Fiem 0.262 0.33
Kpond 1.86 3.43
Kescape 5.24 6.97

One possible schematic representation of the multiple events occurring after laser

flash is provided in Scheme 5.1. In this mechanism, the ultra-fast phase corresponds to

HbX — B 2= G == Hb + X
: ™ { ks ks
Scheme 5.1

ligand recombination from the initial B state (the first geminate state), presumably the
area in the distal pocket just above the iron atom. The existence of this state was
previously identified in Mb [17] and suggested for hemoglobin subunits [16]. State C
represents ligands in rapid equilibrium between the B state and locations more distant
from the iron. The slower phase corresponds to ligand recombination from this C state.

When the rebinding and escape from the B state (k; and k;) are significantly faster then



135

geminate rebinding from the C state, the mechanism can be simplified (Scheme 5.2), and

the rate of ligand-iron bond formation can be expressed as kpond = k3ki/(k; + k2).

Scheme 5.2

Scheme 5.2 allows the rates of ligand entry and escape and ligand-iron bond formation to
be calculated using the following relationships, where k'co represents the overall
bimolecular rate constants for ligand binding from the solvent phase.

kbond = kgem Fgem

Equation 5.1

kescape = kgem (1 - Fgem )

Equation 5.2

’
k 4 — k co
entry F
gem

Equation 5.3

Similar biphasic geminate CO recombination to gel-immobilized HbA in 80%
glycerol was reported by Sottini et al. in 2005 [35]. They reported the characteristic half-

times for the fast and slow phases to be on the order of 10°® and 10 s, respectively, and
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suggested that slow phase reflects rebinding from distant cavities within protein matrix,
equivalent to the Xe sites in Mb.

The measured parameters for the major slow phases for the o and B subunits
agree well with previous estimates. Geminate rebinding is faster in o than in B subunits
(20 ps™ vs. 7 ps™, respectively), whereas the fraction of recombination is larger in B than
in oL (26% vs. 16%, respectively) (see Table 5.1). When the subunits are in tetramers, the
parameters change slightly. The fractions become ~30% for both subunits, mostly due to
an ~2-fold increase of Fgr, for the o subunits. kgem increases in both subunits ~50%, due
to an increase in the rate of bond formation between ligand and Fe (Table 5.1). The
escape rates did not alter significantly (< 30-40% increases). These increases in the rate
and extent of geminate rebinding are most likely associated with increasing compactness
and decreased flexibility of the distal pocket upon formation of subunit interfaces in the
HbA tetramer. o subunits demonstrated larger changes, in part, because at high
concentrations (50-100 uM), isolated B subunits exist in the tetrameric B4 form, and thus,
conformational mobility of the B distal pocket does not change significantly after the
formation of o, tetramers. o subunits, on the other hand, are mostly monomers at the
protein concentrations used, and aggregation into HbA appears to dampen the

fluctuations of its tertiary structure.

5.3. The effects of Phe and Trp substitutions at the B10 position on ligand
binding to o and B subunits of HbA.
Representative time courses for geminate CO recombination to o and 3 Phe(B10)

and BTrp(B10) isolated subunits are shown in Fig. 5.2. The ultra-fast phase, reflecting
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ligand rebinding from the initial photodissociated B state, was observed in the time
courses for each mutant subunit. The corresponding fitted parameters for the slow phases
are provided in Table 5.2. T used hybrid tetramers rHb o(Trp(B10))B(WT) to measure
ligand binding to oTrp(B10) subunits, which are not stable enough to be prepared as
isolated chains.
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Figure 5.2. CO geminate rebinding to isolated Phe and Trp B10 chains. Smooth lines represent best
fits to single or double exponential equations. In aPhe(B10), only the ultra-fast phase was
observed. Geminate rebinding to oTrp(B10) was not analyzed, because isolated chains were
not possible to prepare, probably, due to instability of the protein in monomeric state.
Geminate parameters for oTrp(B10) were obtained using hybrid tetramers Hb oTrp(B10)
BWT (data not shown). The signal was normalized (excluding the ultra-fast phase).
Conditions were the same as in Fig. 5.1. B10 corresponds to position 29 in o subunits, and
28 —in .

In o subunits, both Phe(B10) and Trp(B10) mutations cause complete inhibition
of slow geminate rebinding. In BPhe(B10) subunits, the fraction of slow geminate
recombination is reduced to 4%. These results are consistent with the effects of similar

replacements in sperm whale Mb on geminate O, rebinding, where the extent of total

recombination was reduced from 0.5 for wild-type Mb to 0.3 and 0.05 for Phe and
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Trp(B10) mutants, respectively [22]. Dramatic reductions of slow geminate CO rebinding
were also reported for Hb mutants containing Tyr(B10) and GIn(E7) in both subunits
[168], and hybrid Hb tetramers containing oPhe(B10) or oTrp(B10) in addition to inter-
subunit interfacial mutations [109]. These results demonstrate that bulky aromatic side
chains at the B10 position severely hinder the access to the iron for photodissociated
ligands that have moved to the back of the distal pocket and markedly decrease Kpond-
These mutations also dramatically reduce the size of the distal pocket, which entropically
reduces the barrier to ligand escape. This conclusion is supported by the calculated
geminate parameters for the BPhe(B10) subunits (Table 5.2), in which kpona decreased 2-
3-fold and Kescape increased almost 4-fold. Similar conclusions explain the behavior of
Phe(B10) Mb mutants [80].

Surprisingly, in BTrp(B10), the fraction of rebinding is only slightly lower than
that for BWT, and moderate increase in both ligand escape and bond formation are
observed (see Table 5.2). In this case, the more flexible B distal pocket can, probably,
accommodate both the large Trp(B10) side chain and the bound ligand, and because the
indole side chain is pushed away from the iron, it does not severely interfere with the
rebinding from the C geminate state. However, the volume of the distal pocket is reduced
and, hence, the values of kpong and Kegcape increase.

Space-filling mutations at the B10 position markedly affected bimolecular ligand
binding as well. The CO association rate constant, k’co, decreases 160 and 1600-fold for
the Phe and Trp aB10 mutants, respectively, compared to the wild-type subunit. Similar
trends are observed for O, and NO binding. The large differences between the rate

constants for the three ligands are due to intrinsic differences in their reactivities with
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iron. For CO, the formation of the bond between ligand and heme iron represents the rate
limiting step of reaction. NO binding is governed solely by the rate of ligand entry into
the distal pocket, because nitric oxide is highly reactive toward iron due to its radical
nature [73, 143]. O, association is regulated by a combination of these processes. The
most dramatic inhibition of the rate of ligand binding to Phe and Trp 0B10 mutants is
observed for CO (Table 5.2). This effect is caused by severe hindrance of the access to
the iron atom by the large aromatic rings at the B10 position. NO association rate
constants for olPhe(B10) and oTrp(B10) are only 6- and 30-fold smaller than the wild-
type parameters, respectively, and reflect the effects of these mutations on ligand entry
into the distal pocket. In case of O, binding, the decreases in k’gz are intermediate
between those for CO and NO, supporting the idea that both ligand entry and ligand-iron
bond formation limit O, association.

The presence of the ordered water molecule in the distal pocket of the aWT
deoxy-subunit confers resistance to bimolecular ligand binding (Chapter 3). The distal
pockets of the B10 mutants are, most likely, anhydrous, because the bulky B10 side
chains should displace water from the vicinity of the distal histidine. Displacing water
from the distal pocket partially compensates for the loss of volume in the active site and
the decrease of the access to the iron atom by the phenyl ring. Bimolecular binding to
BB10 mutants is more complex due to the appearance of the second, faster phase for all
three ligands. It is likely, that faster phase reflects an alternative, less hindered
conformation of the B10 side chains. The presence of distal pocket heterogeneity in Phe

and Trp B10 mutants of Hb was previously noticed by Wiltrout et al. [169] based on



Table 5.2. Rate constants for bimolecular CO, NO binding, NO dioxygenation and parameters for the slow CO geminate recombination to isolated o
and B B10 mutant subunits. Wild-type o. and B subunits have Leu(B10). In cases, where numerous rebinding phases were observed, numbers in parentheses
provide relative contributions of each phase. Parameter values after calculations were rounded to two significant digits. Keny, Was calculated using formula
Kentry=K’en ape. Conditions were the same as in Fig. 5.1.

aWT 016 20 3.1 17 52 33 2.0 31 50° 40

o Phe(B10)  ~0 nd. nd. nd. 0.032 nd. 0.27° 45 8.0 0.87
aTrp(B10)'!  ~0 nd. nd. nd. 0.0033 nd. 0.048° 0.817 1.6 0.033
BWT 026 7.1 1.9 52 92 35 6.7 68 50° 60
BPhe(BI0) 004 19 081 18 (‘,ﬁ%‘gf’;) N tas ST >100* 2?3(63‘)% )
BTm(BIO) 022 15 34 0 5.1(62%) 23 2.0 22(56%) 50(72%)  23(58%)

0.0029(38%) 0.013  0.0011 0.34(44%) 3.728%)  0.013(42%)

! Geminate and bimolecular binding parameters for a’Trp(B10) mutant were determined using hybrid mutant tetramer Hb oTrp(B10) BWT. To analyze geminate
parameters for mutant subunit within tetramer, the fraction of recombination was calculated from the expression 2Fgen= F, + Fg, where Fgp, is the fraction of
recombination for a tetramer, and F, and Fj - fractions of recombination for isolated subunits; the wild-type value for P subunit was taken from Table 5.1. The
calculated fraction for aTrp(B10) subunit appeared as small negative number, therefore, I assigned it the value of 0. 2 The amplitude of the slow phase in both
NO dioxygenation and bimolecular NO binding was less than 0.5 of the total absorbance change. The fast phase parameters agreed well and were assigned to the
wild-type B subunits. 3 k’nop for o and B WT subunits within HbA tetramer. % The rate of reaction was too fast to be reliably measured. 5 k’no Was used as the
rate of ligand entry, and wild-type parameters of the rates of ligand escape.

ovl
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NMR studies. The slow phases for BTrp(B10) subunits are identical to those for
oTrp(B10), suggesting that the conformation of the Trp side chain in the slow form of
BTrp(B10) is similar to that in oTrp(B10). The observed “wild-type-like" geminate
rebinding of PBTrp(B10) most likely corresponds to the species reacting faster in
bimolecular experiments, in which the indole ring is originally located further away from
the bound ligand in the ground state and stays there immediately after photolysis. For
BPhe(B10), the rate constants also monotonically decrease for the series NO, O,, CO;
however, k’no is little affected by the mutation, suggesting the absence of any influence
on the ligand entry.

Ligand migration into distal pocket is also a rate limiting step in case of NO
dioxygenation by oxyHb. Thus, k’nop can be used to assess K’cnry for liganded distal
pocket. NO scavenging is significantly inhibited in oPhe(B10), aTrp(B10), and
BTrp(B10) (Table 5.2). Surprisingly, in Phe(B10) k’nop increased 2-fold in comparison
to BWT, suggesting, surprisingly, that in the O,-bound form the mutated distal pocket is

even more accessible to NO than in the wild-type subunit.

5.4. The effects of Phe and Trp substitutions at the E11 position on ligand
binding to o and P subunits of HbA.

Time courses for geminate CO recombination to Phe and Trp(E11) mutants of the
o and P subunits are shown in Fig. 5.3. Fitted geminate parameters as well as calculated
rates of bond formation and escape are provided in Table 5.3. Like position B10, space-
filling substitutions at E11 demonstrate markedly different geminate CO recombination

from those of wild-type subunits. However, in contrast to B10 mutants, dramatic
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increases in the extent of internal rebinding are observed for these mutations at the E11
position. On average, 70% of ligands recombine in 0. mutants, and 90% in 3 mutants
containing Phe or Trp(E11). Analogous effects were reported for Phe and Trp(Ell)
mutants of sperm whale Mb, where geminate O, recombination increased from 50% in

wild-type protein to 90-100% in aromatic E11 variants.
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Figure 5.3. CO geminate rebinding to isolated Phe and Trp E11 chains. Smooth lines represent best
fits to single or double exponential equations. No ultra-fast phase was detected. The signal
was normalized. Conditions were the same as in Fig. 5.1. E11 corresponds to position 62 in
o subunits, and 67 in .

The increases in Fgey for the Phe(E11) mutants are primarily due to 10- and 20-
fold increases in kpong for the o and P subunits, respectively. The analysis of the Trp
mutants is complicated by the presence of two slow geminate phases; but it is clear that
almost complete recombination is achieved by much faster iron-ligand bond formation.
To simplify the analysis we assumed that the two phases represented distinct non-
interconverting conformations and fitted the time courses to two independent exponential

expressions and analyzed each phase in terms of Equations 5.1-3. In oTrp(E11), kpond
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increases 2- to 5-fold. In BTrp(E11), 10-fold increases in Kpond are observed only for the
larger phase, whereas the parameters for smaller phase are identical to those for the wild-
type B subunit. Variations in Kescape are smaller for the E11 mutants, ranging from ~ 2-fold
increases to 50% decreases (Table 5.3).

