
Protein control of a ligand: Modeling
nitric oxide release in nitrophorin 4

Item Type text; Dissertation-Reproduction (electronic)

Authors Kondrashov, Dmitry A.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:22:40

Link to Item http://hdl.handle.net/10150/280770

http://hdl.handle.net/10150/280770


PROTEIN CONTROL OF A LIGAND: MODELING NITRIC 

OXIDE RELEASE IN NITROPHORIN 4 

by 

Dmitry A. Kondrashov 

A Dissertation Submitted to the Faculty of the 

GRADUATE INTERDISCIPLINARY PROGRAM 
IN APPLIED MATHEMATICS 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 5 



UMI Number: 3158214 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3158214 

Copyright 2005 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

The University of Arizona ® 
Graduate College 

As members of the Final Examination Committee, we certify that we have read the 

dissertation prepared by Dmitry Kondrashov 

entitled Protein Control of a Ligand; Modeling Nitric Oxide Release In 

Nitrophorln 4 

and recommend that it be accepted as fulfilling the dissertation requirement for the 

Degree of Doctor of Philosophy 

William Montfort 

John Rupley 

Nancy Horton 

n-/Aio4. 

date 

date ' 

I't/of 
date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 

J- cvV 

Dissertation Director; Wllliani Montfort date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part 
may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests 
of scholarship. In all other instances, however, permission must be obtained from the 
author. 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

An advisor who hves up to the name is a guide and provisions-bearer through an 
unfamihar and potentially perilous terrain. I was fortunate enough to have two, 
who gave me their time and wisdom in different parts of the journey. The project 
was presented to me by Bill, who formulated most of the questions and nudged me 
toward the answers. He was also responsible for dragging me into the lab and to 
synchrotrons and making me absorb a minimal amount of crystallography. I cannot 
thank him enough for an excellent education, in structural biology and in the even 
more obscure art of thinking. 

Joe is an embodiment of biomathematics, and as the organizer of the eponymous 
seminar he had a lot to do with setting me on this path. At his core he is a math
ematician, and he has shown me the power and underutilized potential of stochastic 
methods. I will never wield it as gracefully as he, but I can now follow stochastic 
integration. He has suggested the modeling approach of diffusion with jump processes 
and has helped me at every step of the way. Enormous thanks for the lessons and I 
hope I can get somewhere on my own. 

Many professors at Arizona have my gratitude for providing me with a great ed
ucation, and for helping me digest what I carelessly wolfed down. Hermann Flaschka 
taught my Principles of Analysis course, and inspired me to enjoy it like no other 
teacher could. John Rupley is largely responsible for starting my fascination with 
proteins through his excellent introduction to protein dynamics in the Biological 
Structure course. Koen Visscher helped critique and discuss my project in intermedi
ate stages and has brought a great physics mind to my committee. Nancy Horton had 
agreed to serve on my committee at the last minute and provided me with careful, 
well-thought out feedback on the thesis. There are numerous others to thank, but it 
would be difficult to know when to stop. 

The Applied Mathematics Program has allowed me the freedom to search for an 
advisor and take my time doing it. I think it has worked out for the best, and I 
am extremely grateful for the flexibihty. Department of Biochemistry has been my 
second home, and the people have been extremely gracious hosts. The Montfort lab 
has been a warm, friendly, and thinking place, and I have been lucky to be a part 
of it and to learn the secrets of crystallography from experts hke Sue Roberts and 
Andrzej Weichsel. 

My time in Tucson would have been bland and boring if it weren't for the friends 

I had made. I'll thank them my own way, but I have to mention Club Congress 
with Craig, Latin parties with Oliverio, chillin' with Kevin, guitarin' with Jeff, and 
other memorable occurrences, usually on a sublime Tucson summer night. The most 
sublime of all are my spouse Shannon and our son Ellis, who, although did not partic
ularly facilitate the dissertation process, provided it with greater meaning. Fnord. 



5 

TABLE OF CONTENTS 

LIST OF TABLES 7 

LIST OF FIGURES 8 

ABSTRACT 9 

CHAPTER 1. CAST OF CHARACTERS 10 
1.1. Proteins 10 
1.2. Myoglobins 12 
1.3. Nitrophorins 15 

CHAPTER 2. FUNCTIONAL CYCLE OF NITROPHORIN 4 IN ATOMIC RESO
LUTION X-RAY CRYSTAL STRUCTURES 20 
2.1. Introduction 20 
2.2. Materials and Methods 23 
2.3. Results 26 

2.3.1. Overview of Crystallographic Results 26 
2.3.2. Conformational changes in loops A-B and G-H 29 
2.3.3. Temperature Factors, Hydrogens, and Unrestrained Refinement 34 

2.4. Discussion 38 
2.4.1. Advantages and Limitations of Atomic Resolution 39 
2.4.2. The Effect of pH and NO Binding on the Distal Pocket Loops 40 

CHAPTER 3. MOLECULAR DYNAMICS SIMULATIONS OF NITROPHORIN AND 
MYOGLOBIN 43 

3.1. Introduction 43 
3.2. Methods 46 
3.3. Results 48 

3.3.1. Effect of pH on Np4 motion 49 
3.3.2. NO migration in Np4 and Mb 53 

3.4. Discussion 55 

CHAPTER 4. STOCHASTIC MODELS OF LIGAND ESCAPE 59 
4.1. Introduction 59 

4.1.1. Particle migration through a dynamic medium 59 
4.1.2. Generators of Markov processes 60 
4.1.3. Computing with generators 62 

4.2. Mathematical Model 65 



6 

TABLE OF CONTENTS—Continued 

4.2.1. Diffusion-driven escape 65 
4.2.2. Two-state gate with diffusion 66 
4.2.3. Spectral contribution of rebinding 69 

4.3. Application to ligand escape from a protein 71 
4.3.1. Limit of fast diffusion 71 
4.3.2. Relative intensities of the rates 74 
4.3.3. Comparison with chemical kinetics 75 

CHAPTER 5. CONCLUSIONS 78 
5.1. Characterization of conformational change 79 
5.2. Ligand migration and escape 81 
5.3. Cavity solvation 83 
5.4. Quantitative view of protein dynamics and function 85 

APPENDIX A. ALTERNATE CONFORMERS IN X-RAY STRUCTURES 88 

APPENDIX B. NONSTANDARD AMBER LIBRARIES 90 

APPENDIX C. ANALYTICAL SOLUTIONS FOR DIFFUSION WITH GATING . . 93 
C.l. Laplace transform solution 93 
C.2. Probability of escape through one boundary 95 
C.3. Mean escape time 96 

APPENDIX D. COMPARISON OF MEAN FIRST PASSAGE TIME SOLUTIONS . 98 

REFERENCES 101 



7 

LIST OF TABLES 

TABLE 1.1. Effect of Mutations on O2 Binding Kinetics in Myoglobin .... 14 
TABLE 1.2. Kinetics of NO binding to Np4 mutants and Mb 17 

TABLE 2.1. Crystallographic Data 24 
TABLE 2.2. Refinement Statistics 26 
TABLE 2.3. Residues in Multiple Conformations 29 
TABLE 2.4. Heme Geometry and Distortion 37 
TABLE 2.5. Carboxyl Bond Lengths 38 

TABLE 3.1. Simulation Setup 47 
TABLE 3.2. Summary of Simulation Results 49 

TABLE 5.1. NO-Ferriheme off rates 78 

TABLE A.l. Alternate conformers in sidechains 88 
TABLE A.2. Alternate conformers for entire residues 89 

TABLE B.l. Ferric Heme-Histidine Residue 90 
TABLE B.2. Nitric Oxide Library 92 



8 

LIST OF FIGURES 

FIGURE 1.1. Overall structure of sperm whale myoglobin 13 
FIGURE 1.2. Structure and conformational change in Np4 16 

FIGURE 2.1. Electron density in the protein core of Np4 27 
FIGURE 2.2. Concerted conformational changes at atomic resolution 28 
FIGURE 2.3. Stereoview of electron density in the distal pocket 31 
FIGURE 2.4. Multiple conformers and disorder in the loop region 33 
FIGURE 2.5. Normalized carbon a isotropic ADPs by residue 35 

FIGURE 3.1. Overall structures of Np4 and Mb during simulations 50 
FIGURE 3.2. Conformational variation in loop G-H in Np4 52 
FIGURE 3.3. Changes in cavity solvation in Np4 simulations 53 
FIGURE 3.4. Internal migration of NO in Mb and Np4 54 
FIGURE 3.5. Comparison of "gating" behavior in Np4 and Mb 57 

FIGURE 4.1. Cartoon illustration of the model 70 
FIGURE 4.2. Comparison of random-walk simulations with analytical results 73 
FIGURE 4.3. Comparison of simulation and model results for the case with 

rebinding 75 

FIGURE 5.1. NO binding cavity in Np4 81 
FIGURE 5.2. Internal hgand sites in Np4 and Mb 84 



9 

ABSTRACT 

The nitric oxide (NO) transport protein nitrophorin 4 (Np4) is able to modulate NO 

release rates by two orders of magnitude in response to pH change, and the rates are 

much slower than in the classic transport protein myoglobin. Experiments have shown 

that a large conformational change in two loops near the heme binding site from a 

closed state at pH 5 to an open pocket at pH 7 is apparently responsible for controlhng 

NO release. The mechanism of protein control of ligand escape was investigated 

using atomic-resolution X-ray crystallography, molecular dynamics simulations, and 

stochastic modeling. Crystal structures at pH 5 and pH 7 with and without NO 

revealed that the loops exhibit a mixture of conformations under all the conditions, 

suggesting they are not a static barrier to NO escape. Molecular dynamics simulations 

at both pH 5 and pH 7 were performed to observe NO migration as a function of 

protein conformation. The simulations agree closely with the X-ray structures, and 

show the loops opening and NO escaping at pH 7, while at pH 5 the loops remain 

closed and NO never leaves the binding pocket. A stochastic model was based on 

these observations, modeling the loops as a gate fluctuating between open and closed 

states and NO as a diffusing particle inside the protein, where it can rebind to the 

heme or escape out of the protein. An analytical solution of NO escape rates as 

a function of loop opening and closing rates demonstrates that in the appropriate 

regime the escape rate is determined by the probability of ligand rebinding to the 

heme. This indicates the reason for the difference in off rates between Np4 and Mb: 

Np4 encourages rebinding, while Mb provides internal space for ligand migration. 

Similarly, pH dependence of Np4 off rates is attributed to a greater rebinding fraction 

in the closed state at pH 5. However, the source of multiple rates in the experimental 

kinetics remains unclear, and the model will need to be extended to capture this 

complexity. 
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CHAPTER 1 

CAST OF CHARACTERS 

1.1 Proteins 

Proteins are key molecular players in every living organism. The end result of the 

information encoded in DNA, proteins are responsible for performing nearly every 

active function in biology, notably catalyzing reactions, signaling to turn gene ex

pression on and off, and transporting smaller molecules. The incredible diversity 

of proteins is created out of 20 amino acids [60], connected in a specific sequence 

into an unbranched chain. After synthesis, this chain self-organizes into a specific 

three-dimensional structure, known as the native or folded state. Understanding this 

process, called protein folding, is one of the great outstanding problems in science, 

but will be ignored in this thesis. 

To perform their functions, proteins generally require being in the correct native 

state. In many cases, the relationship between structure and function appears clear, 

such as in most enzymes that require a precise positioning of catalytic groups in the 

active site. This view reduces most of the protein, typically hundreds of amino acids, 

to serving as a scaffold to support the active site. In addition to being intellectually 

unsatisfying, ignoring the role of the whole protein structure is inconsistent with ex

perimental evidence. In many proteins, mutations in residues distant from the active 

site have been shown to have a substantial impact on performance, even when the mu

tation does not disrupt the folded structure. The physical basis for this effect is often 

mysterious, but the evidence suggests either that the ligand or the substrate of the 

protein interacts with regions away from the active site, or that there is an allosteric 

connection between different parts of the protein, such as in the hemoglobin tetramer 

[31], where oxygen binding to one of the subunits induces a global conformational 
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change that affects the other subunits. 

As the number of high-resolution structures has grown, so has the abundance of 

proteins observed in more than one conformational state. In addition, computer simu

lations have demonstrated facile transitions between isoenergetic conformers, ranging 

from side chain rotations [64], to global fluctuations [36] under physiological condi

tions. Proteins are essentially dynamic entities, exhibiting a range of motions that 

may play functional roles. Knowledge of an average structure, even at high resolution, 

may not be sufficient for understanding the functional mechanism. 

Instead of a static chemical structure, a protein is better seen as a dynamical sys

tem, with the atoms interacting with each other based on physical laws. The forces 

of importance include chemical bonds, hydrogen bonds, nonbonded van der Waals 

interactions, and electrostatics [32]. If one does not consider bond breaking or forma

tion, quantum mechanics may be ignored and an atomic-level classical description is 

sufficient. However, the size of the system (thousands or tens of thousands of atoms) 

and the range of timescales of motion (from femtoseconds to seconds) make an analyt

ical solution impossible and keep current computer simulations hmited to nanosecond 

timescales, although increases in computer power will inevitably allow longer runs. 

Experiments can also provide information about protein motion, notably NMR spin 

relaxation, deuterium-hydrogen exchange, fluorescence (e.g. tryptophan), and vi

brational spectroscopy, such as infrared or Raman. The experiments are generally 

laborious and are also limited, both in time and often also to a specific region, e.g. 

near a fluorescent group or an NMR-labeled atom. Because of these difficulties, fun

damental questions about protein motion remain open. Can one predict the preferred 

modes of motion from a structure? How do distant parts of a protein influence each 

other's dynamics? What contribution does protein motion make to the functional 

performance? 

This thesis addresses the role of protein motion in controlling the release of a small 

ligand. The protein nitrophorin is introduced later in this chapter, after a review of 
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the hterature on the classic protein myoglobin, which performs a similar function and 

will serve as a reference and an object for comparison in this study. The results are 

presented in chapters 2-4, describing X-ray crystallography data, molecular dynamics 

simulations, and analytical stochastic modeling, respectively In chapter 5, I will 

attempt to bring together all the results and discuss how our understanding of the 

mechanism of nitric oxide release from nitrophorin has changed, and what questions 

still remain. 

1.2 Myoglobins 

Myoglobin has the honor of being the first protein to have its structure determined 

[50]. It has since been extensively studied by legions of experimentalists and theorists, 

has served as a model system and yielded many great insights into the physics of 

protein dynamics and function. I will briefly overview some of the past discoveries, 

to be able to compare the main subject of this thesis with this mature body of work. 

Myoglobins use a heme (usually Fe"^^; when Fe"*"^ heme is present, they are termed 

metmyoglobins) to bind small ligands, notably dioxygen, carbon monoxide and nitric 

oxide. The heme is largely buried inside the protein (Figure 1.1), including the iron 

binding site, and the first detailed crystal structures of myoglobin and the similar 

protein hemoglobin revealed that there was no unobstructed pathway for the ligand 

between the solvent and the binding site. This suggested [80] that the protein must 

fluctuate sufficiently to open a hatch in the apparently solidly packed structure. It 

was the first indication of the importance of protein motion for function. 

In 1975, Frauenfelder and co-workers [12] measured the kinetics of CO rebind-

ing to the heme in myoglobin after flash photolysis (breaking the ligand-heme bond 

with a laser pulse). At temperatures below 200 K, the rebinding curves followed a 

power law instead of the usual exponential form, expected for a single-barrier pro

cess. It followed that rebinding took place over a distribution of barrier heights, 
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FIGURE 1.1. Overall structure of sperm whale myoglobin with residues in internal cavities 
shown in color. Heme is shown in red, ligand (CO) in purple, heme cavity, including the 
"front gate" in blue, Xe4 pocket in cyan, Xe3 in green, Xe2 in orange and Xel in yellow. 

and integration of the infinitely many exponentials resulted in a power law. Funda

mentally, this demonstrated that the system of heme, protein, and ligand occupied 

numerous and diverse conformational substates, although it was unclear at the time 

which of the components was responsible for the heterogeneity. Detailed comparisons 

of myoglobin with and without strong ligands (CO, O2) found that the heme and 

surrounding residues undergo relaxation after ligand dissociation [85, 48]. 