The effects of the E11 mutations can be readily interpreted in terms of structural
alterations of the distal pocket. First, the removal of steric hindrance by Cy of Val(E11) in
both the Trp and Phe mutants should facilitate the access to the iron atom and increase
the rate of ligand-iron bond formation. Second, reduced distal pocket volume increases
both the probability of bond formation and ligand escape into solvent. The crystal
structures of Trp [32] and Phe [143] E11 Mb mutants demonstrate less crowding in the
immediate vicinity of Fe compared to wild-type Mb with the naturally occurring
Val(E11). Steric relief is also observed as an ~3-fold increase of Kpond in Mb Ala(E11).
The ~10-fold acceleration of the ligand-iron bond formation in Phe and Trp E11 Mb
mutants is achieved due to both the loss of hindrance and sequestering the ligand closer
to the iron [22]. These volume considerations are also consistent with the fact that the
geminate parameters for WT are larger than those for BWT subunit, in which the distal
pocket is less crowded.

The rate constants for bimolecular ligand binding to the Phe(E11) mutants are not
markedly different from the wild-type parameters. CO binding is essentially unchanged,
and only 2-4-fold decreases in k’no and k’py are observed. As mentioned above, the
release of steric hindrance by Val(E11)—Phe substitution increases the reactivity of

heme iron. On the other hand, the ability of the distal pocket to capture and retain the



Table 5.3. Rate constants for bimolecular CO, NO binding, NO dioxygenation and parameters for CO geminate recombination to isolated o, and B Ell
mutant subunits. Wild-type o and B subunits have Val(E11). In cases, where numerous rebinding phases were observed, numbers in parentheses provide
relative contributions of each phase. Parameter values after calculations were rounded to two significant digits. Kenry was calculated using formula
Kentry=K’ entry/Kescape- Conditions were the same as in Fig. 5.1.

. Feem Kgem Kpond Kesea K'co K'entry k'no k'Nop K'oz
Subunit us’! us’! ;ls'l)e M5! uM s’ KIC'I'M;y aMst aMs? uM’s?
aWT 016 20 3.1 17 52 33 2.0 31 50 40
aPhe(EIl) 073 43 31 12 4.0 55 047 18 4 10

ey 03 17 6.2 11 4.6(50%) 13 12 23(67%) 43 11(61%)
alrp 029 48 14 34 0.85(50%) 29  0.086 3.1(33%) 1.3(39%)
BWT 026 1.1 19 52 92 35 6.7 68 50! 60
BPhe(E1l)  0.85 43 37 65 78 92 14 21 23 19

030 82 2.4 58  4.5(30%) 15 2.6 8.3(46%) 8.8(38%)
PTRELD 565 36 23 13 1.0(70%) 16 0.3 23(54%) 0t 2.162%)

" k’nop for o and B WT subunits within HbA tetramer
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ligand efficiently is compromised by reducing the accessible volume of the distal cavity.
Roughly equal contributions of these two structural factors determine the absence of
dramatic changes in the overall kinetic parameters of bimolecular ligand binding to the
Phe(E11) mutants, despite the dramatic increases in geminate recombination.

Both Trp(E11) mutants reveal biphasic bimolecular ligand binding. In oTrp(E11),
the fast phase parameters for CO, O, and NO recombination are identical to those of
oPhe(E11) mutant, suggesting that Trp residue acquired the conformation exhibiting
structural effects equivalent to oPhe(E11). The slow phase, most likely, reflects
oTrp(E11) conformer in which the inhibition of ligand entry many times exceeds the
favorable relief of steric hindrance at the iron atom. Similar conclusions can be drawn for
ligand binding to BTrp(E11). Rates of NO dioxygenation for oaPhe(E11), aTrp(El 1) and
BPhe(E11) mutants are not markedly decreased, compared to the wild-type, except in the

case of BTrp(E11) subunits, where a large decrease is observed.

5.5. The effects of Phe and Trp substitutions at the G8 position on ligand
binding to o and B subunits of HbA.

In contrast to the results for positions B10 and E11, Phe and Trp substitutions at
G8 did not produce marked changes in the slow geminate CO recombination phases
compared to wild-type Hb subunits (Fig. 5.4, Table 5.4). In o subunits, kyong decreased
only marginally for Phe and Trp(G8) mutants, and similar 30% decreases were observed
for the escape rates. The largest change in fraction of rebinding was observed for
BPhe(G8), where Fgem dropped 2-fold mostly due to a decrease in kpong from 1.9 to 0.6 ps

!, for the wild-type and mutant proteins, respectively. In BTrp(G8), both kyona and Kescape
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decreased ~2-fold, leaving Fgem intact. Generally, such changes in geminate parameters
would suggest that the distal pockets of o and B subunits are slightly expanded by the Trp

and not decreased in volume, a somewhat puzzling result.
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Figure 5.4. CO geminate rebinding to isolated Phe and Trp G8 chains. Smooth lines represent best
fits to single exponential equations. The signal was normalized (excluding the ultra-fast
phase). Conditions were the same as in Fig. 5.1. G8 corresponds to position 101 in o
subunits, and 106 — in P.

In Mb, the Phe or Trp(G8) substitutions speed up both the ligand-iron bond
formation and escape processes, which is consistent with a decreased distal pocket
volume. Generating additional space in the Mb distal pocket by the Ile(G8) to Ala
mutation results in the opposite changes, decreases in Kgem and Fgem [22].

The G8 mutants cause more pronounced alterations of the overall bimolecular
kinetic parameters (Table 5.4). Gradual decrease of association rates with increasing the
size of G8 residue from Leu to Phe and Trp are observed for CO and O; binding to o

mutants. However, NO binding remains unaffected, implying that the mutations decrease



Table 5.4. Rate constants for bimolecular CO, NO binding, NO dioxygenation and parameters for CO geminate recombination to isolated o and p G8
mutant subunits. Wild-type o and B subunits have Leu(G8). Parameter values after calculations were rounded to two significant digits. K.nqy Was calculated

using formula Kenry=K’ entry/Kescape- Conditions were the same as in Fig. 5.1.

aWT 016 20 31 17 52 33 20 31 50" 40
aPhe(G8)  0.15 13 20 11 36 24 2.1 40 55 30
o Trp(G8) 0.12 14 1.7 12 2.0 16 13 30 74 19
BWT 0.26 7.1 19 52 92 35 67 68 50 60
B Phe(G8) 0.12 52 0.6 46 22 19 42 41 75 31
B Trp(G8) 0.26 38 0.97 28 11 43 15 10 15 9.6

'k’ nop for o and B WT subunits within HbA tetramer

Lyl
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the rate of ligand-iron bond formation, but not the rate of entry, which agrees well with
the geminate data. All three gaseous ligands bind slower to the aromatic BG8 mutants. It
is particularly noticeable in BTrp(G8), where the rates of bimolecular ligand binding are
reduced ~10-, 6- and 7-fold for CO, O, and NO, respectively. Similar trends are observed
for NO dioxygenation. Again, only BTrp(G8) shows a marked decrease in k’nop
compared to wild-type B subunits.

The small effects of G8 substitutions on the geminate CO parameters suggest that
the immediate vicinity of the G8 position is not extensively involved in the stabilization
of the geminate state C (see Scheme 5.2). However, the strong effect of the BTrp(G8) on
bimolecular ligand binding does indicate a role of this position for ligand capture in B

subunits.

5.6. Ligand binding to isolated o. and B subunits and HbA tetramers at
various Xe pressures.

Representative time courses for CO geminate recombination to isolated ocWT
chains at 0, 4 and 9 atm of Xe are shown in Fig. 5.5 A. Calculated kinetic parameters are
listed in Table 5.5. Only slight increases in Fgem and no changes in kgen were detected
with increases in Xe partial pressure from O to 9 atm. The very small observed effects are
due primarily to a ~50% increase of kyong from 3.1 to 4.8 us'l. The average escape rate
showed only very small, statistically insignificant decreases. No effect of Xe pressure
was observed for bimolecular CO and O, binding. Kinetic traces for geminate CO

rebinding to B subunits at 0, 4 and 9 atm of Xe are shown in Fig. 5.5 B, fractions and



Table 5.5. The effect of Xe on kinetic parameters for bimolecular CO, O, binding and CO geminate recombination to isolated o and P subunits. Data,
when possible, were presented as mean value + standard deviation. Parameter values after calculations were rounded to two significant digits. Kewry was
calculated using formula Kenry=k’ cniry/Kescape. Conditions were the same as in Fig. 5.1.

. Foem Keem Kbond Kesca kK'co K'entry k'oz
Subunit us’! us’! ys‘r M5! uM’s?! KW uM's!
+0atm Xe .16 £ 0. + 120, + 80, + 2+0. +
M+0 X 0.16+0.01 201 31204 172 58+0.2 373 22+03 453
oM + 4 atm Xe 0.19 +£0.01 19+1 3.7+0.5 16 £2 6.1+0.2 312 20+03 42+3
oM + 9 atm Xe 0.24 £ 0.01 201 48+0.5 15+1 6.0+0.1 25+2 1.7+0.1 41
M + 0 atm Xe 0.26 +0.02 7.1+06 1.9£03 5304 147102 565 11x1 T4x2
ﬁM +4 atm Xe 0.29 £ 0.02 88+12 2506 63+1.8 12.8 £0.2 45 +4 7.1+2.1 65+1
BM + 9 atm Xe 0.30 £0.02 11+1 3206 74+2.1 11.0+0.3 36+3 4914 59

611
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rates are provided in Table 5.5. Again, Fgem increases only marginally upon addition of

. -1 -1
Xe, from 0.26 to 0.30, whereas, there is an increase in Kgem, from 7.1 us— to 11 us .

A 124 B 1.2]
1 m Xe
1.0 02t o 0 atm Xe
3 1 QL 4 atm Xe
< <
0.8 - g 0.8-
3 9 atm Xe
o
° 06 4 atm Xe S 06
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2 0.2 a subunit + Xe z ) B subunit + Xe
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Figure 5.5. CO geminate rebinding to isolated o (A) and B (B) WT subunits in the
presence/absence of Xe. Kinetic measurements were conducted in specially constructed
high-pressure cuvette (see Chapter 2 and [81]) in 1 atm CO plus 0, 4 and 9 atm of Xe. The
signal was normalized for comparison. Smooth lines represent best fits to single-exponential
equation. Experimental conditions were the same as in Fig. 5.1.

Both ligand-iron bond formation and ligand escape processes speed up upon
addition of the Xe, suggesting that Xe atoms may occupy space inside the distal pocket
reducing its accessible volume, and thus, increasing the probabilities of either collision of
the ligand with Fe or encounter with the exit route. Non-specific pressure effect for Hb
and other globins have been ruled out previously by others [33, 80, 81]. The distal pocket
Xe binding hypothesis is also supported by the small decreases in the rates of bimolecular
CO and O, binding to B subunits at increasing Xe pressures (Table 5.5). A more crowded
distal pocket reduces the probability of the ligand being captured in the active site. In
general, this effect is analogous to E11 space-filling mutations discussed in the previous

sections. However, the changes due to Xe addition are much smaller, presumably,

because the extent of Xe binding in the distal pocket is small.
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The parameters for geminate CO recombination to HbA tetramers shown in Table
5.6 are also little affected by Xe pressure, as expected from the results for isolated
subunits. To assess the influence of Xe atoms on ligand binding to T-state HbA, I
measured CO rebinding to Hb tetramers after full photolysis. Time courses at varying Xe
pressures are virtually indistinguishable from those in the absence of the noble gas (not
shown). To estimate the rate constants (k’1tco) of CO binding to T-state HbA, I fitted the
slow phase of each trace. Again, no changes were detected upon addition of Xe (Table

5.6).

Table 5.6. The effect of Xe on kinetic parameters for geminate CO recombination to HbA tetramers
and T state parameters for bimolecular CO binding. Data, when possible, were presented as mean value
+ standard deviation. Parameter values after calculations were rounded to two significant digits. F(ow + B)
represents the sum of Feer, for o and B subunits. Conditions were the same as in Fig. 5.1.

. Kgem Kbond Kesca k'rco
Subunit Feem F(o+PB) P s ”s-l" uM's

Hb o + 0 atm Xe 0.14 +0.03 34+3 4.7 +0.6 29+4

0.31 +0.03 0.24 +0.01
Hb B + 0 atm Xe 0.17 £0.02 10+2 1.7+0.4 8715
Hb o + 4 atm Xe 0.22 +0.03 30+3 64+1.1 23+2

0.37 £0.04 0.22 +0.01
HbB+4atmXe  0.16+0.03 99+26 1.6+0.5 83+2.1
Hba+9atmXe  0.23+0.03 33+3 74+0.7 26x3

0.42 +£0.02 0.24
HbB+9atmXe  0.19+0.02 111 20+0.4 85+1.1

The absence of effects of Xe on ligand recombination in HbA was not a surprise.
In Mb, increasing Xe partial pressure did not change the fraction of CO recombination,
which is inherently very small (~0.05) [81]. In the case of geminate O, rebinding to Mb,
the total amount of recombination also stayed unchanged upon addition of 15 atm of Xe;
however, the slow phase of the reaction disappeared [22, 80], suggesting that even though

ligands do visit the Xe binding sites in protein matrix, these cavities do not serve as ports
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of entry or escape. In Scapharca dimeric Hbl, Xe binding did not affect ligand escape
either; even though, MD simulations suggested that the route of escape should continue
through Xe binding cavities [150]. Only in CerHb did addition of Xe significantly

increase the fraction of geminate recombination (from 0.05 to ~0.30), confirming the role

of the apolar tunnel as part of the major route for ligand entry and escape [81].

5.7. Structural interpretations of kinetic effects.

The structures of the distal pockets of deoxy-oTrp(B10) (pdb code: 101N),
deoxy-0oPhe(B10)/GIn(E7) (pdb code: 101J), deoxy-BTrp(E11) (pdb code: 101M) and
cyanomet-BTrp(G8) (pdb code: 101I) are presented in Fig. 5.6. These structures were
solved by Dr. E. Brucker, who was part of the Phillips/Olson group at Rice University in
the middle 1990s and a senior scientist at Somatogen, Inc. I was unable to obtain crystals
of the rest of space-filling mutants, used in these experiments.

From Figs. 5.6A and 5.6B, it is clear that the immediate vicinity of the iron atom
is restricted by B10, E11 and E7 side chains. The distances from iron to oPhe(B10) and
aTrp(B10) are 5.5 A and 4.8 A, respectively. In native o subunits, the distance from iron
to C32 methyl of Leu(B10) is 7.4 A . In wild-type subunits, the Leu(B10) and His(E7)
side chains are flexible allowing up to 30% geminate CO recombination. Phe or Trp at
the B10 site are less prone to large fluctuation due to their bulky side chains, and
sterically hinder the formation of the first geminate state (state B in Scheme 5.1), which
almost completely abolishes geminate rebinding. In addition, the negative center of the
B10 benzyl ring multipole may interact with the partially positive Ne-H of His(E7)

imidazole (Fig. 5.6 A), reducing its flexibility and pulling it over the iron atom.Two
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significant structural alterations occur in BTrp(E11) (Fig. 5.6 C). First, the indole side
chain fills the accessible space in the back of the distal pocket markedly reducing its
volume; and second, replacing Val with Trp removes the unfavorable steric hindrance

imposed by the second valine 'y methyl group.

—

AN Trp(B810) . T B 0.Phe(B10)/GIn(ED"
LF o

Figure 5.6. Structures of the key B10, E11 and G8 mutants of HbA. The models of the mutant distal
pockets were constructed from the following structures: (A) deoxyHb oTrp(B10) B(WT)
(pdb code: 101IN); (B) deoxyHb oPhe(B10)/GIn(E7) BTrp(G8) (pdb code: 101J)); (C)
deoxyHb oPhe(B10)/GIn(E7) BTrp(E11) (pdb code: 101M); and (D) cyanometHb
oPhe(B10)/GIn(E7) BTrp(G8) (pdb code: 101I) determined by Dr. Eric A. Brucker (in
addition to listed mutations each structure contains Gly links between o subunits and VIM
replacements in both o and B subunits). The key residues of the heme pocket are labeled and
shown in sticks. The atoms are colored as following: white, carbon; blue, nitrogen; red,
oxygen; yellow, the atoms of other amino acids lining the binding site; and orange, heme Fe.
In (D), white and blue spheres represent CN group bound to Fe™. In each panel, the part of
the distal pocket was removed to show the internal structure.
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These structural features explain the dramatic increases in the fractions and rates
of CO geminate recombination in the Phe and Trp(E11) mutants. The conformations of
the Phe(B10), Trp(B10), and Trp(E11) residues in the mutant Hb crystal structures are
almost identical to those of Phe(B10), Trp(B10), and Trp(E11) side chains in the
corresponding Mb mutants [32, 143], and, in general, the effects of these substitutions on
ligand recombination Kinetics are also similar. BTrp(G8) does not demonstrate any
dramatic effects on CO geminate recombination, suggesting that the changes associated

with this mutation do not significantly influence ligand migration pathways.

A. Hb B subunit B. Sperm whale Mb

LeuB10

& LeuG12

/’9\ PheE15

Figure 5.7.  Structures of the distal pockets of B subunits of oxyHbA and cyanometHb BTrp(G8)),
top view (A), and wild-type and Trp(G8) sperm whale Mb, side view (B). The
structures were constructed from the PDB files: 2DN1 (oxyHbA); 1011 (cyanometHb
«Phe(B10)/GIn(E7)BTrp(G8)); 2MBW (aquometMb); 20HB (aquometMb Trp(G8)). The
atoms are colored as in Fig. 5.6, except, carbons are white in mutant structures, and purple
in wild-type structures. Large brown sphere represents Xed cavity in Mb. Coordinated
water molecules in aquometMb structures are shown as sticks.

In Fig. 5.7A, the model of the wild-type BO, distal pocket is superimposed on the

model of cyanomet-BTrp(G8) distal pocket. In addition to the change in the size of the
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G8 side chain there are other structural alterations in the heme pocket. In wild-type B
subunits, the side chain of Phe(E15) points toward the B pyrrole ring and is parallel to the
heme plane. In the Trp(G8) mutant, the phenyl ring of Phe(E15) has rotated ~90° away
from the heme to accommodate the bulky G8 indole group. The additional empty space
in the distal pocket created by rotation of Phe(E15) appears to compensate for the loss of
volume occupied by the indole ring of Trp(G8). In Mb, the Trp(G8) side chain assumes a
different conformation (Fig. 5.7 B) and does not displace any amino acid side chains.
Thus, in Mb, Trp(G8) does accelerate the bond formation and escape and inhibits
ligand diffusion into the remote docking Xel and Xe4 binding sites, which markedly
diminishes the secondary, slow O, geminate recombination phase [22, 32]. In the deoxy-
BTrp(G8) distal pocket (pdb code 101J, E. Brucker, not shown), the conformation of the
G8 indole is similar to that in cyanomet form, however, a water molecule is coordinated
to the pyrrole nitrogen of the Trp(G8), and the carbonyl O atoms of Gly(B6) and
Gly(E8). The distances between the water and Trp(G8), Gly(B6) and Gly(E8) residues
(3.2 A, 2.8 A and 3.1 A, correspondingly) allow the formation of strong hydrogen bonds.
This additional filling of space in the distal cavity significantly reduces the bimolecular

rates for ligand binding to BTrp(G8) in comparison to wild-type B subunits (Table 5.4).

5.8. Ligand trapping by noncovalent binding site.

The equilibrium constant for non-covalent ligand entry can be computed as
Kentry=K’ entry/Kescape t0 quantify the ligand capture efficiency of the distal pocket. This
constant depends on the volume and steric hindrance in the non-covalent binding site,

which is in or near the active site and serves to retain the captured ligand until it binds to
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the heme iron. For o and B native subunits these values are 2 and 6.7 M}, respectively
(Table 5.2-4), which is consistent with previous data suggesting a more spacious distal
pocket in B chains (Chapter 3, [103]). The presence of distal pocket water molecule in
wild-type o subunits is part of the cause of its smaller Kenyy value. Significant decreases
in Kenry were found for aromatic B10 and E11 mutants, with the Trp replacements
showing the most dramatic effects (Table 5.2-3). As expected, the G8 replacements in
HbA subunits did not appreciably affect Kenyy (Table 5.4). The largest effect was ~4-fold
decrease of equilibrium constant for ligand entry in BTrp(G8) due to both the bulky
indole ring of Trp and a water molecule connected to it. Together, these results support
“baseball glove” mechanism for ligand binding to Hb subunits, previously developed for
sperm whale Mb, which predicts a decrease in the rate and extent of entry when the back
of the distal pocket is filled with aromatic side chains [22]. The addition of Xe to the
HbCO solution has little effect on the accessibility of the non-covalent binding sites in
the o and B subunits of HbA. The only significant effect is found in B subunits, where
Kentry decreased ~2-fold (Table 5.5). In o subunits, this parameter is diminished ~20% in
the presence of Xe. These results support the idea that Xe atoms may penetrate into the B
distal pocket and reduce the volume of the non-covalent binding site, which diminishes
Kentry.- The o distal pocket appears inaccessible to xenon. However, the effects are small

in either case due, probably, to very weak binding of the noble gas.

5.9. Ultra-fast phase of geminate recombination and secondary sites in HbA.
The mechanism of geminate ligand recombination in myoglobin assumes that the

geminate O, rebinding is biexponential, with a fast phase reflecting ligand association
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from the distal pocket and adjacent Xe4 cavity and a slower phase, comprising ~25% of
the total geminate recombination, representing ligand rebinding from the more distant
Xel site [22, 32, 53, 80]. Recently, Sottini and coworkers reported the first evidence of
multiple geminate phases in human HbA [35, 166]. Based on the mechanism for O,
internal recombination to Mb, these authors linked the slower phase to ligand rebinding
from remote sites, distinct from the distal pocket, and identified the potential locations of
those cavities as Xe binding sites using molecular modeling. Later, these Xe cavities
were visualized in crystals of deoxyHbA [36].

In contrast, my results suggest that there are no remote secondary sites in HbA,
which are analogous to those in Mb. The slower phase for CO geminate recombination in
HbA was assigned to ligand rebinding from within the distal pocket or sites closely
adjacent to it. The ultra-fast phase was assigned to the rapid rebinding from the first
geminate state, where the ligand is still at or very near the iron atom (Scheme 5.1, state
B). My arguments are as follows. First, the slow phase for CO geminate recombination
does not disappear in the presence of Xe for either isolated HbA subunit (Fig. 5.5) as was
observed for Mb. In the latter protein, the geminate O, rebinding process becomes fast
and a single-phase in the presence of 2-5 atm of Xe due to occupation of secondary Xe4
and Xel sites. Second, the pathways leading to the proposed distant ligand docking sites
[35, 36, 166] would be sterically hindered by the E11 mutations, especially by the Trp
replacements, which would inevitably result in a decrease of the fraction of the slow
phase of recombination and a corresponding increase of the ultra-fast phase. In my
experiments, however, the slow phase does not disappear and the ultra-fast phase is not

observed at all in the geminate time courses for o and B E11 mutants (Fig. 5.3).
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Additionally, the absence of the ultra-fast phase for the internal CO rebinding in El1
mutants of HbA suggests that the naturally occurring Val(E11) is the structural barrier
between the kinetic states B and C (Scheme 5.1) that is responsible for the appearance of

the ultra-fast and slow CO recombination phases observed in the wild-type subunits.

5.10. Ligand migration via alternative routes in HbA.

Fig. 5.8 shows the crystal structures of the o and B Hb subunits with bound Xe
atoms as determined by Savino et al. [36]. These authors proposed that the cavities
occupied by Xe atoms comprise transiently open channel within protein matrix that
guides the diffusion of ligands between solvent and distal pocket. From Fig. 5.8 it is clear
that this tunnel is more pronounced in the B subunit and contains the string of well
ordered waters and xenon atoms, which visualize a potential migratory pathway very
similar to the apolar tunnel in Cerebratulus lacteus miniHb (CerHb) [68, 81].
Interestingly, the proposed tunnel in B subunit can be blocked by mutating Val(E11) to
Trp (see Fig. 5.6 C). In BTrp(E11), the indole ring of the Trp is located in the space above
the B ring of the porphyrin. The same area is occupied by Xe2 in the structure of xenon-
bound BWT subunit. My geminate recombination experiments seem to partially support
the role of the Xe cavities in ligand entry and escape mechanism. In o and B Trp(E11)
mutants the fraction of recombination increases dramatically (Table 5.3, Fig. 5.3).
However, the calculated rates of escape do not decrease in the Trp(E11) mutants, but
instead increase 2-fold and the observed increases in the fractions of recombination are

due almost exclusively to a markedly larger rate of ligand-iron bond formation. In

addition, Xe binding did not show any significant inhibition of ligand entry or escape
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(Table 5.5 and 5.6). In contrast, when the E7 gate in B subunits is blocked by replacing

His(E7) with Trp, a dramatic 10-fold reduction in the rate of ligand entry was observed

(see Chapter 4).

Figure 5.8. Structures of the o (A) and B (B) subunits of deoxyHb with bound Xe atoms. The
structures were constructed from the PDB file 2W6V (deoxyHbA with Xe) [36]. The key
residues of the heme pocket are labeled and shown in sticks. The atoms of the key amino
acids are colored as in Fig. 5.6, except, cyan spheres represent Xe, and blue spheres — water
molecules. Xe atoms identified in both o, o and B, B, chains are shown. In B subunit,
water molecules are shown to emphasize possible ligand migration pathway. In (B), the
W1 and W2 are external waters, while W3 and Xe atoms are buried inside the protein. In
both (A) and (B), part of the protein was removed to show the internal structure.

In CerHb, replacing one of the apolar tunnel residues, Ala(E18), with Trp leads to
~13-fold drop in the rate of escape [68]. Mutating CerHb Leu(G12), another tunnel
residue, to Trp also dramatically increases the extent of internal ligand rebinding.
However, this time the effect is due to 10-fold increase of kpong [81]. The difference
between two residues is their position relative to the distal pocket. E18 is located at the
solvent entrance to the apolar channel and truly blocks the entry pathway. Trp(G12) is
closer to the heme and effects of reduced distal pocket volume prevail. Thus, Trp(G12)

mutant cannot be used as a major argument in favor of the apolar tunnel being the main
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pathway for ligand migration in CerHb. However, a complete set of E7 mutants and other
substitutions in the apolar tunnel of CerHb strongly suggest that the latter passageway
regulates ligand entry and escape. Similarly, large increases in Fgen for the o and
BTrp(E11) mutants of HbA solely are not sufficient to prove the existence of the
alternative, non-E7 gate pathway proposed by Savino et al. [36]. When all the data are
taken into consideration, it seems clear that ligands primarily enter and exit the distal

pockets in subunits of HbA via the His(E7) route.