In 1983, X-ray structures of myoglobin pressurized with Xenon showed the exis

tence of internal packing defects (Figure 1.1), termed Xe pockets [100], suggesting 

the possibility of ligand migration through the protein interior. Simulations using 

enhanced sampling of CO migration [27] found multiple escape pathways out of myo

globin, and confirmed the possibility of ligand hopping between Xe cavities. Experi-
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TABLE 1.1. Effect of Mutations on O2 Binding Kinetics in Myoglobin [88] 
Protein kpn (/iM~^s~^) Kff (s~^) (/xM~^) 
WT Mb 16 14 1.1 
H64A 53 2300 0.02 
H64W 6.2 87 0.07 
L29A 14 18 0.78 
L29F 21 1.4 15 
I28A 19 20 0.96 
I28W 11 5 2.8 
L89G 13 9 1.3 
L89W 20 71 0.28 

His 64 is the "front gate", Leu 29 separated the binding pocket from the Xe4 cavity, Leu 28 
in part of Xe4 pocket, and He 89 is part of the Xel pocket. 

mental work has also produced evidence of internal ligand migration, including direct 

observation in X-ray structures. Using photolysis followed by cryogenic trapping, 

CO was seen to migrate from the binding pocket to the Xe4 cavity on the distal 

side of the heme and subsequently to the Xel cavity on the proximal side [21, 77]. 

Time-resolved X-ray crystallography following flash photolysis has provided a tempo

ral dimension [94, 86], with the transition from the binding site to Xe4 occurring in a 

few nanoseconds, and subsequent migration to Xel taking place in tens to hundreds 

of nanoseconds. Vibrational spectroscopy experiments [73] have also confirmed the 

ligand migration hypothesis by observing different rebinding rates corresponding to 

return from different internal cavities. 

While internal ligand migration in myoglobin is now an established fact, its sig

nificance for function remains a subject of investigation, as does the physics of the 

binding and escape processes. Scott, Gibson, and Olson have measured O2 binding 

kinetics in various myoglobin mutants [87, 88] and shown a substantial effect on the 

binding and release rates of changes in the "front door" His 64, as well as of mutations 

in the Xe cavities (Table 1.1). Fitting the data to a kinetic model with two possi

ble escape pathways, they concluded that a substantial fraction (~25%) of ligands 

escapes through the internal cavities. Other mathematical models for ligand binding 
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have been proposed, some considering Ugand migration [4], and others focused on 

the effect of heme relaxation on the ligand-heme binding [2]. A quantitative study 

of ligand binding to Mb heme [65] calculated the energy barriers for rebinding and 

reproduced experimental binding rates. A consensus has emerged that the effect of 

ligand migration is by far of greater importance, and I will address this subject further 

in our study of another hgand binding protein. 

1.3 Nitrophorins 

The main subject of this thesis is nitrophorin 4 from Rhodnius prolixus (Np4). Ni

trophorins are nitric oxide (NO) transport proteins from the sahva of blood-feeding 

insects [70]. Rhodnius nitrophorins, in the course of their function, are injected with 

saliva into the tissue of the victim, where NO is released and histamine binds in its 

place. Delivery of NO initiates a signaling cascade leading to vasodilation and reduced 

platelet aggregation, thereby improving the blood supply for the insect, while seques

tration of histamine prevents inflammation associated with tissue damage, protecting 

the insect from detection. A ferric heme is used for both NO and histamine binding, 

taking advantage of the lower intrinsic affinity of NO for ferric heme {Kd ~ 10~®M) 

than ferrous heme {Kd ~ 10~^'^M). Seven such proteins have been isolated from the 

kissing bug, Rhodnius prolixus [9, 20, 71]. 

The two goals of the nitrophorins are somewhat contradictory: first, to protect the 

NO molecule from reaction while stored in the insect sahva, and then to release it when 

the protein reaches the tissue of the victim. Clearly, NO must have a higher affinity 

for binding nitrophorins in the bug salivary environment than in the mammalian 

tissue. Apparently, pH triggers the change in affinity of the protein, as the bug saliva 

is acidic (pH ~5) compared with mammalian tissue (pH ~7.5). Binding studies [8] 

have confirmed this hypothesis, with binding constant changing from = 0.05 /iM~^ 

at pH = 5 to Kd = 0.54 at pH = 8. 
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N-term 

FIGURE 1.2. Structure and conformational change inRhodnius nitrophorin 4. (A) The 
/3-barrel core (strands A-H) and surrounding helices are shown in blue. Loops A-B and 
G-H are indicated in red. Heme, NO, and proximal ligand His 59 are shown in gold (stick 
representation). (B) Closed conformer (Np4-NO, pH 5.6) showing the hydrogen bonding 
network between carboxylic groups, the N-terminus and the carbonyl of Leu 130. The side 
chains for Leu 130 and Val 36 are packed against NO in the binding pocket. (C) Open 
conformer (Np4-NH3, pH 7.4) showing the loss of hydrogen bonds among carboxylates, the 
new position for Leu 130 and its flipped carbonyl, and the alternate hydrogen bonding 
arrangement around the N-terminus. 
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TABLE 1.2. Kinetics of NO binding to Nitrophorin mutants and Myoglobin 
Complex ki (//M~^s~^) k_i (s~^) k2 (/iM~^s~^) k_2 (s~^) 
Wild-type Np4 pH 5 2.5 21 33 0.15, 0.02 
D30A Np4 pH 5 5.2 15 21 1.2, 0.14 
D129A/L130A Np4 pH 5 4.0 27 15 1.5, 0.6 
Wild-type Np4 pH 8 2.5 15 32 1.8, 0.6 
D30A Np4 pH 8 6.4 22 nm 2.7, 0.8 
D129A/L130A Np4 pH 8 4.5 19 1.9, 0.6 
Wild-type Mb pH 7 ~0.05 ~20 

Np4 mutant kinetics from [59]; sperm whale Mb NO kinetics from [90, 58]. 

NO-nitrophorin kinetics were determined using stopped-flow experiments; the on 

rates were measured by mixing a protein solution with an NO solution, while the 

off-rates were determined by mixing a solution of protein and NO with a histamine 

solution which displaces NO due to its higher affinity. While the on rates are simi

lar to NO on rates in other ferriheme proteins, hke metmyoglobin, the off-rates are 

significantly slower. The off-rates alone exhibit large pH dependence, changing by 

a factor of 30 or greater from pH 5 to pH 8. In addition, the dissociation curves 

required two exponentials for an adequate fit, and thus two rates were reported for 

each pH, k_2 = 0.02,0.06 s~^ at pH = 5 and /c_2 = 2,0.2 s~^ at pH = 8. It should 

be noted that another dissociation rate fc_i ~ 20 s~^ at both pH was obtained from 

measuring binding rates at different ligand concentrations [9]. It is not clear why this 

rate is so different from those obtained by stopped-fiow displacements; in myoglobin 

NO off rates obtained in these two ways are in close agreement [58]. The results were 

interpreted as arising from two different species of Np bound to NO, shown in Sheme 

1.1 as Np • NO and Np-k NO. These data suggest that the change in NO binding 

affinity is accompUshed by a modulation of NO release rates, and that the underlying 

process is more complex than that in myoglobin. 

N p  +  N O ^ N p » N O  ̂  N p * N O  (1.1) 
fc-i k-2 

NO is a ubiquitous signaling molecule in higher animals, and its reactivity and 
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small size require adroit handling by proteins. Structural and functional studies have 

revealed diverse adaptations in Nitric Oxide Synthase (NOS) [98], which catalyzes 

NO formation and releases it, and soluble Guanylate Cyclase (sGC) [107], the tar

get protein in endothelial cells that upon NO binding initiates a signaling cascade 

leading to smooth muscle relaxation, vasodilation, and reduced platelet aggregation. 

Nitrophorin serves as a middleman between the two ends of the pathway, and its 

structure is adapted for this purpose. High-resolution structures of Np4 [104, 83, 51] 

revealed a lipocalin fold, unique among heme proteins in general and for NO binding 

proteins in particular. The protein forms isomorphous crystals in the pH range from 

5 to 8, and can bind NO without disrupting the crystal packing. Comparison of 

structures at different conditions showed large conformational changes in two loops 

neighboring the NO binding pocket, loops A-B (residues 30-37) and G-H (125-131), 

which connect /3-sheet strands A to B, and G to H, respectively (Figure 1.2A). A 

closed conformation is observed in the Np4-N0 complex at low pH (5.6), charac

terized by a network of hydrogen bonds between the loops (Figure 1.2B), and the 

packing of sidechains into the NO binding pocket. Higher pH and polar ligands, such 

as NH3, H2O or CN~, disrupt this conformer, resulting in an open configuration of 

loop G-H (Figure 1.2C) and destabilization of loop A-B, which virtually disappears 

in the Np4-NH3 complex at high pH (7.5). The association of this conformational 

change with NO binding and pH, as well as its impact on the accessibility of the heme 

binding site strongly suggest that the loops play a functional role in controlling NO 

release. 

This hypothesis was tested by structural and kinetic characterization of Np4 with 

mutations in key loop residues (D30, D129, L130) [59]. Structures of Np4 D30A and 

D30N mutations in complex with NO at pH 5.6 revealed a new conformation, with 

an open conformation of the L130 carbonyl, yet with the leucine sidechain packed 

into the heme cavity. The mutation of D30 disrupts the hydrogen bond with L130, 

and allows waters to occupy the space of the carboxylate. Kinetics show a much 
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reduced effect of pH on NO release rates, being only ~2 times slower than at pH 8 

(Table 1.2. The double mutant D129A/L130A is missing key atoms protecting NO 

from the solvent, and several new waters are observed in the binding cavity at both 

pH values. As expected, this mutant is unable to impede NO release in the manner 

of the wild-type closed conformer, and its release kinetics are identical at high and 

low pH. 

Prior work on Np4 has revealed a complex structural mechanism for modulating 

NO release rates from very slow at low pH to slightly slower than those of Mb at 

neutral pH. While the loops A-B and G-H are clearly implicated, the exact mechanism 

for NO release is not obvious. Among the many possible questions, the following are 

of interest: 

1. How can mobile loops control the migration of a small molecule? 

2. Can NO migrate through the interior of the protein, and what effect does this 

have on escape kinetics? 

3. What role does the change in cavity solvation play? 

4. What is the origin of multiple escape rates in Np4? 

In the following chapters I will use experimental, computational, and theoretical 

methods to address these fundamental questions. 



20 

CHAPTER 2 

FUNCTIONAL CYCLE OF NITROPHORIN 4 IN ATOMIC 
RESOLUTION X-RAY CRYSTAL STRUCTURES 

2.1 Introduction 

X-ray diffraction has been used to determine molecular structures for decades. The 

technique is based on analysis of light diffracted by a crystalline lattice. The crys

talline symmetry results in discrete diffraction spots, termed reflections, each one 

arising from a particular set of crystal planes diffracting light in the same direction. 

Light is scattered by electrons in the molecules that make up the asymmetric unit, 

and the periodic nature of the lattice creates a Fourier transform of the electron den

sity in the diffracted light. For each reflection, the diffracted light is described by the 

structure factor [96]: 

= 2/' (2.1) 
h k I 

where h, k, I are the indices of crystal planes, V is the volume of the crystal, and p 

is the electron density functional. The structure factor is a complex number, as it 

describes a light wave, which has both an amplitude and a phase. However, when a 

diffraction pattern is detected, only the intensities of reflections are measured, while 

the phases of the light waves are lost. Instead of a straightforward inverse Fourier 

transform, solving for electron density becomes an underdetermined inverse problem, 

similar to many imaging apphcations. 

The solution of a crystal structure involves the determination of model parame

ters for every atom, namely the atomic coordinates and the B-factors, which measure 

positional variance. When the number of these parameters is small, the inverse prob

lem may be solved directly or with a little work. However, as the number of atoms 
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increases to hundreds or thousands, the phasing problem becomes very challenging. 

One extremely important technique allows determination of initial phases from a few 

heavy atoms, which stand out from the rest due to greater electron density. An 

initial estimate for the phases can be used to calculate a model for the molecular 

structure, which is in turn used to compute the structure factors. The amplitudes of 

computed structure factors {\Fc\) are compared to the observed amplitudes {\Fo\) by 

the R-factor: 

TJ ~ l-^cll ,r, ON 

" EIF.I " ' 
The process of iterative model improvement to reduce the R-factor is known as 

refinement [82]. The process is computationally intensive, as the optimization involves 

thousands or tens of thousands of parameters. Despite modern computer power 

and advanced software, structure solution generally requires manual intervention, 

which modern computer graphics also make easier. The refinement process typically 

alternates between cycles of automated refinement and human model-building, where 

the crystallographer corrects obvious misplacements of atoms or makes decisions in 

ambiguous portions of the electron density. 

The resolution of a crystal data set is one of the key indicators of the rehability and 

precision of the model. It refers to the closest distance between crystal planes that 

produce reflections used in the data. The ordering of the crystal largely determines 

the available resolution, as the higher resolution reflections become progressively less 

intense. The first protein and DNA structures were determined to ~6 A resolution, 

which was sufficient to see large structural elements such as a-helices in myoglobin and 

the double helix of DNA. To resolve the positions of the backbone atoms, however, a 

2 A structure was required [49], which demonstrated that the ct-helices, which were 

previously seen as solid cylinders, were hollow on the inside. In the four decades since, 

thousands of crystal structures of proteins have been solved, with generally improving 

resolution, due to bright synchrotron X-ray sources, cryogenic data collection, and 
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other experimental advances. 

The structures beyond 1.2 A, called ultrahigh or atomic resolution, allow for pre

cise determination of individual atomic positions. A number of atomic resolution 

structures have recently become available, contributing to an improved understand

ing of the protein conformational space [102], In particular, such structures reveal 

that many residues occupy more than one conformational state, and suggest that the 

motion between these states is linked with function (see, for example, the structures 

of cholesterol oxidase [56], calmoduhn [106], and TIM [54]). Atomic resolution allows 

other, previously difficult, questions to be addressed as well, such as the protonation 

state of catalytic residues in the proteins subtilisin [53] and /3-lactamase [69], and the 

distortion of a carbohydrate substrate on binding to endoglucanase CelA [39]. In ex

ceptional cases, protein structures have been solved to resolution near or past 0.6 A 

[1, 45, 42]; these studies reveal deviations from spherical shape of atomic electron 

clouds and report observations of valence electrons. 

In Chapter 1 I introduced the Rhodnius nitrophorin-NO system, and summarized 

earlier structural work on Np4 [10, 104, 83]. Of the Rhodnius nitrophorins, Np4 is 

particularly well suited for detailed structural analyses since it forms isomorphous 

crystals at low and high pH; its crystals diffract beyond 0.8 A resolution; and NO 

binding, with subsequent change in protein conformation, does not harm the crystal. 

These fortuitous features have led to several high resolution structures of the protein 

with and without NO bound [10, 83, 104], which revealed a closed conformation with 

NO trapped in a desolvated, hydrophobic pocket at low pH, and an open conformation 

after NO is released at high pH. The heme is highly distorted in these structures, more 

so on binding NO, a feature that may help prevent reduction of the heme by NO. 

The NO-induced conformational change at low pH is centered on two loops near the 

NO binding pocket, loops A-B (residues 30-37) and G-H (125-131), which connect 

/3-sheet strands A to B, and G to H. 

In this chapter I present X-ray crystal structures of Np4 determined to ultrahigh 
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resolution for all four key steps in the binding, storage and release of NO: ±N0 at pH 

= 7.4 and ±N0 at pH = 5.6. Of these, the Np4 -NO (pH 7.4) structure is presented 

for the first time, while the others have been determined to substantially increased 

resolutions. Comparison of the protein conformations at different conditions allows 

for decoupling of effects of pH and NO binding, specifically on the behavior of the 

two key loops. The results lead to a more detailed understanding of the structure and 

dynamics of the functionally important regions of the protein, and how this relates 

to NO storage and release in the nitrophorins. The methods, results and much of the 

discussion sections of this chapter are taken with little modification from [51]. 

2.2 Materials and Methods 

The crystallization work was performed by my Montfort lab colleagues Abreeza 

Zegeer, Carrie Plummer, and Andrzej Weichsel. Np4 was overexpressed in Escherichia 

coli, isolated from inclusion bodies, renatured and crystallized as previously described 

[7, 6, 104], Crystals were grown at room temperature using the hanging drop method 

and prepared for data measurement under the following conditions. Np4 -NH3 (pH 

7.4) was grown in 2.8 M ammonium phosphate (pH 7.4), moved to a saturating am

monium phosphate solution for cryoprotection, retrieved with a cryoloop (Hampton) 

and flash frozen in liquid nitrogen. Np4 -NO (pH 5.6) was obtained by transferring a 

crystal grown at pH 7.4 to an ammonium phosphate solution at pH 5.6 that had first 

been deoxygenated with argon gas and then saturated with NO gas. The crystal was 

flash frozen after soaking for several minutes. Np4 -NO (pH 7.4) was prepared in the 

same manner, except for using a pH 7.4 soaking solution. Np4 -H2O (pH 5.6) was 

grown in 22% PEG 4000 with 100 mM sodium citrate buffer, pH 5.6, and moved to 

a higher PEG concentration prior to freezing. These crystals are isomorphous with 

those grown in ammonium phosphate (space group C2, cell constants a = 70.3 A, b 

= 42.5 A, c = 53.0 A, /? = 94.5°). 
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TABLE 2.1. Crystallographic Data 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
Wavelength (A) 0.9 0.751 0.9 0.980 
Temperature (K) 100 100 100 100 
Resolution (A) 22-0.85 20-1.01 22-0.85 36-1.08 
Total reflections 362878 304866 425606 364168 
Unique reflections 113651 82359 113853 66157 
Multiplicity 3.2 3.7 3.7 5.5 
Completeness (%)" 80.7 (63.4) 98.8 (93.2) 82.8 (56.8) 98.4 (95.1) 
I / a { i r  19.4 (2.4) 21.0 (6.5) 18.5 (1.8) 10.4 (1.8) 
TDa 
^merqe 0.04 (0.23) 0.049 (0.18) 0.038 (0.32) 0.059 (0.27) 

" overall (last shell) 

Although I have participated in data collection at synchrotrons, the results re

ported here are based on data collected by Estelle Maes, Sue Roberts and Andrzej 

Weichsel. Diffraction data for Np4 -H2O (pH 5.6) and Np4 -NH3 (pH 7.4) were 

measured on BIOCARS beamline 14-BMC of the Advanced Photon Source, Argonne 

National Laboratory, using an ADCS Quantum 4 detector. Diffraction maxima were 

seen to 0.75 A; however adequate completeness was only available to 0.85 A resolu

tion. Diffraction data for Np4 -NO (pH 5.6) and Np4 -NO (pH 7.4) were measured on 

beamlines 9-1 and 11-1, respectively, at SSRL, Stanford, using ADSC Quantum 315 

detectors. These data were limited to 1.0 and 1.08 A resolution. All data were re

duced with d*trek [81] as incorporated into the CrystalClear software package (Rigaku 

Corporation), and CCP4 [22]. Data statistics are summarized in Table 2.1. 

Models were refined using SHELX 97-2 [91], with manual rebuilding using O 

[47]. Previously determined Np4 structures, including solvent, but without alternate 

conformers, were used as a starting point for each refinement, and the entire resolution 

range was used from the beginning. In the first stage, refinement was performed using 

isotropic B-factors, and large difference peaks that could be modeled as multiple 

conformers were added, as well as waters in favorable positions. In the next stage, 

anisotropic temperature factors were added, which reduced Rfree by at least 0.03. 
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This allowed more detailed modeling of disorder in protein residues, as well as further 

addition of solvent atoms. Hydrogens were added in calculated positions, based on 

the neutral pH protonation states, which produced a further drop in Rfree of 0.01. 

More disorder could be modeled at this stage, primarily in residues with a weakly 

occupied alternate conformer, including certain weakly occupied water molecules. As 

a final step, I examined the possibihty of relaxing the default restraints on distances, 

angles and anisotropic B-factors, but found that this did not improve Rfree and so 

retained the more stringent weighting factors. 

The high resolution of the data allowed for clear identification of multiple confor

mations in many residues. Generally, a difference peak of at least 6cr ( j'njO . 5 0 -/A=) 

was considered necessary for addition of an alternate conformer to a residue. However, 

creating an alternate conformation for one atom sometimes required linked atoms to 

be added to the conformer in order to preserve reasonable stereochemistry, even when 

an alternate position was not indicated in electron density maps due to overlap with 

the primary position. Typically in such cases, the side chain shows obvious difference 

peaks but the main chain does not. As a rule, I included all of the main chain atoms in 

an alternate conformer if the (5 carbon was disordered, reasoning that the main chain 

geometry is likely subtly affected by the disorder even if no large difference peaks 

are present. Protein atoms had occupancies refined along with B-factors, whereas 

the solvent disorder had fixed occupancies (most at 0.5; 0.3 for weak waters) unless 

a solvent alternate conformer was clearly linked to disorder in the protein, in which 

case the water occupancy was the same as in the protein conformer. Where possible, 

residues that conflicted with one anothers alternate conformers were also modeled 

with linked occupancies. 

The high resolution of these structures allowed me to model small but functionally 

important deviations in certain bond lengths and angles from those in model com

pounds. In particular, heme nonplanarity, which is thought to influence its reduction 

potential, could be modeled by removing planar restraints, and the iron coordination 
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TABLE 2.2. Refinement Statistics 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
Refinement Range (A) 6-0.85 6-1.01 6-0.85 6-1.08 
Protein atoms" 1636 1593 1629 1552 
Ligand or cofactor" 45 52 44 45 
Solvent ^ 360 395 351 316 
Data/parameter ratio 
RMSD (A) 

5.8 4.3 5.9 3.8 

Distances (target) 
Angles (target) 

R'Cryst j Rfree 

0.016 (0.02) 
0.037 (0.04) 
0.10 / 0.13 

0.015 (0.02) 
0.033 (0.04) 
0.10 / 0.13 

0.015 (0.02) 
0.036 (0.04) 
0.13 / 0.16 

0.013 (0.02) 
0.033 (0.04) 
0.14 / 0.17 

" includes alternate conformations; ^ includes partially occupied solvent molecules 

geometry was refined without any restraint for at least 10 cycles. One final cycle 

of block-diagonal full-matrix least-squares minimization (while holding other param

eters fixed) was then performed for each structure to generate standard errors for 

distances and angles in the groups attached to the heme iron. 

Refinement statistics are summarized in Table 2.2. Model quahty was assessed 

using the program PROCHECK [57]. All residues in all four structures displayed 

values in the favored or allowed regions of a Ramachandran plot. Heme distortion 

was estimated using normal coordinate structural decomposition (NSD) method de

veloped by Shelnutt and coworkers [46]. MOLSCRIPT [52], BOBSCRIPT [28], and 

RASTER3D [67] were used to prepare figures. 

2.3 Results 

2.3.1 Overview of Crystallographic Results 

Rhodnius Np4 crystallizes into a single monoclinic crystal form at pH values between 5 

and 8. The Np4 crystals tolerate the pH-dependent changes in protein conformation 

that occur on binding NO, and diffract to beyond 0.8 A resolution. These factors 

allowed the unusual opportunity of studying a large protein conformational change at 
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FIGURE 2.1. Electron density in the protein core of Np4 -NO (pH 5.6) (A) The backbone 
atoms of three (3 strands are shown (residues 110-112, 117-119 and 135-137). The 2Fo — Fc 
map (cyan) is contoured at 5cr, while the Fo — Fc map (orange) is contoured at 2.8CR, using a 
model where backbone hydrogens were omitted and subsequently refined for several cycles. 
Note the consistently larger volume of the density peaks for nitrogen (blue) and oxygen (red) 
atoms, as compared with carbon atoms (green). The hydrogen peaks are not consistent in 
size, with some not appearing at this contour level. (B) A difference peak (orange contours 
at 3a) that appears to be in a hydrogen position is too large (6a), based on analysis of 
the main-chain hydrogens, and so was modeled as an alternate conformer of Glu 55. The 
2Fo — Fc map (cyan) is contoured at 2a. 

atomic resolution, without changes in crystal packing. Four structures are described: 

Np4 -H2O (pH 5.6), Np4 -NO (pH 5.6), Np4 -NH3 (pH 7.4) and Np4 -NO (pH 7.4). 

The resolution of these structures ranges from 1.08 to 0.85 A (Tables 2.1 and 2.2), 

revealing a highly detailed description of the protein in multiple conformations. In 

what follows, I first summarize general findings and then discuss features specific to 

each structure. 

The high resolution of the data allowed for recognition of multiple conformations 

in residues throughout the protein and to refine anisotropic temperature factors. 

Relaxing of standard stereochemical restraints was found not to be necessary, and 

not to lower Rfree- The high resolution also allowed us, as a final step, to perform 

unrestrained full-matrix refinement to calculate estimated standard deviations for 
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FIGURE 2.2. Concerted conformational changes at atomic resolution. (A) Two linked 
conformers are shown from Np4 -H2O (pH 5.6). The predominant conformer is shown in 
gray and has an occupancy of ~0.57. A hydrogen bond (dashed line) between Asn 85 (CO) 
and Ser 72 (OH) occurs in the alternate conformation, while in the primary conformation 
this interaction is replaced by two partially occupied water molecules. The 2Fo — Fc map 
is contoured at 1.7a (B) Linked conformers in Np4 -NH3 (pH 7.4). The predominant 
conformation, in gray, has an occupancy of ~0.57. Note again the partially occupied water, 
linked to the minor conformer. The 2Fo — Fc map is contoured at 2a. 

individual bond distances and angles. This was accomplished by using the DAMP 

option in SHELXL to freeze atomic positions. 

The resulting electron density maps are of excellent quality. In well-ordered parts 

of the protein, oxygen and nitrogen atoms display larger peaks than carbon atoms, 

and many hydrogen atoms can be seen (Figure 2.1A). All atoms are observed in all 

four structures except for a few surface side chains, residues 100 and 101, and, in 

certain cases, loops A-B and G-H. The structures were very similar except in the 

distal pocket, where differences in pH and distal ligand led to multiple conformations 

for the A-B and G-H loops, many of which occurred simultaneously in a given crystal. 

The high resolution of the structures allowed alternate protein conformations to 

be detected and modeled for each crystal. Many of these were present under all condi

tions, but with differences in occupancy. This proved useful during model building, as 

a dominant conformer from one structure frequently fit the alternate electron density 

in another. This was particularly important for modeling loops A-B and G-H, which 

undergo a dramatic change in conformation between open and closed states. 



29 

TABLE 2.3. Residues in Multiple Conformations 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
Total" 35 27 29 23 
Entire Residue 14 10 16 8 
Side Chain Only 14 10 13 8 
G-H loop 7 7 0 7 

" does not include partially occupied solvent molecules 

As many as 43 out of 184 residues were modeled in two conformational states 

in at least one structure and up to 35 in any given structure (Table 2.3); for most 

of the residues showing multiple conformations, disorder occurred in more than one 

structure. The alternate conformers vary from single atom displacements to the repo

sitioning of entire loops. Occupancy values as low as 0.2 could be reliably modeled for 

individual atoms in the structures, as shown in a comprehensive table of conformer 

occupancies in Appendix A. In surface residues (lysines, serines, aspartates) the dis

order was generally confined to side chain atoms. Elsewhere in the protein, alternate 

conformations involving backbone atoms were discovered, typically involving several 

interacting residues. 

Of particular interest are neighboring residues with clearly linked multiple con-

formers, indicating their involvement in concerted conformational changes. For exam

ple, residues Ser 72 and Asn 85, along with ordered solvent molecules, shift together 

in all four structures (Figure 2.2A). Likewise, buried residue Glu 55 moves in concert 

with Leu 77, Phe 107, Thr 121 and solvent (Figure 2.2B). Linked multiple confor

mations for the A-B and G-H loops were also readily apparent and are discussed in 

detail below. 

2.3.2 Conformational changes in loops A-B and G-H 

We extended the resolution of this structure to 1.0 A from that previously reported 

(1.1 A) and improved the model quality, leading to a decrease in Rjree from 0.15 to 
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0.13. The NO Hgand, distal pocket and loops in the closed conformer are quite clear 

in the final electron density map (Figure 2.3A). The NO displays a bending motion 

toward the back of the distal pocket, as previously described [83], leading to a large 

anisotropic component in the oxygen B-factor. The equivalent isotropic temperature 

factors for the nitrogen and oxygen atoms were 5.5 and 9.7 A^, respectively. These 

values are slightly higher than those for the heme and His 59, which have B = 4-

5 A^, but are similar to atoms in van der Waals contact with the NO moiety (B = 

7-9 A^). Nonetheless, a small difference peak remains next to the NO in the final 

electron density map, suggesting that either additional disorder takes place in the NO 

or contacting residues, or the occupancy of NO is shghtly less than 100%. At present, 

I cannot distinguish between these possibilities. 

Under these conditions (pH 5.6, NO bound) the closed conformer predominates, 

serving to protect the NO molecule. The A-B and G-H loops covering the distal pocket 

remain dynamic, however, and display higher temperature factors than for the rest 

of the protein, suggesting that the protection of NO is achieved by a nonpolar phase 

separation that resembles a dynamic oil droplet, than by a steric blockade by a solid, 

unvarying conformation [104]. In the present work, we found that in addition to 

the dynamic behavior about the closed conformation, the G-H loop (residues 125-

131) also visits the open conformation. One of the most striking differences between 

conformations is that peptide bond 130-131 flips 180°, causing Leu 130 to move away 

from the distal pocket. Difference electron density peaks were found that coincide 

directly with atomic positions for the flipped-open conformer and associated ordered 

solvent, leading to the modeling of both open and closed conformers in the protein 

(Figure 2.4A). The minor conformer refined to an occupancy of 0.29. Inclusion of the 

alternate conformation led to a 0.005 decrease in the value for Rfree-

The Np4-NH3 pH 7.4 structure was extended from 1.15 A to 0.85 A and Rfree 

reduced by 0.04. The distal ligand is ammonia (from the crystallization precipitant 

[10]) and the distal pocket holds several water molecules, including some with al-
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FIGURE 2.3. Stereoview of electron density in the distal pocket. Electron density from 
the 2Fo — Fc map for the heme, NO and Leu 123 is at 3.0(7 (cyan), and for Asp 35, Val 36 
(A-B loop), and Leu 130 (G-H loop) is shown in orange at 2.OCT in part A and 1.5a in part 
B. (A) Closed conformer in Np4 -NO (pH 5.6). The side chains of Leu 130, Asp 35 and Val 
36 are well ordered and packed into the binding pocket, against NO. (B) Open conformer in 
Np4 -NHs (pH 7.4). Leu 130 has left the distal pocket, leaving room for 4 or more solvent 
molecules. The A-B loop is poorly ordered under these conditions; however Val 36 clearly 
partially occupies the position associated with the closed conformer. 

ternate positions (Figure 2.3B). Previously, positions for the A-B loop could not be 

identified at all in this structure. With the increased resolution, it became clear that 

the closed position for the loop was significantly occupied (Figure 2.3B). That other 

conformations also occur was equally clear due to the poor quality of the electron 

density and the existence of relatively strong residual diflFerence peaks near prolines 

33 and 37 (about 0.6 e~/A^) that we were unable to model. Nonetheless, Val 36, 

which stabilizes contacts between NO and Leu 130, is clearly sampling the closed 

conformation in the absence of NO. In contrast, loop G-H hes completely in the open 

conformer. No extra electron density arising from the closed conformer is visible in 
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difference electron density maps (Figure 2.4D). 