5.11. Baseball glove model and the E7 gate.

The work presented in this chapter suggests that the “baseball glove” model of
ligand binding, proposed originally for sperm whale Mb [22], is applicable to the o and B
subunits of HbA, because reducing the volume of the noncovalent binding site in both
subunits decreases the ability of the distal pockets to retain captured ligands until the
bond between ligand and iron is formed. The small internal cavities, analogous to the Xe
pockets in Mb, do not appear to transiently host ligands during nanosecond laser flash
photolysis experiments. In both subunits of HbA, the slow phase of geminate
recombination appears to correspond to ligand rebinding from within or very near the
distal pocket, and the ultra-fast process reflects rebinding from the initial geminate state
formed immediately after ligand photodissociation. Finally, the system of Xe-binding
sites observed in crystal structures does not appear to be part of the major pathway for
ligand migration between solvent and active site, because filling these cavities with Xe

gas does not affect significantly either ligand escape or bimolecular entry.
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CHAPTER 6: ENGINEERING HEMOGLOBINS WITH REDUCED NO
SCAVENGING AND OPTIMIZED O; AFFINITY FOR 3*” GENERATION HB-

BASED OXYGEN CARRIERS

6.1. Design principles for 3" generation Hb-based oxygen carriers (HBOCs).

The first attempts to use the solution of hemoglobin A as an artificial oxygen
carrier demonstrated that acellular Hb quickly clears from the bloodstream because Hb
tetramers dissociate into dimers, which are small enough to penetrate endothelial barrier
of the glomerular filters in kidneys and are excreted in urine [51]. One approach to
prevent tetramer dissociation was by genetically fusing o subunits of Hb via a single Gly
linker. The sequences encoding for o subunits were put in tandem in a vector with the C-
terminus of the o; subunit connected to the N-terminus of the o subunit by a Gly residue
[170]. The circulation half-life of expressed cross-linked recombinant Hb tetramers
increased up to 4-5 hours [51]. However, negative side effects were still observed.

Almost all Hb-based blood substitute prototypes cause an elevation in mean
arterial blood pressure immediately after administration. These extracellular hemoglobins
also cause decreases in gastrointestinal motility and small numbers of muscle lesions
adjacent to capillary beds in heart tissue [43-45, 171]. Acellular Hb appears to
extravasate into the space between endothelial and smooth muscle cell layers, scavenge
NO molecules by dioxygenation, and prevent NO signaling of smooth muscle relaxation.
In the scavenging reaction, oxyHb acts as a pseudoenzyme by oxidizing NO to nitrate
and then being re-reduced to oxyHb by reductases, glutathione, and/or ascorbate [5, 6,

172].
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One strategy to reduce the rate of NO dioxygenation is to decrease the rate of
ligand entry into binding site of HbO, by decreasing the size of the distal cavity. As
discussed in the previous chapter, this reduction in ligand capture rate can be achieved by
replacing residues lining the interior of distal pocket with amino acids possessing bulky
aromatic side chains. Filling the distal pocket by introducing Trp and Phe residues at the
B10 position in sperm whale Mb led to 10- and 4-fold decreases in the bimolecular rate
constants for NO dioxygenation (k'xop), respectively. Similar decreases in k'nop were
observed for Trp and Phe substitutions at positions E11 and, to a lesser extent, G8 (Fig.

6.1)[5,7, 38].

Figure 6.1. Reduction of k’yop using space-filling mutations at B10 and E11 positions in sperm
whale Mb. The models were constructed using the following PDB files: (A) Mb Phe(B10),
2GOR; (B) Mb Trp(B10), 1ILTW; (C) Mb Trp(El1), 20H9. The k’nop parameters for
depicted mutants were 8.1, 3.2 and 4.1 uM's" for Phe(B10), Trp(B10) and Trp(El1),
respectively (wild-type value is 34 uM's™"). Heme and key residues are shown in sticks
(color code: white, carbon; blue, nitrogen; red, oxygen), space-filling replacements are
shown in blue spheres, surrounding residues are shown in yellow spheres; iron is shown as

orange sphere. Some residues were removed to demonstrate the inner structure of distal
cavity.

The same approach was successfully used to reduce k'nop in recombinant Hb
blood substitute prototypes [38, 43]. Insertion of Phe at the B10 position caused large
decreases in the rate of NO dioxygenation reaction in o subunits but only modest

decreases in B subunits. On the other hand, a significant reduction of k’nop was observed
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for the Phe(E11) mutation in B subunits but not in o subunits [6]. Trp replacements at
B10 and E11 positions were even more effective [43]. Unfortunately, recent work in the
Olson laboratory has shown that the Trp(B10) mutation dramatically decreases apoglobin
stability and the production of holoprotein during expression in E. coli.

Decreasing the volume of the distal pocket slows down the rate of NO entry and
hinders to almost the same extent the binding of other ligands, including oxygen. This
decrease in k’p, has been demonstrated for Mb mutants containing Phe and Trp
substitutions at E11 and B10 positions [5]. In addition, these Mb variants often show
large decreases in the rate constant for O, dissociation. Based on these initial results,
some research groups have argued that NO dioxygenation and O, transport are tightly
linked and that side-directed mutagenesis would fail to design an efficient oxygen carrier
with a low rate of NO scavenging [47, 50].

In 2002, Dou and coworkers [5] studied O, uptake and release by recombinant
Mb prototypes in a 25 um capillary system and demonstrated that for physiologically
relevant residence times (0.5 s), even an 100-fold decrease in the O, association rate
constant (i.e. mutation of Leu(B10) to Trp) will still allow ~90% uptake of O; in a
situation resembling lung alveolar capillaries. In contrast, ligand dissociation rates are
critical for efficient O, delivery. In the Phe(B10) MbO, mutant, which has markedly
reduced Pso (0.067 uM) and rate of O, dissociation (1.4 s"), the extent of oxygen release
decreased 10-fold in comparison to O, release value for the wild-type oxyMb, which has
a "normal” Psp (0.91 pM) and ko (15 s7).

Because O, dissociation is governed primarily by electrostatic stabilization by

His(E7) in both Hb and Mb, Psp and NO scavenging can be manipulated independently
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by site-directed mutagenesis [5, 12, 103]. First, weakening the strength of hydrogen
bonding between bound ligand and distal His increases the rate of O, dissociation. This
weakening can be achieved by replacing His(E7) with Gln. In Mb, introducing a GIn(E7)
substitution into the Phe(B10) mutant leads to a ~30-fold increase in Pso (from 0.067 uM
to 2.2 uM), while k'Nop increased only 2-fold (from 8.1 pM's™ to 17 uM's?) [5, 38].
Additionally, the Val(E11) to Ile substitution preferentially reduces O, affinity (Pso
increased from 0.91 uM to 4.35 uM) due to restricted access to Fe atom in deoxy-state
and steric clash between C$ of Ile side chain and bound oxygen in the liganded form, but
has little or no effect on NO binding or dioxygenation [143].

In the case of tetrameric HbA, the introduction of allosteric mutations represents
another approach to improve the O, transport characteristics of potential Hb-based O,
carriers (HBOCs). This strategy allows modification of O, affinity without changing the
amino acid content and architecture of the active site and involves perturbing the R to T
quaternary state equilibrium with mutations that are usually located at the inter-subunit
contacts. For example, the B Asn108(G10) — Lys substitution (Hb Presbyterian) was
used in rHbs containing genetically fused o subunits to raise Pso from 10 to 32 mm Hg
[43]. The B Lys82(EF6) — Asp mutation (Hb Providence) increases Psq to a lesser extent
but has the added advantage of increasing the expression yields and stability of the
mutant HbA [173]. When introduced together, these mutations exhibit additive effects
and can cause Ps to rise to 46 mm Hg [38]. The effects of these replacements are caused
by stabilization of low affinity T-quaternary state. In contrast, the replacement of Tyr at

position 145 with His in B-chains locks tetrameric Hb in the R-state and Pso drops from
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10 to 2.7 mm Hg [43]. These substitutions allow adjustments of O, to either higher or

lower values.

6.2. Rational design of Hb distal pocket mutants with reduced NO
scavenging.

As stated above, the reduction of NO dioxygenation can be achieved by using
space-filling mutations in the distal pockets of o and B subunits. Unfortunately, the most
effective Hb mutant, rHb 3011, containing Trp replacements at o B10 and B El1
positions, shows reduced globin stability and expression yields, most likely caused by
introducing large, partially polar indole side chains into the distal pockets of the Hb
subunits. Thus, my first approach was to try to decrease the ligand capture volume in the
distal pocket using new space-filling mutations of HbA, avoiding Trp substitutions.

SW MbO, « subunit HbO, f» subunit HbO,

ArgCD3 HisCD3

LysE10 SerCD3

ThrE10 LysE10 &
- HisE7 }’

PheCD1

1
|

PheB14 ~—
PheE15 | i

LeuE1S

t [ & LeuB13 t & MetB13
“ lleG8 4
LeuGas
0,2nd NO ENEES
fleG12 non-covalent el
binding sites

Figure 6.2. Top views of the distal pockets of sperm whale MbO, and o and B subunits of human
HbO,. In Mb, the size of non-covalent binding sites was successfully reduced by Trp and
Phe replacements at B10 and E11 positions (see Fig. 6.1). In Hb, similar approach is
proposed to lower NO scavenging. Heme is shown in white sticks, amino acid residues are
labeled and shown in yellow spheres (except, Val(E11) is shown in green), B10 residue is
not shown to visualize non-covalent binding sites; O, is shown in red spheres. PDB codes
for Mb and Hb are 1A6M and 1HHO, respectively.
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Previously, large decreases in K'entry» and k'nop were observed for the single
Phe(E11) mutation in B chains, in part because the phenyl ring of BPhe(E15) keeps the
large Phe(E11) side chain in position to decrease the distal pocket volume and inhibit
non-covalent ligand capture (Fig. 6.2, B subunit) [6]. In o-subunits, the E15 position is
occupied by Leu, which appears to allow the oPhe(E11) side chain to rotate away from
the capture cavity, leaving its volume relatively unchanged (Fig. 6.2, o subunit). My first
mutagenesis attempt was to introduce Phe at E15 position in o-subunits to see if the
double mutant oPhe(E11)/Phe(E15) would have a reduced k’nop value similar to those
seen for the single BPhe(E11) mutant.

Insertion of Phe at the aB10 position demonstrated large decreases in the rate of
NO dioxygenation reaction. Surprisingly, in B-subunits, the Leu(B10) — Phe mutation
caused only small effects, and Eich et al. [6] hypothesized that large Phe(B10) side chain
in B chain may rotate into the empty space next to the BLeu(B13) and BLeu(B14) side
chains. In a chains, the B13 and B14 positions are occupied by Met and Phe side chains,
respectively, which prevent Phe(B10) rotation. As a result, the oPhe(B10) mutation
markedly decreases the rate of NO entry into the mutant o subunit. A second mutagenesis
experiment was to try to “lock down” the Phe(B10) side chain in B subunits by
introducing an additional Phe residue at the B B13 position, imitating the situation in o
chains.

Dou et al. [5] reported three Mb mutants containing Phe(B10), GIn(E7) and Ile,
Leu, or Phe at the E11 position. These three triple Mb mutants exhibited 3-20-fold
decreases in NO dioxygenation in MbO, and high levels of expression. Thus, my third

mutagenesis experiment was to introduce these same triple combinations into the & and 3
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chains of Hb. Based on these ideas and previous work, I constructed and purified the
following mutant combinations: Phe(B10)/GIn(E7)/Leu(E11),
Phe(B10)/GIn(E7)/Phe(E11), and Phe(B10)/GIn(E7)/lle(E11) in both o and B subunits in
the form of mutant hybrid tetramers, which contain one wild-type subunit pair and one
mutant subunit pair, and multiple mutant Hb tetramers with Phe(E11)/Phe(E1S) in o
chains and Phe(B10)/Phe(B13) in B subunit.

Our goals in this work were to screen for new rHbs with low k’nop values that
express well and have O, affinities equal or less than that of wild-type HbA (i.e. Psp > 10
mmHg). All of the proteins demonstrated robust expression yields, resistance to
autooxidation and stability even after numerous freeze-thaw cycles. The expressed
multiple mutant combinations possess a variety of interesting O, and CO binding
properties related to increases or decreases in direct steric hindrance and in electrostatic
interactions with the bound ligands. However, the focus of this chapter is on reduction of
k’nop and enhanced expression and stability. More detailed discussions of how the
individual mutations affect O, and CO binding are given in Dou et al. [S], Mathews et al.

[103], and theses of Drs. Rachel Schweers [69] and David Maillett [58].

6.3. Oz and CO binding to multiple mutants.

Tables 6.1 and 6.2 provide parameters for O, and CO binding to the space-filling,
double and triple mutant subunits within hybrid tetramers. The key conclusions from
these data are as follows. (1) The His(E7) to GIln mutation increases the rate of O,
dissociation from o subunits containing Phe(B10) substitution and decreases their O,

affinities making them viable O, transporters. (2) The Phe(B10) and GIn(E7) mutations
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in B subunits uniformly increase ko, and decrease Koz, again making the mutants better
for oxygen delivery. (3) The double mutants oPhe(E11)/Phe(E15) and
BPhe(B10)/Phe(B13) cause smaller effects on O, and CO binding. (4) In o subunit,
replacing Val(E11) with Ile dramatically increases O, dissociation and decreases O;

affinity.