The aqua complex at pH 5.6 responds to a mixture of competing influences for 

open and closed conformers. The low pH favors the closed conformer, but the aqua 

ligand favors the open complex. We extended this structure from 1.4 A resolution 

to 0.85 A, and lowered Rfree from 0.25 to 0.13. Loop A-B is less well ordered than 

in the NO complex at pH 5.6, but predominantly resides in the closed conformation. 

Residues 33-34 show the greatest disorder, while Glu 32, Asp 35 and Val 36 are clearly 

indicated in the closed position. Loop G-H also occupies both conformations, but, 

in contrast, predominantly resides in the open state. The major conformer has the 

carbonyl of Leu 130 rotated away from Asp 30 and hydrogen bonded to the amino 

terminus, and the loop backbone is shifted. Evidence for the closed conformer appears 

most clearly in difference electron density maps (Figure 2.4B). Inclusion of the closed 

conformer in the model, with a final occupancy of 0.28, led to a reduction in Rfree 

of 0.005. Further evidence for the closed conformer comes from Asp 30, which also 

displays two conformations. The predominant position is consistent with carbonyl 130 

lying in the flipped open position, but the minor position is consistent with carbonyl 

130 forming a hydrogen bond with Asp 30. The distal pocket displays ordered water 

molecules, one of which is coordinated to the heme. 

The NO complex at pH 7.4 also has two competing influences, but in the opposite 

direction: the NO ligand favors the closed conformer while the higher pH favors the 

open conformer. This structure, first reported herein, has substantial disorder in 

both loops. Loop A-B has poor electron density and residues 33-35 in particular are 

difficult to model. Residues Glu 32 and Val 36 have weak density consistent with 

the closed conformation. Loop G-H, which displays aspects of both open and closed 

conformers in roughly equal proportion, is poorly modeled at present despite the 

availability of high resolution (1.08 A). This is likely reflected in the relatively high 

Rfree for the structure (0.17). The multiple conformers are particularly apparent in 

residues 129-131 (Figure 2.4C), where the carbonyl of Leu 130 has better density for 
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FIGURE 2.4. Multiple conformers and disorder in the loop region. Parts of loop G-H 
(Asp 129, Leu 130, Gly 131), and loop A-B (Asp 30) are modeled in two conformers: 
closed (gray bonds) and open conformer (black bonds). Partially occupied water molecules 
associated with the open conformer are indicated with orange arrows. Extended features in 
the electron density coinciding with the alternate conformer are indicated with blue arrows. 
2Fo — Fc maps (cyan) are contoured at 1.3(7 (part A) and 1.4(7, and difference maps Fo — Fc 
(orange) computed before the introduction of the alternate conformer are contoured at 2.0a 
(part A) and 2.2a (part B). (A) Np4 -NO (pH 5.6). The closed conformer is dominant, 
but the difference map indicates the presence of the open conformer (backbone shown) and 
associated water structure. (B) Np4 -H2O (pH 5.6). The open conformer with associated 
solvent is dominant, but the difference map indicates that the closed conformer is weaMy 
present. Asp 30 is seen in two conformations, apparently not correlated with disorder in 
loop G-H. (C) Np4 -NO (pH 7.4). Disorder in loop G-H is difficult to model with only two 
conformers. Leu 130 shows features of both the open (carbonyl group) and the closed (side 
chain) conformers. (D) Np4 -NH3 (pH 7.4). Only the open conformation is observed for 
loop G-H, although with weaker density than in part B, suggesting greater mobility. Asp 
30 displays two conformations, despite the single conformer in loop G-H. 
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the open position, within hydrogen bonding distance of the amino terminus, while 

the side chain of Leu 130 has observable density only for the closed conformer, where 

it is packed against the NO molecule. Inclusion of both conformers lowered Rjree 

by 0.008, but smeared electron density near Asp 129 is not well addressed in the 

model, and the electron density for residues 127-128 is largely missing. Despite this, 

two conformers were required for the entire loop in order to obtain an acceptable 

model. NO ligation is clearly indicated in the distal pocket; however, its geometry is 

consistent with photoreduction occurring during data measurement. The more open 

distal pocket has several ordered water molecules in place, which may contribute to 

reduction of the nitrosylated heme, as previously noted for mutant forms of Np4 with 

modified loops [59]. 

2.3.3 Temperature Factors, Hydrogens, and Unrestrained Refinement 

To compare the mobility of different parts of the protein, we examined crystallo-

graphic temperature factors, also known as atomic displacement parameters (ADPs), 

which measure variance in atomic position. To correct for differences in crystal or

dering and data measurement, ADPs from each structure were normahzed relative 

to a set of Ca atoms from 44 core residues by subtracting the mean of the refer

ence set from each ADP (Figure 2.5). These adjusted temperature factors show very 

close agreement among the four independent structures, with the exception of the 

loops A-B and G-H and residues 100 and 101. We also performed a comparison of 

anisotropic ADPs, which can indicate the primary direction of atomic motion. We 

used the method of Merritt [66] to quantify the similarity of the anisotropic tensors 

between corresponding Ca atoms in the four structures; the results (not shown) again 

displayed close agreement in all parts of the protein except for loops A-B and G-H. 

The similarity of both magnitude and direction of motion in the invariant parts of 

the protein indicates that the conformational change near the binding site has no 
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FIGURE 2.5. Normalized carbon a isotropic ADPs by residue. The agreement between 
the four structures is very close except in loops A-B and G-H (32-36 and 126-131). 

discernible global impact on protein motion. 

We tested the ability to recognize hydrogen atoms in the two pH 5.6 structures, 

and found that the data do not allow for consistent hydrogen detection. We used 

difference electron density maps where main chain hydrogen atoms were omitted 

(carbon a and amide atoms from 184 residues) and compared those with difference 

maps from the complete model (with hydrogens), to exclude noise peaks. Using a 

cutoff level of 2.5a, we found 86 and 88 carbon a hydrogens, and 52 and 50 amide 

hydrogens, in the NO and H2O complexes, respectively. The highest peak was 5.4cr, 

which corresponds to ~0.45 e~/A^ in absolute density. There is limited agreement 

between the two sets: 57 carbon a hydrogens and 26 amide hydrogens are seen in 

both structures. These findings are consistent with the 0.66 A structure of aldose 

reductase {Rfree = 0.093) that was recently reported by Podjarny and co-workers 

[42]. In that study, 54% of all hydrogens were found using a cutoff level of la. 

The residues with observed hydrogen peaks are almost all in the most ordered 

regions of the protein. For the NO complex, virtually all peaks are on atoms with 

B-factors below 7 A^, and for the H2O structure, below 9 A^; however, even highly 
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ordered atoms do not consistently display hydrogens (see Figure 2.1A). This analysis 

allowed for better interpretation certain difference electron density peaks, such as one 

near buried Glu 55 (Figure 2.IB). The B-factors on the side chain are higher than the 

threshold value, and the peak is higher than any observed hydrogen atom belonging 

to the main chain. Consequently, the peak was interpreted as an alternate conformer. 

Thus, the observation of hydrogens on the most functionally interesting side chains 

is precluded unless they are particularly well ordered. 

The ultra-high resolution of the data allowed for unrestrained refinement of geo

metric parameters in functionally important locations. In particular, the geometry 

of the heme and associated ligands changes with the oxidation state of the heme 

iron and the nature of the coordinating hgands, and the geometry of carboxyl groups 

changes with protonation state. Unrestrained iron coordination geometry was previ

ously evaluated (at lower-resolution) for the Np4 -NO (pH 5.6) and Np4 -NH3 (pH 

7.4) complexes [83], where the heme was found to be ruffled under both conditions, 

but more so on binding NO, a 7r-acceptor hgand, and the Fe-NO bond was found 

to be bent away from the expected linear arrangement, but to have the expected 

bond length. Similar geometries were found in the higher resolution structures of 

these complexes (Table 2.4). In the NO complex, the Fe-NO bond length (1.69 A) 

was again consistent with a ferric nitrosyl complex, as intended, but the Fe-NO bond 

angle (159°) was again bent away from the linear arrangement [84]. However, com

putational analyses suggest that NO is easily deformed away from a linear bond, in 

this case by Leu 123 and Leu 133, which flank the NO molecule [95]. 

In Np4 -NO (pH 7.4), the Fe-NO bond distance (1.74 A) and angle (144°) indi

cate that the heme has been photoreduced to the ferrous state (Fe(II)) during data 

measurement. A similar result was found in mutant forms of Np4 that destabilized 

the closed conformer [59], suggesting that photoreduction of the iron nitrosyl complex 

is more facile when solvated than when isolated from water in the closed conformer. 

Photoreduction could only affect the iron coordination sphere, and not the protein 
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TABLE 2.4. Heme Geometry and Distortion" 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
Fe-ligand 2.055 (6) 1.69 (1) 2.043 (9) 1.74 (2) 
N-0 1.09 (1) 1.20 (2) 
Fe-N-0 159.1 (1.1) 143.8 (1.6) 
Fe-His 1.942 (5) 1.994 (7) 1.975 (7) 2.06 (1) 
Fe-NA 1.978 (6) 1.964 (9) 1.975 (9) 1.98 (1) 
Fe-NB 1.996 (7) 1.994 (9) 1.983 (9) 1.99 (1) 
Fe-NC 2.009 (6) 2.001 (9) 1.989 (9) 1.98 (1) 
Fe-ND 1.979 (7) 1.986 (8) 1.99 (1) 1.97 (1) 
B2u (saddhng)^ 0.30 0.37 0.33 0.29 
Blu (ruffling)^ -0.55 -0.81 -0.64 -0.76 

small " final distances (A) and angles (°) with errors determined through unrestrained 
full-matrix refinement; deviations along heme normal modes calculated with NSD 

structure, since it occurred while the protein was frozen at 100 K. Additionally, the 

pH 5.6 structure of Np4 (Fe(H))-NO, produced through chemical heme reduction, is 

nearly identical to the Fe(ni) structure (Maes, EM and Montfort, WR, in prepara

tion). 

Heme geometry was analyzed for distortion along normal modes using the program 

NSD [46]; we report the results for the two main modes, ruffling and saddling, in 

Table 2.4. As previously noted [83], the Np4 heme is highly distorted, particularly 

with respect to ruffling, which increases on binding NO to roughly the same extent 

at both pH values. Saddling, in contrast, is not increased on NO binding. 

I also performed unrestrained refinement of several carboxyl groups, to determine 

their protonation state. Deprotonated carboxylates are expected to be symmetric, 

with C-0 bond lengths near 1.25 A, while protonated carboxylic acids should have 

bond lengths of ~1.3 A for the protonated oxygens and ~1.2 A for the double-bonded 

oxygens. We investigated the most ordered carboxyl groups (B-factors < 15 A^ in all 

structures), and found that solvent-exposed groups had C-0 bond lengths near the 

ideal distance of 1.25 A, under all four conditions, with only 4 bond lengths (out of 56) 
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TABLE 2.5. Carboxyl C-0 Bond Lengths " 
pH 5.6 

Complex: Np4 -H2O Np4 -NO 
pH 7.4 

Np4 -NH3 Np4 -NO 

Asp 21 
Asp 27 
Asp 30'' 
Asp 61 
Asp 
Glu 77 
Asp 132 
Asp 174 
Heme PA 

1.24(1) 1.27(1) 
1.23(1) 1.26(1) 

NM= NM 

1.24(1) 1.26(1) 
1.20(1) 1.31(1) 
1.27(1) 1.27(1) 
1.23(1) 1.29(1) 
1.25(1) 1.29(1) 
1.22(1) 1.24(1) 

1.25(1) 
1.24(1) 

NM 
1.18(2) 

1.20(1) 
1.25(1) 
1.22(1) 

1.24(2) 
1.18(1) 

1.25(1) 
1.28(1) 

NM 
1.30(2) 
1.32(1) 
1.26(1) 
1.25(1) 
1.29(2) 
1.26(1) 

1.25(2) 
1.22(2) 

NM 
1.25(2) 
1.19(2) 
1.23(2) 
1.20(2) 
1.23(3) 
1.24(2) 

1.27(2) 
1.28(2) 

NM 
1.26(2) 

1.35(2) 
1.28(2) 

1.28(2) 
1.30(2) 
1.25(2) 

final distances and errors determined through unrestrained full-matrix refinement; ex
pected bond length is 1.25 A for unprotonated groups; values deviating by greater than Scr 
are in italics; ^ bond lengths for protonated groups are expected to be 1.2 A (C=0) and 
1.3 A (C-OH) ; not measurable due to disorder 

differing by more than 3cr (Table 2.5). We also considered carboxyl groups that might 

be protonated. Asp 70 is buried and hydrogen bonded to a buried solvent molecule, 

and to a heme propionate. In all four structures, the C-0 bond of the oxygen near the 

propionate was longer (1.33±0.02 A) than the oxygen near the water (1.20±0.01 A), 

while the propionate oxygens were symmetric (1.24±0.02 A), indicating that the 

hydrogen in the hydrogen bond resides on Asp 70. Asp 30 in the NP4-N0 (pH 5.6) 

structure forms a hydrogen bond with the carbonyl of Leu 130, and so it must be 

protonated. The carboxyl bond lengths of 1.30 A (for C-OH in a hydrogen bond with 

Leu 130) and 1.24 A (C=0, Table 2.5) are consistent with this conclusion. 

2.4 Discussion 

We have determined crystal structures of Np4 to ultrahigh resolution in all four 

functional states of the protein, yielding an atomic model for a full protein cycle that 

includes a large ligand-induced conformational change. The dynamic behavior of 

proteins, from which function emerges, is difficult to model by X-ray crystallography. 
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since only conformations that are well occupied in the crystal give rise to interpretable 

changes in the diffraction pattern. Given ultra-high resolution, however, many minor 

conformations are readily apparent, and modeling of these provides insight into the 

dynamics of the protein, which in turn speaks to function. Perhaps the most striking 

observation in the present study is that the protein visits all conformations under all 

conditions, with highly occupied conformations under one set of conditions becoming 

minor but still recognizable conformations under other conditions. The impHcations 

of these data for NO binding, transport and release are considered below. 

2.4.1 Advantages and Limitations of Atomic Resolution 

The structures presented herein are to resolutions between 0.85 and 1.08 A. Diffrac

tion data for the two lower pH structures were better and yielded the better overall 

crystallographic R-factors {Rfree = 0.13 vs 0.16 and 0.17 for the higher pH structures). 

Building and refining structures where multiple minor conformations can be discerned 

is considerably more time consuming than for standard structure determinations. In 

this study, this extra effort led to two major results. First, we were able to model mi

nor conformations that contribute to function, particularly in the loops that regulate 

NO binding and release (Table 2.3, Figures 2.2 and 2.4). For example, the position 

for loop A-B could not be discerned at all in prior structures of Np4 -NH3 at 1.1 A 

resolution, but can be seen to partially occupy the closed conformer in the present 

structure at 0.85 A. Second, we were able to refine the iron coordination geometry 

without model restraints, and the overall heme geometry without planar restraints, 

which led to more accurate estimates of bond lengths, bond angles and macrocycle 

distortion (Table 2.4). The latter is important since the protein matrix distorts the 

heme away from the lowest energy conformation (planar), presumably to stabilize the 

Fe(III)-NO complex. Despite these advances, it is clear that there is more informa

tion in the disordered regions than can be currently modeled with discrete conformers 
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(Figure 2.4). Possibly a model with a weighted distribution of positions for highly 

mobile groups might capture the crystal structure more accurately. 