Table 6.1. O, binding parameters for space-filling mutant series. The parameters shown are for the
subunits within hybrid mutant tetramers (i.e. Hb omutant)/B(wild-type)). Assignment of the observed
phases was done based on comparison to wild-type parameters. Data for wild-type subunits were taken
from Table 3.1 (Chapter 3). Values were rounded to two significant digits. To identify the mutations, the
conventional polypeptide nomenclature was used, according to which amino acids are enumerated starting
from the N-terminus of the protein. In o subunits, position 29 corresponds to B10 position in helical
nomenclature, 58 — E7, 62 — E11, 66 — E15; in  subunits, position 28 corresponds to B10, 31 — B13, 63 -
E7, 67 - El1l.

Globin ull\";g:," ks?f’ Kmf;_’. Globin ull‘\:[‘f%;_. ks‘?%’ pKl\(')Iz',l
oOWT 29+11  14#8 1.9+0.5 BWT 60+12  31x13 3.9+0.6
o.29F/H58Q/V621 48 130 0.37 BL28F/ H63Q/V6T1 10 140 0.075
aL29F/H58Q/V62L 9.8 64 15 BL28F/ H63Q/V6TL 13 110 0.1
aL.29F/H58Q/V62F 5.7 99 0.8 BL28F/ H63Q/V67TF 13 51 0.26
aV62F/L66F 38 34 1.1 BL28F/L31F 18 21 0.85

Table 6.2. CO binding parameters for space-filling mutant series. The parameters shown are for the
subunits within hybrid mutant tetramers (i.e. Hb o(mutant)/B(wild-type)). Assignment of the observed
phases was done based on comparison to wild-type parameters. Data for wild-type subunits were taken
from Table 3.1 (Chapter 3). Values were rounded to two significant digits. Here, the same nomenclature
was used to specify the mutation as in Table 6.1.

Globin K’ co, kco, Kco, Globin K’co kco» Kco
M5! s’ pum! uM7s? s um-!

OWT 40 0011 360 pwr 71 0.008 890
+1.1 +0.004 +200 +2.0 +0.001 +440

oL.29F/H58Q/V621 24 0.0075 320 BL28F/ H63Q/V6TI 0.26 0.0076 34
oL.29F/H58Q/V62L 1.6 0.0072 220 BL28F/ H63Q/V67L  0.57 0.0049 116
0L29F/H58Q/V62F 0.26 0.0068 38 BL28F/ H63Q/V6TF 12 0.0050 244
0 V62F/L66F 55 0.0063 870 BL28F/L31F 1.5 0.0063 237
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6.4. NO dioxygenation by the space-filling mutants.

As discussed in Chapters 2 and 3, nitric oxide is a free radical and extremely
reactive with other molecules with unpaired electrons (i.e. superoxide) and high spin
ferrous iron (Fe**). As a result, NO binding and NO dioxygenation are limited only by

the rates of ligand entry into the distal pocket, and not steric restrictions at the iron atom

[6].
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Figure 6.3. NO dioxygenation by multiple o (A) and B (B) space-filling Hb mutants. 2 uM
solutions of Hb and NO were mixed in stopped flow, rapid mixing apparatus (final
concentration is 1 uM) at 20°C, in 100 mM KPi buffer, pH 7. Absorbance changes
were monitored at 402 nm and normalized for comparison. rHb3011 (purple),
containing oL.29W/H58Q and BV67W mutations, and HbA (black) were used as
controls for slow and fast NO scavenging, respectively. Here, the same nomenclature
was used to specify the mutation as in Table 6.1.

Fig. 6.3 shows time courses for NO dioxygenation after mixing equimolar
amounts of the space-filling oxyHb mutants with nitric oxide in a stopped-flow
spectrophotometer. HbA and rHb3011 (aL29W/H58Q and BV67W) served as controls
for fast and slow NO scavenging, respectively. In order to compute k'nop for these

proteins the same reactions were carried out under pseudo-first order conditions (= 5-fold

excess NO). The measured k'nop values are presented in Table 6.3. The association rates
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for NO binding were determined using flow-flash technique (see Chapter 2). Both k’no
and K’nop follow the trends observed for k’oz and k’co in Tables 6.1 and 6.2. In o
mutants, the lowest rate constants for NO binding and dioxygenation were observed for
the oPhe(B10)Y/GIn(E7)/Leu(E11) and oPhe(B10)/GIn(E7)/Phe(E11) combinations. No
reduction and, in some cases, even slight increases in rates were seen for rHb tetramers
containing 0Phe(B10)/GIn(E7)/Mle(E11) and oPhe(E11)/Phe(E15). In B subunits, the NO
association rate constants diminished only ~2-fold for all the multiple mutants in
comparison to wild-type parameters; the best combination, BPhe(B10)/GIn(E7)/Phe(E11),

demonstrated only a 3-fold reduction of k’nop.

Table 6.3. Rate constants for NO dioxygenation by multiple Hb mutants and isolated chains. The
parameters shown are for the subunits within hybrid mutant tetramers (i.e. Hb amutant)/B(wild-type)).
Subunit assignments of the observed phases were done based on comparison to wild-type parameters. In
mutant tetramer Hb oa(V62F/L66F)B(L28F/L31F), subunit assignments were based on comparison to the
hybrid tetramer Hb a(V62F/L66F)B(WT). NO association rate constants for wild-type subunits were taken
from Table 3.4 (Chapter 3). k’nop parameters for aWT, BWT and rHb3011 were obtained from single-
exponential fits of NO dioxygenation time courses. Values were rounded to two significant digits. The
same nomenclature was used to specify the mutation as in Table 6.1.

Globin “';,'[“f?s’_l :I;}l“f{‘s’.’, Globin u';:["ﬁ;’.l mﬂ‘s’.’,
aWT 31 74 BWT ‘ 68 74
rHb3011! 4.8 56 rHb3011! ‘ 4.8 56
aL29F/H58Q/V62I 53 84 BL28F/ H63Q/V6TI 34 47
aL29F/H58Q/V62L 15 17 BL28F/ H63Q/V6TL 39 32
al.29F/H58Q/V62F 8.9 19 BL28F/ H63Q/V6TF 26 23
QV62F/L66F 55 62 BL28F/L31F 35 100
aL29F/H58Q/V62L? n.d. 18

aL29F/V62L 35 > 120

1 ?

k No parameters were m§asured for rHb3011 analog, containing di-a crosslink and stability mutations,
described lazter in .the Section 6.5. These modifications did not show any effects on NO dioxygenation (see
Table 6.4). “NO dioxygenation was measured for the isolated subunit.
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Unfortunately, none of the new multiple mutants show k'nop values equal to or

less than that of rHb3011 (£ 6 uM'ls"). The best candidate, rHb

oPhe(B10)/GIn(E7)/Leu(E11), was characterized more thoroughly. The mutant o, subunit
was isolated and NO dioxygenation measured under pseudo-first order conditions with
excess [Hb]. Again the corresponding rate constant was 2-3-fold larger than that of the
previous best mutant, tHb3011. In attempt to further reduce NO scavenging in rHb
containing oPhe(B10)/GIn(E7)/Leu(E11), I increased the size of the E7 gate by the
reverse mutation GIn(E7) — His. However, this substitution caused an increase in k'nop
(Table 6.3) to a value almost 10 times larger than the original GIn(E7) containing mutant.
Thus, it is clear that the side chains at positions B10, E7 and E11 can interact in non-
additive ways making the design of a more compact active site difficult.

In general, the effects of space-filling mutations were disappointingly smaller
than expected (Table 6.3). Some of the multiple mutants even increased rates of NO
binding and scavenging (i.e. oPhe(B10)/GIn(E7)/lle(E11), oPhe(B10)/Leu(E11),
BPhe(B10)/Phe(B13)) suggesting that combinations of large residues in the distal pocket

may cause expansion of the active site and greater access to the iron atom and bound O,.

6.5. Improving oxygen affinity, apoglobin stability and expression yields of
recombinant human HbA.

Our experiments and observations suggested that the oTrp(B10) substitution is
the main cause of the lower expression and reduced apoglobin stability of rHb3011,
which was the most effective 2™ generation rHb-based blood substitute prototype with

low NO scavenging developed by Somatogen, Inc [43]. To test this idea Trp at the «B10
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position was replaced with Phe. The Phe(B10) mutation also significantly decreases the
rate of NO dioxygenation in o subunits [6]. The negative feature of the oPhe(B10)
mutation is that it increases O, affinity in both the R and T states [58, 109].
Unfortunately, when the GIn(E7) mutation is added to increase Pso, it also raises k’Nop
several fold. To address the O, affinity issue for the single oo Phe(B10) mutant, two
allosteric mutations, o Val96(G3) — Trp and P Lys82(EF6) — Asp were added to the
recombinant Hb containing the oPhe(B10) replacement. Both these substitutions stabilize
the low affinity T state formation and markedly decrease O, affinity [109, 173]. In
addition, BHis(E7) was replaced with Gln to increase O; dissociation from the [ subunit
containing the Val67(E11)Trp mutation. The final combination included
oPhe(B10)/Trp(G3) and PBGIn(E7)/Trp(E11)/Asp(EF6). The NO dioxygenation rate
constant for this mutant was measured and is presented in Table 6.4 along with

parameters for other low NO scavenging Hb mutants, discussed in the following sections.

Table 6.4. Rate constants for NO dioxygenation by multiple low NO scavenging rHb mutants with
improved apoglobin stability. The same nomenclature was used to specify the mutation as in Table 6.1.
The positions of allosteric and stability mutations are converted to helical nomenclature as follows: a15 —
o(A13), 096 — o(G3), B16 - B(A13), B82 — B(EF6), B116 — B(G18).

k'
| Mutant "N;‘S{:.’l
HbA ‘ 50.0
rHb a(L29W/H58Q) B(V6TW) 3.8
rHb o(L29W/H58Q) + 0,-G-a1, B(V6TW) 3.5
tHb o(G15A/L29W/H58Q) + 0,-G-a1, B(G16A/V6TW/H1161) 42
rHb o(L29F/V96W) B(H63Q/V6TW/K82D) 6.8

The expression yields of the new mutant improved markedly. The total amount of

the rHb o(Phe(B10)/Trp(G3))B(His(E7)/Trp(E11)/Asp(EF6)) after final stages of

purification was ~ 2.5 g (20 L fermenter/~300 g packed cells), while the expression of
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wild type HbA usually results in ~ 1.5 g. The oxygenated form of this mutant revealed no
signs of rapid autooxidation. The increase in the yield was attributed not only to the
removal of the destabilizing aTrp(B10) mutation, but also to the introduction of
BAsp(EF6) mutation [173] .

Previously, our lab had shown [174] that both rHb expression and apoglobin
stability can be increased by incorporating replacements obtained from sequence
comparisons of o and B chains of human HbA with the corresponding subunits of the
more stable sperm whale and human fetal hemoglobins. The final combination, which
demonstrated strong additive increases in the stability of the Hb tetramer contained
Gly(A13) to Ala replacement in o subunits and Gly(A13) to Ala and His(G18) to Ile
mutations in B subunits. The Gly—Ala mutations appear to strengthen A helices in the o
and P subunits, and the Blle(G18) replacement strengthens the o, interface.

Looker et al. [170] showed that di-o crosslinking not only increases the retention
of rHbA in the bloodstream but also appears to enhance resistance to denaturation. One
Gly residue can be used to genetically connect the C-terminus of o; with the N-terminus
of op, and the resultant di-o gene can be co-expressed with the B gene to produce

crosslinked HbA tetramers, which are structurally and functionally very similar to wild-

type HbA.

In collaboration with Dr. Cornelius Varnado, we constructed, expressed and
purified Hb mutants containing the di-o. genes and stability mutations. The rate constants
for NO dioxygenation were measured for these proteins and are provided in Table 6.4.
All the mutants exhibited low k’nop values. Neither di-a crosslinking, nor the stability

replacements reversed the effects of distal pocket mutations on NO dioxygenation.
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Substituting Phe for Trp at aB10 position slightly increased k’nop, but not significantly
6.8 pM's vs. 4 pM’'s™). The allosteric mutations Trp(G3) and Asp(EF6) did not
modify the reactivity towards NO, but did greatly improve expression and stability. The
R-state  parameters of O, binding for the multiple rHb  mutant
containing olPhe(B10)/Trp(G3) and PHis(E7)/Trp(E11)/Asp(EF6) and the rHb3011
mutants containing di-o crosslinking and stability mutations were measured and are listed
in Table 6.5. In all three low NO scavenging mutants, the association rate constants for
0O, and CO binding decreased dramatically in comparison to wild-type parameters,
whereas oxygen dissociation rates are equal or higher than those for native HbA subunits.
As a result, O, affinity in these multiple rHb mutants diminished = 100-fold.

Table 6.5. O, and CO R-state binding parameters for multiple low NO scavenging rHb mutants with
improved apoglobin stability. The same nomenclature was used to specify the mutation as in Table 6.4.

Globin K02 koa, Koz K’co,

"M'ls'l s ] u‘M';. m‘ls'l
oOWT ‘ 29¢11 1448 19405 4.0+1.1
BWT | 60+12  31£13 39406 7.132.0

41 520 0022 0013
rHb o(L29F/VI6W) B(H63Q/V6TW/KS2D) 0oz a3 e
rHb o(L29W/H58Q) + 04-G-a, BVETW) 066 30 0023 0038
rHb (G15A/L29W/H58Q) + 073 30 0024  0.041

0,-G-0, B(G16A/V6TW/H116I)

Table 6.4 and 6.5 demonstrate that the rHb3011 analogs with improved stability
and newly designed multiple rHb mutant containing oPhe(B10) substitution are viable 3™
generation rHBOC candidates. These proteins have relatively high O, dissociation rates
and low O, affinities, which, in the case of alPhe(B10)-containing mutant, is due to the

effects of allosteric mutations oTrp(G3) and BAsp(EF6). Further optimization of the
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stability and expression yields for multiple rHb mutant containing oPhe(B10) can be
achieved by the insertion of di-a crosslink and aAla(A13), BAla(A13), and Blle(G18)
stability mutations. At the same time, Ps, of rHb3011 analogs can be decreased by

introducing the allosteric substitutions oTrp(G3) and PAsp(EF6).