Directly identifying hydrogens in the models was less successful. One desirable 

outcome of high-resolution structure determinations is the identification of function

ally important hydrogen atoms. To test the ability to identify hydrogens, we refined 

two of the models without hydrogen atoms at backbone positions, and asked whether 

electron density peaks of 2.5(J or greater were present in difference electron density 

maps. Using this conservative approach, only ~38% of backbone hydrogen atoms 

were identified, leading to the conclusion that the models are not sufficiently reli

able to allow direct identification of hydrogen atoms in any but the best of cases. 

Other studies, where higher resolution or lower R-factors could be achieved, and us

ing less stringent criteria, have reported finding 54-80% of the expected hydrogens 

[53, 29, 69, 45]. 

More promising, however, was the ability to identify protonated oxygens in car-

boxyl groups, which differ in length by ~0.1 A from the unprotonated oxygen. This 

analysis clearly indicated, for the first time, which oxygens were protonated in a series 

of hydrogen bonds involving heme propionate. Asp 70 and a buried water molecule 

(Table 2.5). Thus, at 1.0 A resolution, unrestrained refinement of bond geometry can 

reliably indicate subtle - but functionally important differences in chemical state, 

such as protonation or metal oxidation state. 

2.4.2 The Effect of pH and NO Binding on the Distal Pocket Loops 

The two functionally significant loops, A-B and G-H, display markedly different be

havior in response to NO binding and pH changes. Loop A-B is well ordered in the 

closed conformer that occurs on binding NO at pH 5.6, but shows degraded electron 

density in the three other structures, where the open configuration predominates. 

There is no evidence for a single conformation for the loop in the open state, sug
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gesting that it is highly mobile when not in the closed conformer. Loop A-B has 

only limited direct contact, through Val 36, with the binding cavity in the closed 

conformer, while three of its acidic residues (Asp 30, Glu 32, and Asp 35) come to

gether in the closed conformation and destabilize the closed position when one or 

more become protonated at higher pH values. Thus, loop A-B is better ordered in 

the Np4-H20 (pH 5.6) structure than in the Np4-N0 (pH 7.4) structure. 

In contrast, loop G-H adopts two well-defined conformers, both of which appar

ently occur to some degree under all conditions. The transition from the open to the 

closed state is analogous to the folding process, combining the hydrophobic collapse 

around NO with the formation of specific hydrogen bonds. NO binding and pH play 

different roles: the hydrophobic desolvation of the binding cavity is presumably the 

main positive driving force for closure, leading to Leu 130 packing against the NO 

molecule, while deprotonation of carboxylic groups at neutral pH serves to disrupt 

the closed state. Without NO, loop G-H remains primarily in the open conformation 

regardless of pH, since there is no hydrophobic core for Leu 130 to pack against. In 

the presence of NO, pH plays a major role: at pH 7.4, Np4 -NO exhibits a complex 

and disordered behavior, responding to the closing influence of a hydrophobic cavity 

and to the opening influence of negatively charged carboxylate groups in close prox

imity, along with the inability to form the Asp 30-Leu 130 hydrogen bond. Although 

occupancies of the alternate conformers of loop G-H were refined, they are not very 

reliable due their strong coupling to the B-factors. Comparison of absolute electron 

density levels for the two conformers suggests that SHELX may be overestimating 

the occupancy of the minor conformer in the pH 5.6 NO and aqua complex, and may 

be closer to 0.1 instead of nearly 0.3 as refined. 

Similar observations of multiple positions for functionally important loops have 

been recently reported for other proteins. In cholesterol oxidase, the 0.9 A structure 

without the steroid substrate revealed weakly occupied conformations for active site 

residues that correspond to the conformation seen at lower-resolution for the steroid 
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complex of the enzyme [56]. As in the present data, improved resolution showed 

that both functionally important conformations can be occupied under one set of 

conditions. Likewise, the TIM-PGA structure at 0.85 A revealed multiple conformers 

for mobile loop 6, which plays a key role in substrate binding and catalysis [54]. Ultra

high resolution structures such as these suggest that nearly isoenergetic conformations 

are common in functionally important regions of proteins. 

Perhaps the most important implication of the structural data for Np4 function 

is that the loops are capable of samphng multiple conformers under all physiological 

conditions. This is particularly surprising in the pH 5.6 Np4 -NO complex, where loop 

G-H appears to be very well ordered in the closed position, but the atomic resolution 

allows for detection of a weakly occupied open conformer. The data cannot rule out 

that shghtly incomplete NO binding is responsible for the open population. However, 

we cannot dismiss the possibility that under physiological conditions favoring NO 

storage (insect saliva) the protein samples the open conformation with substantial 

probability. This observation behes the caricature of the loops as a static wall, pre

venting NO escape through physical blocking. It suggests that other mechanisms are 

at play, driven by the dramatic desolvation of the binding cavity observed under clos

ing conditions. The alternative view of the binding cavity is as a hydrophobic trap, 

or an oil droplet, where substantial fluctuations in its constituents do not disrupt 

the separation of non-polar from polar phases. In subsequent chapters I examine the 

mechanism of NO escape with a stochastic physics-based model and with molecular 

dynamics simulations of the protein/NO system, and address the plausibility of the 

above explanations. 
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CHAPTER 3 

MOLECULAR DYNAMICS SIMULATIONS OF 
NITROPHORIN AND MYOGLOBIN 

3.1 Introduction 

In the previous chapter I presented the results of experimental studies of protein 

conformational change that attempted to address the role of protein motions in con

trolling ligand escape. However, X-ray crystallography does not provide a measure of 

the timescale of conformational changes, only an average structure. To understand 

the influence of protein motion on the process of small ligand release, a precise and 

time-resolved view of the system is needed. Computational methods can provide an 

in silico view of molecular motion and be useful in addressing detailed questions that 

are extremely difficult experimentally. 

Simulations of atomic and molecular motion began soon after the appearance of 

first digital computers. Each atom is considered a classical particle, with a mass, a 

charge, and other properties necessary for interatomic interactions. These typically 

include chemical bonds, modeled as springs, non-bonded interactions known as van 

der Waals forces, electrostatic forces, and others. The simulation consists of integrat

ing Newton's equation with the defined forcefield, which is used to compute the force 

on each atom at every time step. In addition, a thermostat algorithm [13] is typically 

employed to maintain constant temperature, adjusting velocities of all particles to 

achieve a canonical ensemble simulation. Although computationally expensive, the 

method produces a detailed trajectory of motion of every atom in the system for the 

duration of the simulation. The results are used by chemists and materials scientists 

to compute average properties of a collection of molecules, e.g. heat capacity or stress 

response. By changing the forcefield or the composition of materials, one can assess 
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the role of microscopic interactions in generating macroscopic properties. 

Since the pioneering simulation (only 3 ps in vacuum) of the small protein BPTI 

by Karplus and co-workers [61], molecular dynamics has matured into an important 

tool in molecular biophysics. The size and complexity of macromolecules present a set 

of computational challenges beyond those encountered in materials science. Special 

terms are added to the forcefield to preserve specific protein geometries, such as the 

preferred torsion angles of the main chain. Biological systems require an aqueous 

environment, so thousands of water molecules must be simulated along with the 

main molecule. The biggest difficulty is the limitation on simulation time due to 

the inadequacy of computer power for the typical system size, easily in the tens of 

thousands of atoms. As a consequence, no all-atom simulation has been able to 

effectively sample the conformational phase space of a macromolecule. The goals 

of macromolecular simulations have largely been confined to exploring the motions 

near the experimentally determined native state, and with luck, to observe small 

conformational transitions or the initial stages of large changes. 

Nevertheless, molecular dynamics simulations have contributed much to the un

derstanding of protein motions. Simulations allowed the observation of motion, such 

as the rotation of rings inside the protein [64] on a picosecond timescale, as well as 

larger-scale motions like the hinge bending in lysozyme [62]. Computations suggest 

that proteins do not vibrate like harmonic oscillators in a single well [26], but in

stead undergo transitions between multiple energy minima, making them essentially 

nonlinear systems [35]. Thanks to these computational observations, as well as exper

imental evidence, a more complex picture of protein energy landscapes has emerged 

[33], characterized by a hierarchical distribution of conformational substates [11]. 

This framework has become fundamental to advances in protein folding theory [78], 

as well as to improved understanding of the dynamics of folded proteins, although 

neither area is by any means exhausted. 

There are a number of software packages available for macromolecular molecular 
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dynamics, and I used one of the oldest in the business, AMBER [79] , developed by 

the late Peter Kollman and collaborators. Much of the human effort is spent on set

ting up the simulation, namely defining the initial coordinates, adding an appropriate 

amount of water, specifying the forcefield, and choosing other simulation parameters. 

None of these decisions are based on physical principles or even on empirical mea

surement; however, decades of simulation experience have resulted in a consensus 

among practitioners, e.g. that the cut-off distance (beyond which atoms are ignored 

for the purposes of the forcefield) for non-bonded interactions may be set between 8 

and 10 A. After the set-up is complete, the computer takes over, and the work of the 

researcher is reduced to managing the large amount of trajectory data and analyzing 

it for the features of interest. 

The goal of the simulations presented here is to explore the relationship between 

NO migration and nitrophorin motion. In particular, I would like to understand 

the dramatic role of pH change on both protein conformation and its control of NO 

escape. To address these issues, I performed molecular dynamics simulations of Np4 

at pH 5 and pH 7, with combined length of over 110 ns. Both simulations were 

started in the closed conformer, which dominates in the pH 5.6 crystal structures, to 

test the pH 7 dynamics against the pH 5, as a control. NO is allowed to migrate in 

the binding cavity, allowing the possibility that it may diffuse out of protein or move 

into the protein interior. The questions that simulations can help address include the 

relative occupancy of the closed and open states at each pH, whether any intermediate 

states are possible, the extent to which the closed conformation can shield NO from 

water and prevent NO escape, the kinetics of the conformational transitions, if any 

are observed, and the pathway and the kinetics of NO escape, if it happens. 

It is instructive to compare the dynamic behavior of two proteins with similar 

functional purposes, such as nitrophorin and myoglobin. Mb has been studied exten

sively, both experimentally and computationally, and it provides an opportunity to 

test the methodology and set-up used for Np4 by applying it to Mb, and compare 
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the results against the literature. I performed a shorter (~20 ns) set of simulations of 

sperm whale myoglobin, with identical ferric heme parameters and a free NO. There 

are large differences in NO migration freedom and binding cavity solvation between 

the two systems, which I will relate to NO release kinetics of each protein. 

3.2 Methods 

The simulations were performed using the sander module of AMBER 7.0 [19], com

piled for MPI multiple-node protocol on the High Performance Computing facility 

at the University of Arizona. The starting coordinates for nitrophorin 4 were taken 

from the structure of the Np-NO complex at pH 5.6 (PDB code 1X80 [51]), and for 

sperm whale myoglobin from the CO complex (PDB code IBZR [48]), in which CO 

was replaced by NO. In both systems NO was not bonded to the heme iron, allowing 

it to migrate. All crystal waters were retained and the system was solvated in explicit 

TIPS solvent, with counterions added to neutralize the net charge. Four residues 

were protonated at pH 5 but deprotonated at pH 7: His 120 and 124 and Asp 30 and 

35. In addition, two buried acidic sidechains, Glu 55 and Asp 70, are protonated in 

both simulations. All other protonatable groups were set to the default (neutral pH) 

protonation states. The details of simulation set-up are presented in Table 3.1. 

The parm99 forcefield [103] was used together with amino02 set of amino acid 

hbraries. Two non-standard libraries were used, presented in detail in Appendix B. 

A new library for the combined residue of ferric heme with proximal histidine was 

created based on DFT calculations by Harris [40] and Stepanian [95]; the AMBER li

brary file was based on one graciously provided by Harris. The charge distribution was 

derived by averaging the charges from the two calculated sets and imposing symmetry 

on the four pyrroles, similar to the standard ferrous heme libraries for CHARMM [16] 

and AMBER [79] . An NO library was created by taking the quadrupole model used 

by Meuwly et al [68], removing the extra point and distributing the charge over the 
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TABLE 3.1. Simulation Setup 
Simulation Np4 at pH 5 Np4 at pH 7 Mb at pH 7 
Total atoms 17705 17313 17406 
Protein atoms 2896 2892 2534 
Water molecules 4935 4807 4957 
Prot° Asp 30, 35, 70 70 none 
Prot" Glu 55 55 none 
Prot^ His 120, 124 none none 

" Protonated Asp and Glu residues. '' Doubly protonated His residues. 

two atoms. 

Initialization protocol consisted of 2000 steps of energy minimization of the sol

vent with the protein restrained, then minimization of the protein together with the 

solvent for 2000 steps, followed by 200 ps of MD with temperature continuously 

increasing from 100 K to 300 K. Simulations were then performed at 300 K, with 

constant pressure of 1 Pa, using a periodic box and particle-mesh Ewald summation 

for electrostatics, as well as a 10 A cutoff for nonbonded forces. SHAKE was used 

to restrain hydrogen bonds, allowing a timestep of 2 fs, and coordinates were saved 

every 500 steps (1 ps). The non-bonded hst was not updated at fixed intervals, but 

instead continuously modified using an AMBER algorithm [19]. 

Multiple runs were performed for the three systems, starting with identical min

imized coordinates, but with a different random seed for the initial velocity distri

bution. During the simulations, overall linear and angular momentum was regularly 

subtracted to keep kinetic energy from dissipating in external motion. Each run was 

continued, with multiple restarts based on the last coordinates and velocities, for 

about 10 ns, or until NO escaped (at pH 7). 

Trajectory analysis was performed using the AMBER component ptraj, and dis

tance histograms were plotted using MATLAB (Mathworks, Natick, MA). The first 

2 ns of each run was not analyzed to avoid relaxation effects. Principal components 

of protein motion were computed using the algorithm in Garcia, et. al [35], by first 
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finding the covariance matrices of Ca motion from the trajectories using in-house soft

ware, and then using MATLAB to diagonahze the covariance matrices and plot the 

principal components. The programs VMD [44] and PyMOL [23] and their built-in 

rendering capabilities were used in figure preparation. 

3.3 Results 

Three different simulations were performed, Np4 at pH 5, Np4 at pH 7, and Mb at 

pH 7, and the results are summarized in Table 3.2. NO started out in the binding 

cavity, with the bond to heme Fe broken, as in a flash photolysis experiment. The 

starting coordinates were taken from a Np-NO structure at pH 5.6, and the pH 5 

simulations are expected to remain closer to the initial state than those at pH 7, 

in which the hydrogen-bonding network between loops A-B (30-37) and G-H (125-

131) is disrupted by deprotonation of Asp 30 and 35. For statistical reliability, I 

performed 6 independent runs each for the pH 5 and pH 7 conditions. At pH 5, each 

run had length of 9-10 ns, and at pH 7 four runs had lengths of 10-12 ns and two 

were terminated upon NO escape into the solvent at 5-7 ns. Together, these added 

up to 56 and 57 ns of simulation time for pH 5 and pH 7, respectively. There is close, 

quantitative agreement between runs at each pH: average pairwise Ca rmsd between 

the pH 5 runs is 1.0 A and at pH 7 is 1.6 A. 