6.6. Conclusions.

Even though no new mutant with a k’nop value equal or less than that of rHb3011
was found, the new rHbs in Tables 6.4 and 6.5 do possess greater stability and show
higher expression yields, which are important improvements. In addition, the principle
for lowering NO scavenging by reducing the size of the distal cavity via space-filling
mutations was confirmed. An almost 4-fold decrease in the rate of NO dioxygenation
compared to HbA was achieved by introducing Phe(B10)/GIn(E7)/Leu(E11) or
Phe(B10)/GIn(E7)/Phe(E11) combinations into o subunits without compromising globin
stability and oxygen transport properties. Finally, these results also show that di-o
subunit cross-linking and insertion of stability mutations do not affect the NO scavenging
properties of the multiple rHb mutants (Table 6.4).

A summary of our current strategy for developing improved Hb-based artificial
oxygen carriers is shown in Fig. 6.4. The ultimate combination will include all of the
engineering principles, discovered by Olson group and others: (1) tetramer crosslinking
by creating a di-o. gene with a glycine linker (di-aGly) to prevent dissociation into
dimers; (2) inhibition of the rate of NO dioxygenation by reducing the capture volume in
the distal portion of the heme pocket (0Phe(B10) or aTrp(B10) and BTrp(E11)); (3)

raising the Pso (i.e., lower the O, affinity) directly by weakening stabilization of the
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bound ligand (aGIn(E7)) or allosterically by stabilizing the low affinity T quaternary
state of the tetramer (aTrp(G3) and BAsp(EF6)); and (4) enhancing apoHb stability by
strengthening the oy, interface and monomer stability (ctAla(A13), BAla(A13), and

BIle(G18)).

B H116l B G16A

a G15A /

a L29F or
L29W/H58Q

Figure 6.4. Structure depicting candidate rHBOC features. This structure is based on PDBs 101L
(rHb o(L29F) + oy-G-0, B(WT)), 101M (rHb a( WT) + o-G-0r, B(V67W)) and 1VWT (rHb
o(VI6W) B(WT)), with the remaining mutations modeled into the composite. o chains are
depicted in grey; P chains are depicted in gold; heme groups are depicted in red; and
residues of interest are depicted using stick structures. The same nomenclature was used to
specify the mutations as in Table 6.4.
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CHAPTER 7: CONCLUSIONS

7.1. Stabilization of bound oxygen in o and P subunits of human HbA.

In the late 1980s, Olson and coworkers reported the first mutagenesis studies on
globins [20], where they investigated the functional role of His(E7) in sperm whale Mb
and the subunits of human HbA. Unexpectedly, BGly(E7) and BPhe(E7) mutants
appeared to have little effect on Oz binding parameters. These unexpected data seemed to
support the conclusions of Shaanan that BHis(E7) is not involved in electrostatic
interactions with bound dioxygen [104]. However, the more recent NMR and X-ray data
cast doubt on the validity of the earlier conclusions [2, 108]. In 2003, a previous member
of our lab, Dr. Rachel Schweers, re-examined the effects of E7 mutations on O; binding
to HbA by studying Gln, Ala and Leu(E7) mutants of o and B Hb chains [69], and these
studies were extended to include Gly, Phe and Trp(E7) mutants and more detailed
experiments with isolated o and B subunits.

Our new results provide unequivocal proof that His(E7) stabilizes bound O, in
both the o and B subunits. The replacement of the distal His residue with small apolar
amino acids (Gly, Ala or Leu) leads to ~30-fold increases in the rates of O, dissociation
in both Hb subunits. FTIR spectra of the apolar E7 mutant subunits and hybrid mutant
tetramers demonstrate the loss of positive electrostatic field adjacent to bound ligands and
confirm the electrostatic nature of O, stabilization in the wild-type protein. The
calculated free energy of the hydrogen bond between O, and His(E7) appears to be
roughly the same in both subunits (~ -8.3 kJ/mol). In Mb, the hydrogen bond between
His(E7) and O, is approximately two-fold stronger than that in Hb subunits and equals ~

-14.5 kJ/mol. The ~100-fold increases in M-values of the apolar E7 mutants of HbA,
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compared to wild-type or the GIn(E7) variants, demonstrate that ligand discrimination in
human HbA is due to preferential electrostatic stabilization of O, and not due to
unfavorable steric hindrance of CO. Unfavorable steric effects do occur in the Phe(E7)
and Trp(E7) variants caused by inward movements of the large aromatic side chains. In
Phe(E7) mutants, direct interaction of phenyl side chain with bound ligand dramatically
increases dissociation rate of both O, and CO. In the closed conformation of the Trp(E7)
mutants, the indole ring of the distal Trp fills the distal pocket and prevents ligand entry
and bond formation with iron. Regardless of the mechanism, in both Phe(E7) and

Trp(E7) mutants, ligand affinity decreases markedly.

7.2. Gating of ligand entry into the subunits of HbA.

The very first crystal structures of Hb demonstrated the absence of a direct
channel between solvent and active site of the globin [13]. Ligands were proposed to
enter the distal pocket via a transiently open E7 channel, created by outward/inward
motions of the distal His. Mutagenesis studies in sperm whale Mb revealed the
dependence of ligand entry and escape rates on the size of the E7 residue [20, 22, 100].
Laser flash photolysis of MbCO complexes allowed monitoring the competition between
opening of the distal His gate and ligand geminate rebinding [87]. However, little direct
evidence for the applicability of the His gate hypothesis in human HbA existed.

This thesis work has demonstrated that in both subunits of HbA the size of E7
residue appears to regulate the bimolecular rate constants for ligand binding. Association
rate constants for O, and CO binding markedly decrease with the increasing size of the

E7 side chain. The calculated rates of ligand entry obtained from geminate CO
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recombination kinetics and directly measured K’enry determined in bimolecular NO
binding experiments reveal the same correlation. This situation is analogous to sperm
whale Mb and argues strongly that distal His acts as a gate for ligand entry and escape in
o and B subunits of human HbA.

Ligand recombination to o and B Trp(E7) mutant subunits in laser photolysis
experiments showed a highly complex kinetics for bimolecular binding. In both Hb
chains, the time course consists of one extremely fast phase, similar to that for the Gly
and Ala(E7) mutants, and one or more slow phases with apparent rate constants ~100-
1000-fold smaller. The fast phase results from ligand binding to an open conformation, in
which the Trp(E7) side chain is located in the solvent phase and the E7 channel is
unhindered. The slow phases represent ligand binding to a closed conformer, in which the
indole ring of Trp(E7) is obstructing access into the distal pocket. Crystal structures of o
and B Trp(E7) mutants in CO- and deoxy-forms provide structural models for the slowly
reacting conformers observed in the kinetic experiments. In the closed form, the large
indole side chain of Trp(E7) enters the distal pocket, fills the E7 channel and restricts
access to the iron atom. In both mutant subunits, this closed conformer lowers the
bimolecular rate of ligand binding ~50-100-fold, compared to wild-type HbA subunits. A
distinct blocked state is formed in B subunit, in which the Trp side chain obstructs the E7
channel and prevents ligand entry through the E7 gate, but does not enter the distal
pocket and does not sterically hinder the access to the iron atom. Bimolecular ligand
binding to the blocked B Trp(E7) subunits is 10-fold slower than to the wild-type human

HbA, suggesting that in B subunits > 90% of ligands enter the distal pocket via the E7

gate.
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The blocked conformation of Trp(E7) also exists in sperm whale Mb but is not as
effective in shielding ligand entry into the distal pocket as in the B Trp(E7) subunits of
human HbA. The Trp(E7) mutation causes smaller effects on k'gny in Mb (~3-4-fold
decrease compared to that for wild-type Mb), implying that either more ligands take
alternative routes in native sperm whale Mb or the Trp(E7) side chain is more flexible in

the blocked Mb conformer.

7.3. Multiple versus single ligand migration pathways in human HbA.

The discovery of Xe binding sites in the structure of Mb [31] provided the basis
of an alternative hypothesis for ligand migration in globins. In this multiple pathway
mechanism, the E7 gate is not the major pathway, and, instead, ligands can enter and exit
the binding site by a variety of transient channels appearing in the protein matrix with the
Xe cavities playing the role of transient stations for diffusing ligands. Most
computational analyses support this theory [28]. Laser photolysis experiments and time-
resolved crystallography demonstrate that ligands visit the Xe sites, which accounts for
the biphasicity of geminate O, recombination to Mb. However, all experimental data
indicate that ligands enter and exit Mb by the E7 channel [22, 32, 53]. Recently, Xe
binding sites were identified in Hb subunits and analogous hypotheses for multiple
pathways for ligand migration in HbA have been proposed [35, 36].

In this thesis, the functional significance of the accessible volume of the Xe
cavities and the distal pockets of both Hb subunits was examined by mutagenesis and
exposure to high pressures of Xe gas. First, decreasing the size of the distal pocket in

both o and B subunits of HbA by Trp and Phe mutations at B10, E11 and G8 positions
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does have dramatic effects on geminate and bimolecular ligand binding parameters. The
bimolecular association rate constants diminished significantly for some of these
mutations, which agrees well with the “baseball glove” model of ligand binding,
proposed earlier for sperm whale Mb [22]. The rates of ligand-iron bond formation and
escape increase in the mutants with clearly reduced distal pocket volumes.

Second, there is little effect of adding high pressures of Xe gas on either geminate
or bimolecular ligand recombination after photolysis of intact tetrameric Hb and its
isolated subunits. Thus, in contrast to Mb, ligands do not migrate to remote Xe cavities in
the o and B subunits of HbA, but instead recombine geminately from within the distal
pocket. Ligand escape is not slowed down by filling the Xe binding sites. Similarly, the
rates of bimolecular ligand entry are little affected by high pressures of Xe gas. The small
effect that is observed appears to be due to a small reduction of the distal pocket volume
and not direct blocking of the pathway for ligand entry. Again, all these data add further

support to the conclusion that ligands enter and leave the distal pocket through the

His(E7) gate in animal Mbs and Hbs.
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Appendix 1.
RELIABILITY OF RATE CONSTANT DETERMINATIONS

New results for both isolated subunits and wt/mutant hybrid tetramers (Tables
3.1-5, Chapter 3) demonstrate that His(E7) stabilizes bound O, in both subunits and acts
as a gate to ligand entry. The cause of the discrepancy between the old and new results
for the B GlyE7 and PheE7 hybrid tetramers remains unknown. In the older experiments,
O, binding was measured after 10% laser photolysis of HbO, samples and O, release was
measured by mixing equilibrium HbO, samples with CO. It is possible that most of the B
Gly(E7) subunits were oxidized before the measurements were carried out or CO may not
have been completely removed from the stored tetrameric samples. These problems are
avoided in our current experimental approach of following ligand binding and
displacement starting with HbCO samples in O,/CO mixtures and using both hybrid
tetramers and isolated mutant subunits to make unambiguous assignments.

In Table Al.1 I have summarized fitted values for wild-type, native, Gly(E7), and
Leu(E7) HbA subunits that have been obtained in independent experiments over the past
20 years to assess the reliability of the determinations. There is more variability than
anticipated, particularly for the oo Leu(E7) mutant, but the overall conclusions are clear.
The value of ko, for B Gly(E7) reported in 1989 is wrong and outside the expected error,
which is roughly +20-30%.

However, the previous conclusion that k', and ko, for wild-type o subunits are 2
to 3-fold less than those for B subunits is verified for R state tetramers. These differences
are not observed for monomers, where the values are effectively the same considering the

errors in the independent determinations, i.e. k'o; and ko, for both chains are ~50+10 pM”
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Is! and 2044 s, respectively. This small effect of assembly into hetero-tetramers,

primarily a lowering of the o subunit rate parameters, was first noted in the early 1970s
[16, 175-177]. However, compared with the dramatic effects of His(E7) substitutions,

these differences are small and subtle.

Table Al.1. Comparison of old and new measurements of O, binding to monomeric and tetramer
HbA subunits. The superscripts M and T refer to isolated monomers or wild-type/mutant hybrid tetramers,

respectively.