The simulation of Mb, which has been extensively investigated by many methods, 

was undertaken in part to test the simulation methodology against the extensive 

literature on Mb, both computational and experimental. I substituted CO in the 

high-resolution crystal structure [48] with NO as the CO and aqua complex in the 

same paper are nearly identical, and left NO unbound in the distal cavity, allowing for 

direct comparison with the Np4 simulations. Two independent runs were performed, 

of 11 ns and 10 ns each; in both cases NO did not escape into the solvent, but 

rather migrated into the Xe4 pocket next to the distal binding pocket. The migration 
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TABLE 3.2. Summary of Simulation Results 
Simulation Np4 at pH 5 Np4 at pH 7 Mb at pH 7 
Number of runs 6 6 2 
Total time" (ns) 56 57 21 
All Ca rmsd to xtal'' (A) 1,05±0.15'= 1.60±0.40= 1.19±0.0r 
Core Ca rmsd to xtal'' (A) 0.71±0.07" 0.93±0.13^ 0.74±0.02'^ 
All Ca rmsd between runs® 1.02±0.11 1.67±0.22 0.85 
Cavity solvation" (ns) Never 1.26±0.57<^ Never 
NO escape/migration" (ns) Never 7.2, 3.6 1.8, 7.8 

The times reported include 200 ps of initial warming from lOOK to 300K. ^ Ca rmsd 
was calculated based on comparison of the averaged structure from the last ~2 ns of each 
run with the crystal structure of the closed conformer (1X80). The intervals are reported 
for 95% confidence level. The core subset for Np4 excluded five most variable loops, 
residues 30-39, 48-53, 61-67, 95-103, 125-132 (40 residues), and for Mb excluded the N- and 
C-termini and four loops, residues 1-3, 17-23, 42-52, 79-84, 119-123, 151-153 (35 residues). 
® rmsd from comparison between averaged structures from different runs. 

and its timescale (2-8 ns) are consistent with both time-resolved crystallographic 

measurements [86] and previous simulations of Mb [15]. Again, there was very good 

agreement between the two runs, with global Ca rmsd of 0.85 A. 

3.3.1 Effect of pH on Np4 motion 

The conformational changes in Np4 during the simulations are shown in Figure 3.1A. 

The trajectories at pH 5 stay very close to the starting structure, with Ca rmsd of 

about 1 A during all runs. In particular, the loops A-B and G-H remain in the "closed" 

conformation, obstructing the entrance to the heme binding site. The conformer is 

stabilized by a network of hydrogen bonds, including protonated sidechains of Asp 30 

and Asp 35 (Figure 3.2A). In all six runs, the hydrogen bonds remain intact nearly 

all of the time, and no major conformational changes take place. Three other loops 

(B-C, C-D, and E-F), which make contacts with other copies of the protein in the 

crystal, show some mobility, particularly loop B-C, the most flexible part of Np4 in 

pH 5 simulations. 

The runs at pH 7, in which Asp 30 and Asp 35 are charged, show greater mobihty 
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FIGURE 3.1. Overall structures of Np4 and Mb and variation in mobile regions during the 
simulations. The stable core (gray) is from the crystal structure, while the mobile loops, in 
color, are from an average over the last ~2 ns of a run. A) Np4 runs showed pH dependence 
in dynamics of Loops A-B (30-37) and G-H (125-131), which are in the closed conformation 
(blue) during the pH 5 simulation, and fluctuate considerably during the pH 7 simulation, 
represented by two runs, one showing an intermediate conformer (green) and the other 
the open (red). Three other loops (B-C, C-D, E-F) also show considerable mobility. B) 
Myoglobin simulations showed little conformational change, as can be seen from comparison 
of the most mobile loops from the two runs (magenta and yellow). 

in the key loops A-B and G-H, and also in loops C-D and E-F, while loop B-C appears 

to have less flexibility than at pH 5 (Figure 3.1A). The last three loops, although 

mobile, do not appear to undergo a directed conformational change. In contrast, in 

loops A-B and G-H, the network of hydrogen bonds is disrupted (Figure 3.2B-C), 

leading to greater conformational freedom for residues in loops A-B and G-H. In all 

six runs, the loops move apart and sample a variety of conformations, and the closed 

conformer is no longer occupied. 

One key structural change between the closed to the open states is seen in the 

carbonyl group of Leu 130. In the closed state it is hydrogen bonded to Asp 30 

with a ^ angle of 180° , while in the open state it rotates away from the charged 

group and forms a hydrogen bond with the N-terminus, with ip angle of nearly 0° . I 

monitored the torsion angle N-Ca-C-0 (directed V'-angle) in Leu 130, and compared 
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the histograms from pH 5 and pH 7 simulations, shown in Figure 3.2D. At pH 5, as 

expected, the carbonyl stays firmly in the closed state. At pH 7, the loops move away 

from the initial closed conformer toward the open state observed in X-ray structures. 

This state is highly dynamic, as evident from the X-ray structures, and in addition 

to the open configuration with ip angle near 0°, the carbonyl samples intermediate 

configurations with the V' angle between 100° and 150°. In these, the hydrogen bond 

between N of 130 and O of 123 is intact, and carbonyl 130 has not rotated into contact 

with the amino terminus. It is noteworthy that loop A-B, which becomes disordered 

at pH 7 and moves away from loop G-H, remains farther away when carbonyl 130 

is in the intermediate conformation, where the negatively charged group is pointing 

toward loop A-B, compared to the fully open conformer, where the carbonyl points 

towards the amino terminus. 

The changes in loops A-B and G-H have a dramatic effect on the accessibility 

of the NO binding cavity. Four sidechains, Tyr 105, Thr 121, Leu 123, Leu 133, 

are tightly packed around the distal heme site in all crystal structures and in both 

simulations. At pH 5, Val 36 from loop A-B and Leu 130 from G-H form a barrier 

between the cavity and the solvent, as part of the closed conformation of loops A-

B and G-H (Figure 3.3A). Although the sidechains show significant mobility, the 

distance between them never exceeds 6 A, preventing either solvent or NO from 

passing through (Figure 3.5B). Solvent remains excluded from the cavity for the 

duration of the pH 5 simulations, with the exception of one structural water, that 

is seen hydrogen bonded to the main chain of Loop G-H under all crystallographic 

conditions. 

At pH 7, the loops are repelled from each other, as discussed above, and the 

sidechains of Val 36 and Leu 130 move apart, creating an unobstructed path for 

solvent entrance (Figure 3.3B). Water enters, in each run, after about 1 ns, and 

occupies the ligand position on the heme iron due to electrostatic attraction, which 

keeps it firmly in place. In 5 of 6 runs, NO is shunted to the mini-pocket formed 
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FIGURE 3.2. Conformational variation in loop G-H in Np4. The structural diagrams show 
representative snapshots from the simulations. A) Closed conformer is characterized by a 
network of hydrogen bonds between loops A-B and G-H, including a key hydrogen bond 
between carbonyl 130 and Asp 30. The Leu 130 tp torsion angle (N-Ca-C-O) is 180°, and 
remains close to this value throughout pH 5 simulations. B) The hydrogen bonds with 
aspartate 30 is lost at pH 7. An intermediate conformer retains the hydrogen bond between 
130 N and 123 O, but the carbonyl 1.30 rotates only moderately to about lOO-l.TO". C) In 

the open conformer carbonyl 130 rotates about 180° and forms a hydrogen bond with the 
N-terminus. This results in greater shift of the backbone away from residue 123, and the 
sidechain of 130 is no longer inside the binding cavity. D) Histogram of the 130 torsion 
angle for the pH 5 and pH 7 simulations. 
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FIGURE 3.3. Changes in cavity solvation in Np4 simulations. (A) Np4 at pH 5 shows 
clear separation between the solvent and the binding cavity (with one structural water in 
the cavity). (B) At pH 7, disruption in the closed conformer of the loops leads to opening 
and solvation of the heme cavity. In this snapshot NO is seen escaping through the opening 
between Leu 130 and Val 36. 

by Tyr 105, Thr 121, and Leu 123 in the interior end of the cavity, and in one run 

it is solvated and escapes in a few nanoseconds (Figure 3.3B). In one other run, 

NO migrates around the water coordinated to the heme and escapes to the solvent; 

both escape pathways lead through the opening created by the motions of Val 36 

and Leu 130. In the other four runs, NO never escapes, but remains largely in the 

mini-pocket, while water occupies the bulk of the cavity. 

3.3.2 NO migration in Np4 and Mb 

In myoglobin simulations NO penetrates into the internal Xe4 cavity, in 1.8 and 7.8 ns 

in the two runs, consistent with ~ 8 ns in the recent 100 ns simulation by Bossa, et al 

[15] and with time-resolved crystallography timescale of a few nanoseconds [86]. This 

indicates a significant difference in cavity porosity of nitrophorin and myoglobin. To 

investigate its cause, the geometry and dynamics of the cavity residues in each protein 

are compared. Residues which serve as a "gate" between the heme cavity and the Xe4 
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FIGURE 3.4. Internal migration of NO in Mb and Np4. (A) Opening event in the gate 
between Mb binding pocket and Xe4 cavity. Snapshot shows NO passing comfortably 
between four residues. (B) Internal side of the Np4 binding pocket. Tight packing between 
residues prevents NO from migrating into the protein interior. 

pocket in Mb (Leu 29, Val 68, He 107, Figure 3.4A) belong to three different helices, 

and come into contact with each other only through sidechain atoms. On the average 

the sidechains are close enough to prevent the ligand from passing between them, but 

they are not packed very tightly. This gives room for these sidechains to fluctuate and 

create openings, as evidenced by the long tail in the distribution of distance between 

Leu 29 and He 107 (Figure 3.5B). In the course of the 20 ns simulations, numerous 

openings beyond 6.5 A are observed. 

NO migration inside Np4 at both pH is limited to the heme pocket. Despite 

the large conformational change on the solvent side, the interior part of the pocket 

remains as closely packed at pH 7 as at pH 5 (Figure 3.4B). The residues Tyr 105, 

Thr 121, Leu 123, Leu 133, form an invariant partition between the heme pocket 

and the protein interior. There is little room for the sidechains to fluctuate, and the 

distance distribution between two cavity residues in nitrophorin (Tyr 105-Leu 123) 

is very sharp, with no substantial tail beyond 6 A (Figure 3.5B). During all the Np4 

simulations, no openings sufficient for diatomic molecule passage arise in this wall. 
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To further investigate the nature of conformational fluctuations in nitrophorin 

and myoglobin, I computed the principal components of motion, also known as essen

tial modes [5], or molecule-optimal dynamic coordinates [34]. These modes quantify 

which atoms tend to move collectively in the same direction over the simulations, and 

different modes represent different directions and atomic contributions. Thee set of 

Ca atoms were used to determine the global collective modes of motion, which are 

ordered by their respective contributions to the overall positional variance. I com

puted the correlation between the 6 most prominent collective modes and the gating 

distance of the Xe4 pocket in myoglobin. The correlation was nonexistent {R^ < 0.05) 

for all of the modes. In contrast, the large conformational changes in Np4 at pH 7 

correlate well with specific global modes. The most prominent mode clearly has an 

effect on the distance between gating residues, but it is nonlinear. The fifth mode, 

however, has a linear correlation coefficient of = 0.5. This demonstrates that while 

the large changes in loops A-B and G-H in Np4 are clearly a collective motion, the 

gating fluctuations in Mb cavity are predominantly local in nature. 

3.4 Discussion 

I performed extended molecular dynamics simulations of nitrophorin, to address the 

mechanism of its pH-triggered release of nitric oxide. Two pH conditions were set by 

selective protonation of key residues, and observe dramatic conformational changes 

at pH 7, leading to solvent entrance into the binding pocket and to NO escape. The 

results provide a temporal view of the structural transition previously discovered by 

X-ray crystallography. As a test of methodology, I performed simulations of sperm 

whale myoglobin with an identical heme and NO ligand. The data are consistent 

with many previous simulations [27, 15] and experiments (largely with CO [73, 77] 

or O2 [88] ligands), specifically in the observation of ligand migration into an interior 

protein cavity on a nanosecond timescale. The contrast between the porous myoglobin 
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interior and the tight binding pocket of nitrophorin suggests that their respective 

structures were optimized for different physiological requirements. Below I discuss 

the imphcations of these data for the functional mechanism of both proteins. 

I used recent atomic resolution crystal structures of Np-NO complex at pH 5.6 

and 7.4 [51] to assess the accuracy of the Np4 simulations. All were started in the 

closed conformation taken from the pH 5.6 structure. The trajectories of the pH 5 

simulations remain very close to this conformation (Table 3.2), and no transitions to 

the open conformation are seen (Figure 3.2). While loops A-B and G-H are somewhat 

mobile, the residues protecting the binding cavity from water remain tightly packed 

throughout. However, in the recent 1.0 A structure of Np-NO at pH 5.6 there was 

evidence of weak electron density corresponding to small occupancy of the open con-

former of loop G-H, while in simulation it remains closed. One possible explanation 

for the discrepancy is the constant protonation state of key residues Asp 30 and Asp 

35 in the simulations. It is possible that in the crystals at pH 5.6 one or both of these 

residues has a nonzero charged population, leading to an open conformer. Loops B-C, 

C-D, and E-F also exhibit significant mobility at both pH conditions, whereas the 

first two are quite well ordered in the crystal. However, all are involved in crystal 

contacts in the X-ray structure, which restricts their conformational freedom. 

In contrast to pH 5, in all pH 7 simulations Np4 underwent a disruption of the 

closed structure, exhibiting a mixture of conformations in loop G-H and large-scale 

motion of loop A-B. This closely mirrors the crystal structure of Np-NO at pH 7.4, 

which shows highly degraded electron density in loop A-B, as well as density consistent 

with multiple conformers in loop G-H. In particular, density is present for the open 

position of carbonyl 130, and this conformation is substantially occupied in the pH 

7 simulations (Figure 3.2D). One notable difference is the absence of any discernible 

solvent in the structure at pH 7.4 within the heme cavity in contact with NO, with 

the exception of the one well-ordered water mentioned before, while the simulations 

show solvation occurring in every run. A possible explanation is that NO is bound to 



57 

0.15 

Kp pi 15 
Np pll 7 
Mb pi I 7 

0.05 

O.l 

0.05 

N'p pll 5 
NppII7 

\ H 
•••• .Mbpll? 

I  
a 

5 6 
Distance (A) 

8 10 
Distance (A) 

12 14 16 

FIGURE 3.5. Comparison of "gating" behavior in Np4 at pH 5 and pH 7 and in Mb (A) 
Internal gate: Leu 123-Tyr 105 in Np4 and Leu 29-Ile 107 in Mb. In Np4 the binding pocket 
residues are tightly packed, regardless of pH, while in Mb the gate has much greater freedom 
to open. (B) External gate: Leu 130-Val 36 in Np4 and His 64-Val 68 in Mb. Change in 
pH leads to a dramatic opening in Np4; in Mb the histidine gate is mostly closed, although 
there is a small population of His 64 in the " swung out" state. 

the heme in the crystal structure, creating a hydrophobic environment and blocking 

water entrance, while NO is allowed to migrate freely in the simulation. Further, 

the density for loop A-B is greatly degraded in the data, suggesting a partially open 

binding cavity, and the absence of observable water may be simply due to its mobility. 

At pH 7, the disruption of the closed conformation in loops A-B and G-H takes 

place within 1 ns, allowing solvent to rush into the binding cavity, since the gating 

residues move far apart (Figure 3.5B). This kinetic information has not been exper

imentally measured, and speaks to the mechanism of efficient NO release at pH 7. 

NO escape follows in two of the runs, while in the others NO remains stuck in the 

cavity. This suggests that cavity solvation is a necessary step preceding NO release, 

and that the loops control NO release by regulating water entrance into the cavity. 

The data are consistent with the "oil droplet" hypothesis proposed before [104], that 

explains control of NO release by mobile residues in the closed conformer as a non-

polar, dynamic phase separation from the solvent, rather than an immobile barrier 
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to escape. 