Subunit ,'j;;}[‘.’%s.l kags ,lfﬁqf Subunit :lvll‘q:' B ;14(1349%
aWTT 29+11 1448 2.5%1.2 BWTT 60+12 3012 2.3+1.0
o Native ™! 28+9 1243 2.320.9 B Native ™' 100£13 2248 4.5+1.7
o Native ™ 28+1 9.0:0.2  3.1x0.3 B Native ™ 64+1 23+0.7  2.7+0.3
o Native ™ 34 13 26 B Native ™ 87 34 2.6
o Native ™ 363 16+7 2.3+1.2 B Native ™ 76+8 3248 2.4+0.9
ag. 314 1313 2.610.3 Bave’ 77416  28%6 2.9+0.9
o Native M 40+2.4 22455 1.9+0.5 B Native ™ 6312  16x1.6  3.9+06
o Native 50 28 1.8 B Native M° 60 16 3.8
a WT M’ 40 16 25 B wild-type M7 52 14 3.7
aanM 4316 2246 2.1104 B 5816 151 3.840.1
a GlyE7" 190 500 0.38 B GIyET" 95 310 0.31
o GIlye™ 250 540 0.45 B GIye™ 160 680 0.24
o GlyE7"™! 220 620 0.40 B GlyE7™ 100 37 Q.7
o Leu(E7)” 160 860 0.19 B Leu(E7)" 120 490 0.24
o Leu(E7)™6 57 500 0.11 B Leu(E7)™ 120 790 0.15
aLeuE7)™ 140 810 0.16 B Leu(E7)™ 80 510 0.16
0 0.0 Leu(E7)" 48 550 0.09

aLeu(E7) .. 100160 6801180 . 0.1410.05  BLew(E7) . 110£23  600£170  0.18+0.05

" M 4600(40%) 0.17
o Leu(E7) 91 450 0.20 BLew(E7™ 110 630 (60%) 0.02

Data sources: 'Mathews et al. [103], 2Vandegriff et al.[178], >Fronticelli et al. [179], *Unzai et al. [71],
3Olson et al. [16], ®Erin Weber and Yi Dou, unpublished undergraduate research paper, and "Rachel
Schweers, PhD thesis [69]; other rate parameters were taken from Chapter 3. The dissociation rate and
association equilibrium constants measured for B Gly(E7)" in 1989 by Mathews et al. [103] and listed in
parentheses are clearly too small and large, respectively, compared to the more recent results.
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PROBLEMS ASSOCIATED WITH ISOLATED SUBUNIT AGGREGATION
In solution, solated Hb chains exist in the equilibrium between monomeric and
oligomeric forms. Isolated a chains form dimers: 2a — oy, with K, =8.42 X 10° M'l, and
purified B subunits form tetramers B4, also called hemoglobin H: 4f — P4, with Kg =
1.41 x 107! M3 [180]. In the ligand binding experiments I used 50 uM Hb solutions. The

fraction of monomers (Yy) for a chains is given by:

v 1+ 8[amtal ]Ka -1

4[atotal ]Ka

M

Equation Al.1

For [04oal] = 50 uM, Yy = 0.65. However, all time courses for ligand binding to
isolated a wild-type and mutant subunits (except for Phe(E7) and Trp(E7) mutants) show
homogeneous single exponential phases (see Fig 3.9). As has been observed by others,
these results show that isolated monomeric and dimeric of a-subunits have identical, R-
state like ligand binding parameters [3, 181]

In the case of B chains, at [Biw] = 50 uM the fraction of monomers can be
derived from the roots of:

4K (B Yy + Y, —1=0

Equation A1.2

and equals ~0.10. Thus, at protein concentrations used in the laser photolysis

experiments, described in Chapter 3, the isolated B subunits were mostly aggregated in
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the form of P4 tetramers. However, all previous work on ligand binding suggested or
showed that isolated monomeric and tetrameric B subunits have similar R-state-like rate
and equilibrium constants [3, 181]. Time courses for bimolecular CO and O, binding to
most of the isolated P variants were monophasic, with the PheE7 and TrpE7 variants
being the exceptions due to conformational heterogeneity of the aromatic rings.
Similarly, most of the O, dissociation time courses were also monophasic.

However, O, displacement from isolated Leu(E7) P chains by CO exhibits
biphasic time courses with 40% of the change occurring rapidly with ko= 4300 s' and
60% slowly with ko= 630 s!. The amplitudes of the fast (~35%) and slow (~65%)
phases do not correlate with a 10% B and 90% P, distribution, as predicted by the
published equilibrium dissociation constant, K4 ; [180]. These B LeuE7 mutants were
expressed and isolated free of o subunits multiple times, and in each case biphasic O,
time courses were observed. In order to prove that the biphasic nature of the replacement
kinetic curves for B Leu(E7) is not caused by monomer-tetramer differences, I measured
O, replacement by CO as function of B chain concentrations, from 5 to 100 uM in buffer
containing 625 uM O and 500uM CO. Three time courses are shown in Fig. Al.1.

In each case, biphasic time courses were observed with similar rates and
amplitudes, but there was no dependence on absolute [Biora]. Thus, the biphasic nature of
O; dissociation from 8 Leu(E7) subunits is due to conformational heterogeneity intrinsic
to the globin itself and not its quaternary state. Other factors such as the residual PMB (p-
chlormercuribenzoate) attached to B Cys93 or the presence of partially unfolded subunits

could also contribute to observed inhomogeneity of time courses, despite my best efforts

to remove the mercurial with dithiothreitol and purify only holo-globin forms.
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Figure A1.1.  O; replacement by CO for isolated BLeu(E7) subunits. The reaction was carried out in

the buffer containing 625 uM O, and 500uM CO, conditions were the same as in Fig. 3.1.
protein concentration was 5, 50 and 100 uM, as indicated.
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Appendix 2.
DERIVATIONS OF RATE EXPRESSIONS FROM KINETIC SCHEMES
Al. Derivations based on Scheme 4.2 (Chapter 4) for bimolecular CcO
rebinding to isolated Trp58(E7) o subunits after laser photolysis: expressions for fj
and kg, - In this scheme, ligands escape into solvent from an open conformation, Hbopen,
and can rapidly re-enter and bind to the iron in this state, k; = k;[CO]. This bimolecular
rebinding from solvent competes with a conformational transition, k2, to another open,
more expanded state, Hb*pen, Which allows rapid inward movement of the large Trp(E7)
side chain at rate of k3 to close the E7 channel and restrict binding at the iron atom in the

Hb,0sea conformation.

hv hv

ki =K4[CO] ¥ Ky L
HbCO Hbgpen A= B

kzl r k2 k2l r k2

k1 =K4[CO] . K k1 ks
Hb*open —— . C —=bD
k.3 k—3

Scheme 4.2 a Scheme 4.2 b

In Scheme 4.2 b, A = HbCO, B = Hbgpen, C = Hb*gpen, and D = Hbyiosea; k1 =
k';[CO]. In order to derive an analytical expression for the rate and fraction of the fast
phase for bimolecular CO rebinding, we made two simplifying assumptions. (a) The rate
of the Hbciosea — Hb*pen transition was assumed to be much slower than that for the

formation of Hbgjosed, i.€. k3 >> k.3, and k.3 can be neglected in the analysis. (b) The

Hb*,pen state was assumed to be short lived and in a steady state during the rebinding
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reaction with dC/dt =~ 0. Under these conditions, the rate of re-formation of HbCO or A

can be obtained from finding an analytical solution to the follow set differential

equations.
dA
L=k (B+C ShH
dB
= (k;+k, B+k_,C (52)
i (1 2)3 2
dc k,
L _(k;+k_,+k;C+kyB=0,=>C=——2 S3
dt (' 2 3r 2 k;j+k_y+ks (53)
Substituting the steady state expression for C into equation S2 gives:
2
d_B:_ (k1+k2)B+k_2C=— (k,+k2)B+ kzk_z B= k] +k1k_2 +k]k3 +k]k2 +k3k2 B
dt kj+k_y+k; kj+k_y+k;

Integrating and applying the boundary conditions that at t = 0, B = Py, gives B as

function of time t;

B=Pexp kf+k,k_2+k,k3+k,k2+k3k2t , (S4)
0 ky+k_p+k;

where Py is total protein. Substituting the expressions for C and B (Equations S3 and S4)

into Equation S1 gives

2
@=k,(B+c)=(k,+ kik, JH’ expt K Hiky ks + ks + ks S5)
dt k;+k_p+k;3 kj+k_p+ks
Integrating (S5) gives:
2 2
A= ki +kik_p+kks+kik, Pyexp ki +kik_p+kiks+kpk, +kskp L (S6)
kZ +kik_p +kiks+ Kk + ksky ky+k_p+k;

Applying the boundary conditions immediately after complete laser photolysis

that at t =0, A =0 gives:



206

k2 +kk_y + kyks + Kk,
kZ +kik_y +kyks + Kk, + ksky

const= F.

This integration constant then allows derivation of the final analytical expression

for A as function of time:

2
A ki thik o+ kiks+kky P, I—exp{ k,+k,k_2+k,k3+k,k2+k3k2t}J ST)
kZ +kik_p +kiks + Kk + ksky kj+k_p+k;

The amplitude and exponent in this equation provide expressions for the fraction

and rate of the fast phase seen in the laser photolysis experiments.

k2 + kk_p +kyks +kk,

(S8)
k2 + kpk_p + ks + kyky + sk,

f fast =

v K gkt kiks +kiks + ksky (S9)
fast ky+k_y+ks

These complex expressions, with quadratic terms in [CO] (i.e. k; = k';[CO]),
simplify greatly if k3 >> (k;, k.2, and k;) so that only the terms containing k3 are kept in

the numerators and denominators. Under these conditions, the expressions reduce to:

k
ffast = —]—C—:l-IT and kfast = kI +k2 (SIO)
1 2

and are identical to those derived for the simple mechanism given in Scheme 4.1 and

Equation 4.1-3 of the Chapter 4, where k; = k';[CO] and k; is equivalent to kjse.

A2. Expression for kg,w after laser photolysis or for CO binding to the
equilibrium form of Trp(E7) deoxy o subunits in rapid mixing experiments - To
determine the expression for the dependence of the slow rate of bimolecular ligand
rebinding to the closed form on [CO], all of the protein being examined in this phase is

assumed to be initially in the Hbgjoseq State and then is completely converted into HbCO.
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Because the overall process is slow but the individual rate parameters k;, k.2, k2, and k3
are large, steady state approximations can be assumed for B and C. In this case, the rate
of conversion of Hbgesea t0 Hb*gpen defined by k.3 must be considered. Under these
conditions, the formation of A from D is described by three differential equations two of
which are set equal to zero based on steady state assumptions:

dA

E=k,(B+C) (S11)

B e (y+k)B+k,C=0 = c=Kitlep (S12)
dt h k_.z

dC - S13

E=_(k1+k—2+k3r+k23+k_3l)_o ( )

Combining Equations S11 and S12 gives:

ﬁ_k,(k,+k2+k_2)8
de k_,

(S14)

Inserting the expression for C from Equation S12 into Equation S13 and

rearranging, gives:

Do (k1+k_2+k3Xk,+k2)—k2k_2 8

S15
P (S15)
The total protein in the reaction is given by
Py=A+B+C+D = (Fj—A)=B+C+D (S16)

Inserting the expressions for C and D (Equations S12 and S15) into Equation S16

and solving for B gives:

_ k_sk_p _
s (k,+k_3Xk,+k2+k_2)+k3(k,+k2)(Po 4) G17

Inserting the expression for B in Equation S17 into Equation S14, gives the

following differential equation in A:
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dA 3k1(k1+k2 +k_2) 3k1(k1+k2+k_2) (518)
(k,+k_3Xk,+k2+k_2)+k3(k,+k2) (k,+k_3Xk,+k2+k_2)+k3(k,+k2)

The analytical solution for this linear first order differential equation gives the

following expression for the observed slow rate of the formation of A:

L k_sky(k;+ky+ k) k_sk;
slow = (k1+k3Xk,+k2+k_2)+k3(k,+k2) . ks (ks + kz)
(ki + ko +k_2)

(S19)

At very high [CO], k; >> (k; and k.) and still assuming k3 > (k.3 and k;), the
observed slow rate will be proportional to [CO] with an apparent bimolecular rate
constant equal to k';/K3, where Kj is the equilibrium constant for the Hb*gpen t0 Hbgiosed

conformational transition and is a very large number.

k_sky sk ksk T (S20)
kj(kl +k2) k1+k3 k3 K3

+(k1+k2+k_2)

slow —

k;+k_3
Note that the equilibrium fraction of deoxy-o subunits that are present in
intermediate C (Hb*.q) state, resulting from opening of D (Hbciosea), ¢, is given by:

r .1 because K3 >>1 (S21)
1+K; K;

Pc=

Thus, the rate of the slow phase is roughly proportional to the equilibrium fraction
of Hb* s states times the pseudo first order rate of ligand binding to the open state and,
as a result, is linearly dependent on [CO]. At lower CO concentrations, kg, shows a
quadratic dependence on [CO], and the initial slope of the ky,, versus [CO] is greater
than that observed at high ligand concentrations as is observed in Fig. 4.10 B of the

Chapter 4.
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A3. Derivation of expression for ultra slow phase seen in stopped flow rapid
mixing experiments with isolated o subunits - To describe the ultra-slowly reacting
species observed only in stopped flow experiments, we added an additional conformer

(D’) at the end of the Scheme 4.2 b.

-* -

B
k2l I K2
kq ks
C —=D
k3
Scheme 4.2 ¢

To determine the expression for the observed rate of ligand binding to D’, we

assume that B, C and D are in a steady state.

dB k;+k
E:—(k,+k2)8+k_2c=0:>c=———’ _ZZB (522)
dc
T1t_=-(k,+k_2+k3)c+k23+k_30=0 (523)
dD ,

The rate of formation of HbCO is still given by:

dA

dA_ k,(k,+k2+k_2)B
dt

ks

k,(B+C)= (S25)

The total protein, Py, in this case is defined by:
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Py=A+B+C+D+D’ :>(PO—A)=B+C+D+D’ (S26)

Again, the steady state approximations for B, C and D provide the expressions for
C, D and D' in terms of B, which can be inserted into Equation S26 to derive an
expression for B in terms of (Po— A). This expression for B can be inserted into Equation
S25 to generate a linear first order differential equation in A similar to Equation S 18. The
rate of the slow phase for the formation of A from D' derived from the solution of this

differential equation is:

k. = (S27)

k +k_s k;+k_g +k k;+k,
kg+k_g kj+ky+k_,
If k3 >> (k;, k.3, ks, k.s) and k; >> (k2 and k.;) at very high [CO], Equation S27

reduces to

k k
k, ~k—=2—=5 =~k , S28
obs = K1 ky s +k_g 19c¥Pp (528)

where the fractions of C and D are given by:

1! zi, where K3=—I-€—3—,and ¢D=—-—1—, where Ks=£g——.
I+K3 K3 k._j KS -S

Pc

Thus, the rate of the ultra slow phase is roughly equal to that of the initial slow

phases seen in both the laser and rapid mixing experiments times the fraction of deoxy-o
subunits that are present in the D state at equilibrium. The dependence of the observed

ultra-slow rate on [CO] was fit to this model, as shown in Figure 4.10 B of the Chapter 4,

and the optimized parameters are k; = 610 s", k., =200 s,
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B1. Derivation of expressions for the rates and fractions of the fast, moderate
and slow phases observed for CO binding to Trp63(E7) B subunits — Scheme 4.3
describes bimolecular CO rebinding to isolated Trp(E7) B subunits after
photodissociation. In this case, there are two slow phases which we have interpreted as
blocked and closed states, in which Trp(E7) either blocks the entrance to the E7 channel
as is observed in the crystal structure of Trp63(E7) BCO (Fig. 4.8 D, Chapter 4) or rotates
into the distal pocket and completely closes the channel, as seen in the crystal structure of
TrpS8(E7) deoxy-o (Fig. 4.8 C, Chapter 4). The blocked state binds CO through
alternative non-E7 pathways (Hbypjockea—HbCO) as well as through the opening of the E7
gate (Hbpiockea—>Hbopen—HbCO). In the closed conformer the access to Fe atom of the

heme is severely hindered, and CO rebinding to Hb,jesea may occur only via the formation

Of the Hb*open (HbCIOSBd_)Hb*Oan_)HbCO)'

kaﬂ=k'8||[CO] H bb'OCked

HbCO. kymkeicol ) Hbopen

\2, k2
kq=K'4[CO] Hb*

Scheme 4.3 a

n<~_——— Hbclosed
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kan=K'ar[CO]

\ “kz
k=00 A e p

Scheme 4.3 b

In Scheme 4.3 b, A represents HbCO, B represents Hbopen, C represents Hb*gpen, E
represents Hbyjocked, and D represent slowly reacting Hbjoseq. The rate of the fast phase
for bimolecular rebinding after laser photolysis describes the decay of the B and C states,
all of which either rapidly bind CO or relax to the blocked and closed states after laser

photolysis. The rate of formation of the HbCO state, A, is described by:
dA
=" k;(B+C) (529)

Similar to the analysis for rapid CO binding to o subunits, we assume that the
rates of ligand binding to the blocked and closed states are significantly slower than the
other processes occurring during the fast phase. Expressions for B and C can be derived
from the following differential equations.

dB ~(ks+ ko + ky)B+k_,C (S30)

Applying a steady state approximation to C gives:

dC

-—-=—(k,+k2+k3)c+k23 0>Cc=— Kk

_ S31
kj+k_,+k; (S31)

Combining these equations gives,
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dB k_ k; ) 2
& _k,+k,+k,———22— B (S32)
dt {k’ 2T kgt k

Integrating Equation S32 and using the boundary condition that at t = 0, B = Py,

the following expression is obtained for B:

B= Fb exy{{kl +k2 + k4 _ﬁklzzfﬁ}} ’ (833)
1T K_

where Py is total protein. The fraction of fast phase can be derived by obtaining a linear
first order differential equation describing the change in A. Substituting the expressions

for C and B from Equations S31 and S33 into Equation S29 gives

gfé{kﬁ_m_jw {kkk_kk_] S34)
dt ki +k_p+k; k;+k_p+k;

Integrating Equation S34 and using the boundary condition that at t = 0, A=0

gives:
ity I;c]kz k k_ok
A= RS haL%: I’({I—exp{{k1+k2+k4—4}}}
ky+ky+ky - k_sk, kij+k_y+k;
kj+k_y+k;

where the rate of the fast phase, k7, and the fraction of A at the end of the fast phase, fi

= Ai-./Po, are given by:

k_>k
ke =k +k,+k,———=2-2___ S35
gast = ki + byt = T, (S35)
SR L N
k,+k_,+k
Sfast = I==2 ki (S36)
ky+hy+ by —— 22
ky+k_p+k;

If k3 is much larger than all other rates in the scheme, then these complex

expressions reduce to:
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k;. =~k +k,+ksand f ./ (S37)
fast = "1 2 4 fast k] + k2 + k4
The fraction of Hbeiosed, friosed» 18 derived from the rate law for D and used to

compute the slow phase rate:

D _i.c (S38)

Inserting the expressions for C and B from Equations S31 and S33 into Equation

S38 gives:

dD__ kks p,., {k1+k2+k4___k-z_kz_}} (S39)
dt  kj+k_,+k; ki +k_y+k;

Integrating and applying the boundary condition that at t = 0, D = 0 gives an
expression for D as function of time:

kyks

Do k,+k_2+/;3 - Po[]—exp{‘[’ﬁ +hy +ky —%}H
k1+k2+k4————i2—— e

ki +k_,+k;

where the term before parenthesis equals fg,w, Which represents the fraction of the very
slow phase in laser photolysis time courses for CO rebinding to Trp(E7) B subunits (Figs.
4.2 A and 4.11 A in the Chapter 4).

koks

k1+k_2+1;(3 - (840)
bt e
1Tk ptk;

f slow =

The fraction of moderately reacting Hbyockea States that is generated after laser

photolysis can be derived from the rate law for E:

dE
—=k,B S41
It 4 ( )

Using the expression for B from Equation S33 gives,
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k_>k
—= P k,+k,+k =272 t S42
kq oexﬂ{{z‘* 2 +ky— k,+k_2+k3)} (542)

Integrating and applying the boundary condition that at t = 0, E = 0, gives:

k k_k
E= 4 Bl 1—expi— k; +k, +k ——-22-—} ,
k_,k, "[ p{{ Pk, + kg

k,+k2+k4—k Yk, tk
1 -

where the amplitude equals fp;qz., Which is defined experimentally as the middle or first
slow phase seen in the laser photolysis data for Trp(E7) B subunits (Figs. 4.2 A and 4.11

A in the Chapter 4).

kq = (S43)
ky+ky+ky———22—
D2k vk, +k;

f middle =

Again, if k3 is much larger than all other rates in the scheme, the expressions for
the fractions of closed and blocked species reduce to simple expressions that fit the [CO]
dependence of the observed fast rate and fractions of closed (slow phase) and blocked
(middle phase) species observed in our laser photolysis experiments (Fig. 4.11, Chapter

4).

k k
f slow = —2 and f middle 4 (S44)

Ky +ky + Ky Ttk kg
These simplified expressions show that the values of k., and k4 are effectively
undefined by analysis of the fast phase rate and fractions of the fast, middle and slow

phases.

B2. Derivation of expressions for the dependence of the rates of the middle
and slow phases observed for CO binding to Trp63(E7) B subunits on ligand

concentration — In the analysis of the middle phase we assume that the fast phase is
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already over and t = O corresponds to the beginning of the middle phase, while the slow
phase hasn’t started yet, i.e. k3 is ignored (Scheme 4.3). The rate of decay of the blocked
conformer is described by the following differential equation:

dE

-d—t=-(k,,,, +k_4)E+k4B (S45)

The steady state assumptions are invoked for the rate of change of B and C:

dc ks
e —0=—(k;+k_y+k;XC+k;B=>C=—2—— S46
dt o (1+ 2 3r 2 kj+k_y+k; (546)
dB B k_y
——=0=—(k,+k2+k4)B+k_4E+k_2C:>B— E (547)
dt k_yk,
ky+ky+ky——"22—
ky+k_p+k;

Inserting S47 into S45, integrating and applying boundary conditions that at t =0,

E = E; we obtain the following expression for E:

E=E,expid ky+k_|1- ks L (S48)
ky+ky,+k,——2-2
kj+k_y+k;

where Ej is the total amount of the middle phase immediately after the fast phase and

equals fuiqa.Po. The expression for the rate of the middle phase is

k
kmiddle = kalt + k—4 1- 4

S4
ok (549)

kitky ks — e )
1 —2 3

If k3 is much larger than all other rates in the mechanism, the expression for the

kmiddle can be reduced to the following expression,

k
kmiddle = kalt + k—4 1- 4

] k| kae + k4 (1= Frmidare ) (850)
1tk +ky—

kj+k_y+k;
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Here, fmiqae is the fraction of middle phase defined in Equation S43 and =

ka/(ki+ko+ks). Thus, the decay of Hbpjockea involves either direct CO binding to the

blocked conformer, isomerization to the Hbgpe, conformation with subsequent CO

binding, or eventual transitioning to Hbcjosed.

The slow phase for CO binding to B Trp(E7) represents CO rebinding to the

closed conformer (Hbgjosea Or D), and is measured as reappearance of A from D after the

fast and middle phases have already occurred (i.e. the reaction starts with all the protein

being in the form of D, Scheme 4.3). The expression for the slow rate dependence on

[CO] is derived from the following set of differential equations,

%=k,(B+C)+ ko E

ky

——8B
Kai + k4

i—f:—(ka,,+k_4)E+k4B=0:>E=

k_
(k,+k2+k4)B— _kdks_p ky+ky+—alt™d kairks

ko +kyg  _ alt+k—4B

k_y k_,

£=—(k, +k_y+k;)C+k,B+k_sD=0=>D= rhathy Jo—ksB

k

k. k k. k
k,+k_2+k3{k,+k2+LJ—k2k_z ky (ks +k; (k i
_ ( Kais +k_4 B= ( )+ a Kap +

(k,+k2+k4)B—k_4E_

J(k,+k_2 +k3)

(S51)

(S52)

(S53)

B

k_zk_j k 2k_3

(S54)
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The total protein is expressed as,

Py=A+B+C+D+E=PF—-A=B+C+D+E=

k ik kairky
k’”‘”f% kz(k3+k,)+(k,+k alt J(k,+k2+k3) .
=Bl 1+ alt "4 it + 4 =

k_, k-zk—3 ko +k_y

ky Kk
k_zk_{l k——}+k2(k,+k3+k_3)+(k —altd J(k,+k2+k3+k 3)

_B aie Tk Koy +k -
k_2k_3
= B= 5 kokg » (R-4)
k_ok_o| 1+—2— |+ k,(k;+k;+k k+J—k+k +k;+k
2 _3[ kalt+k-4J 2(1 ? _3)-{ ke +k J( 2 3)
(S55)

Inserting expressions for B (S55), C (S53) and E (S52) into Equation S51 and

rearranging gives linear first order differential equation for A,

k_3[(k, +k_, {k, +—"£"—"4—]+ k,sz
gx_‘\_ — kalt +k—4 (P _ A)

dt k_zk_3[1+L—J+ ky (ks + k3 +k_3)+(k, +MJ(1<, +hp+ks+k y) ’

kalt + k—4 alt
(S56)
Solving this equation provides the expression for kgjow,
k_3[(k, +k {k, +%}+ k,sz

kslow = < = (857)

ky k.. k
k_ok_s| I+—4+— |+ k, (k) +k;+k_ ky+—at™4 (k. +k_,+k;+k
R N

Again, if we assume that kj is larger than all other rates in the mechanism and
remove the terms in the Equation S57 that do not contain k3, then the expression for kgow

will reduce to
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1 k., +k
slow = T ki+k_p it p _l: (S58)
3 k;+k, ——ab”4
kalt + k—4

where Kj is equilibrium constant for the formation of Hb*gpen from Hbgjesea and equals
ks/ks. Thel/(1+K3) term here represents roughly the fraction of Hb*,pen formed from

Hbciosea (@c). Note that pc = 1/(1+ K3) = 1/K3, since K3 >> 1.

B3. Derivation of equilibrium fraction of closed versus blocked Trp(E7)
deoxy B conformers — At equilibrium, all the Trp(E7) B subunits react slowly with CO at
a rate equal to that when starting with the closed conformer. The fraction of closed

conformer can be computed from Scheme 4.4.

K4

|

Hb*'o,-‘.,en <——=HDbyosed
K3

Hbpiocked

Scheme 4.4

In this scheme, the fraction of Hbjoseq conformer is given by:

[ H bclosed ]
[ Hbopen ] +[ Hb *open ] + [ belocked ] + [ Hbclosed ]

F,

closed =

(S59)

The equilibrium relationships are:
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[Hb¥pen] . o _ [Hbapseq] . g _ [ Hbyiockea ] (S60)

Ky=—-2%". K, dosed = Ky
[ Hbypen 1 [ Hb*pe 1 [ Hbppe, 1

Then the relative probabilities or concentrations of the conformers are given by:
[Hbopen]:I; [Hb*open]= Ky; [ Hbogeq 1= KK 3 [ Hbyjoereq 1=Ky (S61)
and the fraction of Hbgjseq conformers at equilibrium will be:

KyK;

F = S62
closed = 1 L Ky + K4+ K, K (562)

From the kinetic experiments K, = ky/k., = 3.64, K3 = k3/k.3 = 1660, K4 = ko/ky4 =

1250. Thus, Fjoq = 0.83 for the isolated B Trp(E7) subunits.