The simulations also demonstrate a remarkable difference between the permeabil

ity of the binding pockets of nitrophorin and myoglobin. In nitrophorin, the residues 

on the internal side of the cavity remain tightly packed regardless of pH. In contrast, 

the residues in the myoglobin cavity have more freedom to move, and to intermittently 

open a passage into the internal Xe4 cavity. This is consistent with IR spectroscopy 

studies of Mb and Np4 [74, 73, 75], that found that NO rebinding is considerably 

more facile in Np4 than in Mb. The opening motion appears to be purely local, 

with little correlation between main chain fluctuations and the gating distance. This 

suggests that the difference between Np4 and Mb hes in the geometry of packing of 

their binding cavities, which are optimized for performing their respective physiolog

ical functions. The results suggest that internal porosity is not a generic property 

of proteins, but instead a specific adaptation for the physiological requirements of 

myoglobin. 
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CHAPTER 4 

STOCHASTIC MODELS OF LIGAND ESCAPE 

4.1 Introduction 

4.1.1 Particle migration through a dynamic medium 

In this chapter I address the mechanism of hgand escape, and the challenge for a 

dynamic protein in controlling the mobility of a small particle. As was discussed in 

Chapter 1, nitrophorin 4 binds NO tightly pH ~5, apparently by controlling the NO 

off-rates, and allows NO escape at pH ~7 with dramatically faster off-rates. The 

conformational changes discovered by X-ray structures offer a simple mechanism, 

specifically that the closed conformation serves as a physical barrier to NO escape, 

and thus the transition from closed to open states is the rate-limiting step for NO 

escape. 

However, the mechanism of control of ligand escape is not obvious, since proteins 

are dynamic entities, and even the closed state is unlikely to be impermeable on a 

long enough timescale. Thus, a quantitative framework is needed for analyzing the 

mechanisms of ligand migration and release, which would allow to evaluate hypotheses 

and estimate the necessary timescales of the underlying microscopic processes. Several 

such models have been described in the past, from control by a fluctuating geometric 

bottleneck [110], to a random walk on a fluctuating lattice [72]. For our purposes, 

it seems appropriate to simplify the protein to two states, open and closed, and to 

evaluate the effect of gating behavior on the escape rates. Similar models have been 

developed to describe ligand binding to proteins [99, 108], but less has been done on 

hgand escape [89, 92], 

I take a constructionist approach to model-building, starting with a simple hgand 

diffusion model, then adding the influence of the protein as an open or closed gate, 
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and then considering the role of chemical bond between NO and the heme, which can 

spontaneously break and then reform, without NO escaping. The effect of bonding 

has not been considered in other mathematical models, to the best of my knowledge, 

although biochemists interested in geminate rebinding have modeled it with chemical 

kinetics schemes [12, 87, 3]. The models will be used to compute analytic solutions 

for escape rates as a function of the microscopic rates in the model, to address the 

influence different processes have on NO release, and to investigate the origin of 

observed multiple off rates. To describe the construction and solution of mathematical 

models, I will first review some results from stochastic processes. 

4.1.2 Generators of Markov processes 

A collection of random variables Xt parametrized by a variable t  is known as a 

stochastic process. This construct allows one to consider the time evolution of a 

probability distribution of a property, e.g. the spatial coordinate, or the state of 

a system. For the purposes of this thesis, it will be sufficient to consider a class 

called Markov processes, for which, roughly speaking, future behavior depends only 

on the present  s ta te ,  not  on any past  his tory [105,  76] .  In  r igorous terms,  the Markov 

property is defined as follows; 

Definition: Xt is a Markov process, if for t ,h  > 0 and f a bounded real-valued 

Borel function, 

where is the expected value starting at point x, and is the a-algebra for the 

process at time t. This means that the expected value of any function of the random 

variable X at time t + h conditioned on the knowledge of the history up to time t is 

exact ly  the same as  the expectat ion a t  t ime h star t ing with the value of  X at  t ime t .  

The knowledge of the state of the process at time t makes all past history irrelevant. 

A concept that will be of great use in modeling is the stopping t ime of a process. 
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In any game of chance or probabihty, it is imperative to know when to stop. The 

problem of ligand escape can be formulated in terms of stopping time, as the process 

is over when the ligand is out of the protein. In rigorous terms, the definition is as 

follows: 

Definition: Let {J^t} be an increasing family of cr-algebras in probability space 

Q, then r : ^ [0, oo] is a stopping time if 

[ L O ]  T [ U J )  < t} G for alH > 0 

This condition codifies the rule that a stopping time must be knowable from previous 

history. Thus, in the case of particle migration, the first time the particle reaches 

point X satisfies the stopping time criterion, but the last time it reaches x is not a 

stopping time, as it requires knowledge of the future. 

Markov processes can be described via stochastic differential equations, which 

may be integrated directly using a stochastic calculus, the two most popular being 

those of Ito and Stratonovich [76]. This is not always easy. Instead, I will use 

a deterministic method. Markov processes have an associated differential operator 

called the generator. Here is the definition from 0ksendal [76]: 

Definition: Let {Xj} be a Markov process. Then G is a generator if: 

t  

This is much like time a derivative of the expectation of the process at time t  = 0,  

applied to a function / of the random variable. It immediately follows that this allows 

to compute the equilibrium probability distribution by setting the generator to 0; this 

implies that the expectation of Xt is not changing, as required for steady-state. 

More generally, the operator G describes the time evolution of probabihty density 

of the stochastic process: 

^ = G/(x,() (4.1) 
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This is known as the backward Kolmogorov equation, and is widely used in probability 

and applications to physical systems. 

One famous stochastic process is Brownian motion uBt, which describes the dif

fusion of a particle in a medium. Bt possesses a normal distribution with mean zero 

and standard deviation 2-\/t; multiplication by a modifies the standard deviation to 

be 2ay/i. The generator of this process is known to be: 

(4.2) 

Of course, the Kolmogorov equation (4.1) with this generator is the classical heat 

or diffusion partial differential equation, with a'^/2 usually known as the diffusion 

constant  D. 

Another famous stochastic process is the exponential jump process, where tran

sitions between two (or more) states occur independently of previous history. This 

Markov property leads to an exponential distribution of waiting times (known as the 

Poisson distribution). The exponential transition rates of a two-state process are de

noted by Ao and Ai for transitions to state 0 and 1, respectively. The generator for 

this process is: 

G  f { i )  =  + AI/(1 - Z), Z = 0,1 (4.3) 

Equation (4.1) with this generator is very similar to those in chemical kinetics, which 

are also based on exponential jump assumptions. 

4.1.3 Computing with generators 

The backward equation (4.1) describes the time evolution of probability density of 

the process Xt. It is often more useful to consider the forward equation, 

^ = (4.4) 

where G* is the adjoint of the generator. The difference between the two may be 

described as follows: in the backward equation, the free variable is the state x at time 
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time t ,  with the initial state x at time 0 a parameter, whereas in the forward equation 

the variable is the initial state x and the state at time t is a parameter. 

The forward equation allows several useful computations. For example, in the case 

of diffusion in a bounded region, one may compute the probabihty of escape through 

a particular region of the boundary, called A. Let us define a stopping time r = first 

time particle reaches the boundary. Then the probability of escape through region A 

can be written at Pa{x) = Prob{Xr € A}. The solution can be found by setting the 

adjoint generator to 0, and specifying boundary conditions P{A) = 1 (probability of 

escape is 1 for the specified region of the boundary) and P{B) = 0 (probability of 

escape is 0 on other parts of the boundary). The solution of the following equation, 

gives the probability of escape through region A depending on starting state x.  

Another common question for the same system is the mean escape time, also 

known as the mean first passage time. This is defined as the mean time it takes for 

the particle to reach the absorbing part of the boundary, again denoted A. This is 

described by the stopping time r = first time particle reaches the boundary in A. 

Then the mean first passage time is Ta{x) = EX[t], where is the expectation of 

the process starting at point x. To compute this from the forward equation, formally 

one may integratee both sides with respect to time, to obtain the mean survival time 

yields the mean first passage time through boundary region A as a function of starting 

s t a t e  X .  

The adjoint operator can also be used to compute the Laplace transform of the 

process. Once again, this may be seen by defining a stopping time r for the end of 

the process, e.g. escape from a region, but this is true for a much more general class 

0 = G* PA{X) (4.5) 

[37]. 

1 = G*Ta{x)  (4.6) 
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of Markov processes. Then the usual Laplace transform definition can be re-written; 

roo 

p(A,x)= I  e '^^p{t ,x)dt  = (4.7) 
Jo 

where is the expectation for a process starting at x at time 0. It can then be 

proven that the solution of the eigenvalue equation 

Xp{\ ,  x)  = G* p{X,  x)  (4.8) 

yields the Laplace transform of the stochastic process with generator G. 

The Laplace transform is useful for solving initial value problems; in particular, 

it offers a simple way of computing the eigenvalues of the process. The Laplace 

transform of an exponential is a simple fraction: 

roo 

/ Ce^'e-^ 'dt  = 
J o  A a 

The expression on the right has a simple pole  at A = a, and C is known as the residue 

of that pole. The inverse Laplace transform involves a contour integral, which by the 

Cauchy-Riemann theorem, can be evaluated by adding up all the contributions from 

the poles [17]. Thus, the Laplace transform p{X,x) allows us to decompose the time 

evolution of a process into a sum of exponentials, with residues of poles giving the 

coefficients: 
N  

x) = Yl {if 
where {A^} are the N poles of p{X,x) .  This basic result, along with the others pre

sented in this section, will be utilized in the section on mathematical modeling, which 

is followed by a section on application of the models to the problem of ligand escape 

out of a protein. 
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4.2 Mathematical Model 

4.2.1 Diffusion-driven escape 

We begin with the simplest physical model for ligand escape, diffusion. It has long 

been estabhshed that small molecules can rapidly diffuse through proteins [55]. In 

the case of Np4, hgand migrates inside of a half-closed internal cavity, where wa

ter is on one side and protein interior on the other. For simphcity, I model this as 

one-dimensional diffusion with diffusion constant D on an interval [0,L], where the 

0 boundary represents the protein interior and the L boundary is the protein/water 

interface. The stopping time corresponding to ligand escape can be defined as fol

lows: r = min{t : Xt = L} where Xf is the position of the particle. Following the 

development in the introduction, this stopping time allows us to compute quantities 

of interest, such as the mean escape time, the probability of reaching one boundary 

before the other, and the Laplace transform of ligand escape. 

First, an elementary solution of the equation 4.6 with boundary conditions T'(0) = 

0 (reflecting boundary) and T{L) = 0 (absorbing boundary) gives us the mean escape 

time of a particle by diffusion, T{x) — [LP' — x'^)/2D, where x is the starting position. 

This result is an average over all the escape rates of the process. In fact, diffusion 

has an infinite spectrum of escape rates, and we will see below. 

To determine these, compute the Laplace transform of the escape process, as 

defined in the introduction: 

I compute the escape time through boundary L, ignoring the possibihty of penetrating 

the protein interior; thus, the left boundary is reflecting p'{Q) = 0 and the right one 

is absorbing p{L) = 0. For the Laplace transform, the conditions become ^(0) = 0 

and 'p{L) — 1. The solution of (4.10) with these boundary conditions is: 

(4.10) 

P d i f f i ^ j  x )  — 

cosh( A/A^Da:) 
(4.11) 

cosh.{^X/DL) 
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For future use, I also compute the Laplace transform of the time of escape through 

the left boundary, making it absorbing. It is nearly identical to the one computed 

above (4.11), with the boundary conditions reversed, p(0) = 1 and ^{L) = 0. This 

gives: 
_ , cosh.(  ^yX/D{L — x))  .  .  

" cosh(V^i) 

It will also be useful to know the probability of the particle reaching one end of the 

interval before the other. If both boundaries are absorbing, one could then calculate 

the probability of escape through one versus the other. Setting the generator to zero 

with appropriate boundary conditions (p(0) = 1 and p{L) = 0), find the probability 

of  the par t ic le  escaping through the lef t  s ide of  the  interval ,  s ta t ing a t  point  x:  

P(x)  = (4.13) 

Now it is possible to compute the spectrum of the diffusion-driven escape process, 

by setting the denominator of equation (4.11) to zero. The same result has been 

computed, by means of a full eigenfunction solution, in [37]. 

(414) 

There is an infinite set of eigenvalues, with the slowest, and therefore dominant, being 
TT^ D 

— — —. The difi^usion process on a finite interval, a classic problem in stochastic 

processes, is now fully analyzed. In the next section I extend this solution by adding 

a second stochastic process to the model. 

4.2.2 Two-state gate with diffusion 

The model of a protein as a closed/open gate dates back at least to the work of 

McCammon and co-workers [63, 99], and has been refined in more recent work [25, 

93, 14, 108]. Most of those studies focused on computing the lowest eigenvalue or the 

mean first passage time of the system, and none considered the effect of rebinding. 
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In this section I find the complete spectrum for diffusion-driven escape through a 

two-state gate, and, as in the last section, obtain the parameters that will be useful 

in the next level of modehng. 

Let us build upon the diffusion model by adding a closed/open gate on the bound

ary X — L. When the gate is open, the boundary is absorbing, p{L) = 0, and when 

it is closed, the boundary is reflecting p'{L) = 0. The gate switches between the two 

states with Poisson transition rates AQ and Ai. The adjoint generator of a Poisson 

process is [30] G*p = — Pi). Let us assume that the gating process is indepen

dent of the diffusion process, and therefore, one can write the joint generator as the 

sum of the two constituent generators: 

G f i { x )  =  +  \ i { p i - i { x )  -  p , ( x ) )  (4.15) 

where i  =  0 , 1 .  The stopping time r = min{t :  X t  =  L  and z = 0}, the first time the 

particle reaches the right boundary and the gate is open. 

As before, I find the Laplace transform by solving the eigenvalue problem for the 

adjoint generator. For convenience, let us split the problem into two equations for 

the open and closed states: 

+ Xc{pc -  Po)  =  ̂ 'Po (4.16) 

( fd  
D ̂ ^2 ^o{po — Pc)  =  ̂ Pc (4-17) 

There are the following boundary conditions: ^(0) = /5'o(0) = p'^(I') = 0 and 

Po{L) = 1. An analytical solution is computed in Appendix C, using an auxihary 

function g = pc — combine the two equations, and defining a wavelength con

stant k  =  y ^ J X o  +  X c  +  X ) / D .  After finding the solutions for the closed and open 

states, compute the combined Laplace transform by averaging over the two states 

with their equilibrium probabilities (assuming the process started with this distribu

tion): p = Xo/(Ao + Xc)po + Ac/(Ao -I- Ac)pc- The result is: 

^ kXo/Xci&n\i{kL)pdi f}{X,x)  

' kXo/Xctanh{kL)  +  ̂ /X/Dt&nh{^yX/DL) 
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where p d i f f { X ,  x )  is the solution of the diffusion-driven process in (4.11). Note that in

dependence of constituent processes results in a multiplicative structure of the Laplace 

transform. 

As before, to compute the spectrum, one looks for the poles of the expression, 

in addition to those already found for the diffusion-driven process. There are two 

sources: the poles of tanh(y (Ao -I- Ac H- \)/DL) in the numerator, and the zeros of 

the denominator. For the first, the solution is a simple perturbation of the spectrum 

of the diffusion process: 

A„ = -(2n-l)2^^-(A„ + A,) (4.19) 

The denominator gives the following transcendental equation, which will be solved 

later in a limiting case: 

+ = o (4.20) 

It is also useful to consider escape through the left boundary instead of the right 

one. The Laplace transform of this process has already been computed in (4.11). 

However, the probability of the particle reaching the left boundary before escaping is 

different than the one in the purely diffusion-driven case. Since the right boundary 

may be in two states, this probability depends on the gating rates. We compute this 

function using the same method as above, by setting the generator to 0: 

cPP 
D-^ + K{P,-P,) = 0 (4.21) 

( fP 
D^ + X,{P„-P,) = 0 (4.22) 

with the following boundary conditions: i'o(O) = -Pc(O) = 1 (the probability of rebind-

ing starting at the binding site is equal to 1), Po{L) = 0 (probability of rebinding start

ing at the open gate is 0) P[.{L) = 0 (reflecting boundary when gate is closed). This 

solution is shown in detail in Appendix C, using the same auxiliary function method 
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as in the Laplace transform solution, with a new parameter m = ^ (Ao + \c) lD.  

Again, after finding Po and Pg, we average over states of the gate to find the overall 

probability of rebinding: Preb = + \c)Po + ^cl{\ + K)Pc- The final result, 

shown in equation (C.16), is: 

Xomcosh{mL)x 

AcSinh(mL) + XoinL cosh{mL) 

Analytical solutions were obtained for the escape rates for diffusion-driven escape 

through a two-state gate with the possibility of rebinding. As mentioned at the 

beginning of this section, models of diffusion with gating have been analyzed before, 

and in Appendix D I compare the solutions obtained in this work with a general 

result from Spouge et. al. [93]. In the next section the expressions derived here will 

be used in combination with a model of chemical bonding inside the protein, to give 

rise to a more complete model of ligand escape. 

4.2.3 Spectral contribution of rebinding 

We now compute a general expression for particle escape from a bounded spatial 

region with the possibility of binding to a reactive point that immobilizes the parti

cle through formation of a chemical bond. This bond spontaneously breaks due to 

thermal noise, and the particle may escape the bounded region in some fashion, the 

diffusion with a gate being one possible model. If it does not escape, the particle may 

return and rebind to the reactive point, where it is again immobilized until the bond 

breaks. In this section, we assume that this probability is known, and that the gating 

process is independent of the bond-breaking process. 

The combined process of escape with the possibility of rebinding consists of three 

processes: bond-breaking, which we model as a Poisson process with rate A;, and 

stopping time a, followed either by rebinding, with stopping time /3, or escape, which 

has stopping time 7. Because of independence of gating and bond-breaking processes, 

after each bond-breaking event the particle has an identical probability of rebinding 

P(x)  
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FIGURE 4.1. Cartoon illustration of the model of the escape process, comprised of breaking 
and rebinding, diffusion, and gated boundary. The particle rebinds upon reaching the left 
boundary and escapes upon reaching the right boundary if the gate is open. 

(Pr) and escape (1 — Pr) and the entire process can be treated as a series of repeated 

attempts at escape. If the particle escapes after N attempts, the combined stopping 

time of the process can be written as r = N{a + /3) + 7 and the Laplace transform 

has the form: 

E^[e -xiN(a+f3)+j)]  ^  (1 _ p^)E,[e-^ ' ' ]  (4.24) 

Because of independence, the combined Laplace transform of bond-breaking and re

binding is the product of its constituent processes: = PbondPreb- The 

Laplace transform of the bond-breaking exponential process is pbond = + A). 

To add the contribution of all escape attempts, we use a geometric series to find the 

total expectation for the Laplace transform: 

D (  D ^  {^ — Pr)Pesc 
(1 Pr)Pesc^^\PrPreb^^^^j ' I - P^p^,,\, / {\ + \,) 

^ (1 Pr)pesc(l Prpreb)^b /. r)r\ 

~  X + { l - P r M X b  ^  ^  

Due to the assumption of independence of the bond-breaking and escape processes, 

the combined Laplace transform is a product of the Laplace transforms of the two 

processes, and the poles can be computed separately for each. To find the poles 

associated with bond-breaking, we set the denominator of the solution in (4.25) to 

zero: 

A 4- (1 — PrPreb)Xb = 0 (4-26) 



71 

The possibihty of rebinding introduces new release rates in addition to the spec

trum of the escape process. These rates depend on the rate of bond-breaking, and 

are trivially equal to A;, if the probability of rebinding Pr is zero. The expression 

above holds regardless of the mechanism of particle escape, but in the specific case 

of diffusion with a gated boundary, we have already found the Laplace transforms of 

the escape and rebinding, as well as the probability of rebinding. In the next section 

we will examine the combined process in the appropriate regime for our system. 

4.3 Application to ligand escape from a protein 

4.3.1 Limit of fast diffusion 

The models derived above will now be considered using the physical parameters rele

vant to escape of a small hgand from a protein. Specifically, the diffusion constant for 

a small molecule in water is D = 5 * 10^° and there is evidence that diffusion 

in a protein is similar [55]. Taking the approximate length of the protein cavity to be 

10 A, we find that the mean time needed to diffuse out starting in the middle of the 

cavity is T = {L/2Y/2D = 1 ns. As reported before, the observed NO escape times 

out of nitrophorin are in the second to minute range, and in myoglobin on the order 

of tens per second. Thus, we can safely say that diffusion is not rate limiting for the 

overall process. That does not mean it can be ignored, as it is the physical means of 

ligand migration, but that other restrictions to ligand escape must be considered. 

Now consider the second model, of diffusion with a gated boundary. The diffusion 

spectrum was perturbed by the presence of the gate by addition of the sum of the 

gating rates (4.19). In addition, there are new poles defined by equation (4.20). Since 

diffusion is clearly fast compared with escape, the gating rates must be much slower to 

be able to significantly influence escape. Then the expressions inside the hyperbohc 

trigonometric functions are all small, since they all have the form y/XL'^/D. We use 

the limits cosh(e) 1 and sinh(e) ^ e for small e, to simplify expressions such as 
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(4.20). This gives us a solution for the new gated rate of escape: 

At = -Ao (4.27) 

Note that the diffusion-driven rates (4.19) are still in effect, and the relative in

tensities depend on the initial state of the gate. For instance, if the gate is initially 

open, much of the escape will take place at the diffusion-driven rates. However, if 

the particle starts with the gate closed, it must wait for the opening to take place, 

hence the gating rate (4.27) will be dominant. It is clear, however, that if the rates 

are greatly separated in time scale, the slower rates will be dominant in the overall 

time of escape. Thus, if the gate has an appreciable probability of being closed, the 

only effective rate will be the rate of gate opening. This conclusion is very similar to 

that reached in [25] for a simple pure jump model with only one gating rate. 

To validate the calculations, I will compare the analytical expressions with the 

results of stochastic simulations using the Gillespie algorithm for Markov chains [38], 

as implemented by the author in the MATLAB environment. These simulations 

follow individual particles jumping between discrete states with set transition rates. 

Diffusion is treated as a random walk between several spatial grid points, and escape 

can occur when the outside boundary is reached. The time of escape is recorded, and 

100 such runs are averaged to produce reliable statistics. Simulations of diffusion-

driven escape with and without gating were performed, with representative results 

shown in Figure 4.2. Single exponential functions adequately describe the escape 

process in both cases, as predicted by modeling. 

Now let us consider the full case of escape with the possibility of rebinding as 

solved in (4.25). As noted, rebinding contributes entirely new escape rates (4.26) in 

addition to those considered above. I again compute a fast-diffusion approximation, 

since the bond-breaking rate for ferriheme-NO is known to be Xb r~~j lO^s ^ [41], and 

we can assume A{,,Ao,A(, <C D/L'^. The Laplace transform of the rebinding process 
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FIGURE 4.2. Comparison of random-walk simulations with analytical results. Averages 
of 100 runs of a Gillespie [38] simulations are in blue, and plots of analytical solutions are 
in red. (A) Pure diffusion process with no gate is approximated by a single exponential. 
(B) With a gate on theboundary, the diffusion rate is no longer significant for longer times, 
with Xo — 10 becoming the dominant rate. 

(4.12) approaches unity for large D, as the rebinding time becomes very fast. Thus, 

the expression for the probabihty of rebinding (4.23) can be simplified in the hmit of 

large D, to yield the rebinding-generated rate: 

This predicts that the rate of escape is the product of the bond-breaking rate and 

the probability of escape, with a geometric component x/L, which depends on the 

initial position the the gate, and the gating component Ao/(Ao -I- Ac), which is the 

equihbrium probability of the gate being open. This rate expression resembles a 

solution for the rates of ligand rebinding to the heme, derived for a chemical kinetic 

model by a pre-equilibration argument in [3]. The present solution is true for any 

ligand escape mechanism, provided there is an identical probability of rebinding after 

each bond-breaking event. Thus, in addition to the diffusion-generated rates (4.19), 

there are two slow rates of escape, due to gate opening (4.27) and rebinding (4.28). 

In the next section we investigate the relative contributions of the two rates to the 

overall escape. 
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4.3.2 Relative intensities of the rates 

Although there are two slow rates in the model of gated escape with rebinding, their 

significance is not assured by the virtue of their timescale. A rate is not significant 

if its intensity (multiplicative constant) is small. A complete solution of the Laplace 

transform of the escape process is needed (4.25). Then the intensities of the rates 

are found from the residues of the corresponding poles. The fast diffusion limit is 

again used to simplify the solutions for p^sc, and Pr- However, one must be careful in 

performing the averaging over the states of the gate. The term (1 — Pr)pesc in (4.25) 

refers to the escape after the final bond-breaking event. It is imperative to compute 

Pr and pesc separately for the closed gate state and the open gate state, multiply 

them in each case, and only then average using the steady-state gating distribution, 

as opposed to averaging them first, like was shown in the section on gated diffusion-

driven escape. 

(1 - Pr)pesc = , (1 - Pc)pc + . (1 " Po)po 
Aq \ Ac AQ ~r Ac 

The complete solutions of Po and Pc and 'po and Pc are found in Appendix C; here 

I present the approximate solutions in the case of fast diffusion. The expressions are 

reduced as follows: Po = 1 — x/L, P^ = 1, 'Po — ^ and 

^ AQ AQ -f Ac -|- A AQ 

Ao + A Ac Ac 

Then, the total expression is (1 — Pr)pesc = xjL, and its residue at Ao is zero, since it 

no longer has that pole. The rest of the expression (4.25) does not contain this pole 

either, and therefore in the fast diffusion limit the rate Ao no longer exists. 

Intuitively, the gate may be either open or closed after bond-breaking. If the 

gate is open, the particle escapes with the diffusion rate which is very fast. If the 

gate is closed, it may only escape if the gate opens before the particle rebinds. Since 

rebinding is also diffusion-driven, in the fast-diffusion limit the probability of this 

occurring vanishes. 
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FIGURE 4.3. Comparison of simulation and model results for the case with rebinding. 
Model results are shown in red and averages of 100 runs of a Gillespie simulation are in 
blue. (A) The escape rate with equal rates of opening and closing (B) The escape rate with 
slower opening than closing rates. 

Thus, the escape process with fast diffusion is described by the single exponential: 

Peso =  p(0)e^^^ (4.29) 

with A2 as defined in (4.28). This is again vahdated by comparison with Gillespie 

simulations, incorporating a bound state with a bond-breaking rate and diffusion-

driven rebinding. By varying the opening and closing rates of the gate, the probability 

of rebinding is changed, and so is the escape rate Figure 4.3 shows the results 

are in good agreement with the prediction. This result demonstrates the significance 

of the rebinding process in controlling the rate of ligand escape, and how in our 

application the rebinding-induced rate dominates the spectral contributions of the 

escape process without rebinding (4.18). 

4.3.3 Comparison with chemical kinetics 

The model of ligand escape as a series of bond-breaking events has general implica

tions, as long as the assumption of an invariant distribution of protein states holds. 

Regardless of the particulars of the process of escape, the rebinding process generates 
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new release rates, shown in equation (4.26), dependent on the bond-breaking rate, 

the probabihty of rebinding after bond-breaking, and the Laplace transform of the 

rebinding process. I have used the fast diffusion hmit to simphfy this expression to 

a single exponential rate, and demonstrated that it dominates over the escape rates 

generated by the escape process. An expression similar to the one for the rebinding-

generated escape rate has been obtained before for the rebinding from the solvent to 

the heme in myoglobin [3, 24]. That expression was also based on the assumption of 

a rate much faster than the others, and was derived by a quasi-equilibrium argument 

from the chemical kinetics equations; 

I have used the tools of stochastic processes to compute ligand escape rates, but 

it is also instructive to consider the models of chemical kinetics, which are part of the 

language of biochemistry, and which are used in reporting experimental kinetic data. 

In chemical kinetics, there are different compounds, or states, which may react, or 

exchange, with exponential rates. Such models, as I have noted, are known as jump 

processes in probability. The rates may depend on the concentration of reactants, with 

single-reactant dependence known as a first-order rate, two, a second-order rate, etc. 

First-order kinetics are represented by linear differential equations, which are fully 

understood mathematically with the tools of hnear algebra [97]. A plausible scheme 

describing bond-breaking, rebinding, exchange between open and closed states, and 

diffusion-driven escape from the open state can be written: 

^ A„ Ti A. (4-30) 

\o+Xc ^  

The letters represent different states of the ligand and the protein: B - NO bound to 

the heme, O - NO in the cavity with the gate open, C - NO in the cavity with the 

gate closed, E - NO escaped into the solvent. The rates are as defined previously, 

with the addition of Xd representing the rate of diffusion-driven rebinding and escape. 
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This model corresponds to the following system of hnear differential equations: 

We can solve this using MATLAB, to obtain the eigenvalues and eigenvectors of 

the matrix, and find that the results are in agreement with the more general solution 

presented in this chapter. If the initial state of the system is (1,0,0) (all NO is initially 

bound), then the only significant eigenvalue is l/2AhAo/(Ao + Ac), which corresponds 

to the rate Aj computed in equation 4.28. 

Although I could have arrived at a similar conclusion by means of a chemical 

kinetics scheme, the probabilistic approach enabled a more general solution and pos

sibly a deeper understanding of the system. The geometric series solution identified 

rebinding probability as the key physical parameter for ligand escape, regardless of 

the details of escape, which is not necessarily approximated by a few discrete kinetic 

states. In addition, the analytic solution of the escape process via diffusion with a 

gate may be apphcable in a system where diffusion is not the fastest process, and 

its multi-exponential nature may play a part. It is somewhat disappointing that 

these simple models are not able to reproduce multi-phasic kinetics observed in Np4, 

but this leads to a conclusion that the escape process is more complex, and further 

additions to the model are necessary. 
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CHAPTER 5 

CONCLUSIONS 

The mechanism of NO release in nitrophorin 4 has been studied by X-ray crystal

lography, molecular dynamics simulations, and stochastic modehng of ligand escape. 

These diverse methods contributed to our understanding of the problem, comple

menting, validating and at times contradicting each other. In this final chapter I will 

bring together the results and discuss their implications for nitrophorin, and summa

rize what new insights were gained, and what remains to be investigated. Using the 

comparison system of metmyoglobin, I will extrapolate the conclusions to the physical 

questions of small ligand binding and release for proteins in general. 

The role of proteins in controlling NO release is evident from the comparison of 

the NO off rates from ferriheme in water and in several proteins (Table 5.1). The 

difficulty in understanding this process on a molecular level lies in the complexity 

of proteins. Clearly different from an aqueous environment, proteins are neither a 

rigid solid nor a homogeneous liquid [109]. Their role in controlling the motion of 

small ligands appears difficult by experimental evidence of fast diffusion of oxygen 

through protein interior [55]. Yet proteins are able to influence the mobility of NO 

and other small molecules, through a combination of steric exclusion, thermodynamic 

separation of hydrophobic and hydrophilic molecules, and chemical bonding. The 

relative importance and effect on kinetics of these factors are likely unique to each 

protein. 

TABLE 5.1. NO-Ferriheme off rates (s 
Fe+^ Heme in H2O Mb Np4 pH 7 Np4 pH 5 

500" ^20" 1.8, 0.6^= 0.15, 0.02= 

" Model porphyrin kinetics from [41]; '' Mb kinetics from [58]; Np4 kinetics from [59]. 
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Four questions were posed in Chapter 1 about the mechanism of NO release in 

Np4. 

1. How can mobile loops control the migration of a small molecule? 

2. Can NO migrate through the interior of the protein, and what effect does this 

have on escape kinetics? 

3. What role does the change in cavity solvation play? 

4. What is the origin of multiple escape rates in Np4? 

The results presented in this thesis have implications for all these issues, which are 

discussed below in three sections. The first one concerns the large conformational 

change in Np4, the second deals with internal ligand migration, and the third will 

address the role of solvent reorganization in protein dynamics and ligand release. 

Finally, I will end with some general thoughts on ligand binding, protein dynamics 

and function, and the role of quantitative methods in biology. 

5.1 Characterization of conformational change 

The conformational change in loops A-B and G-H clearly plays a key role in modulat

ing NO release rates from Np4, as confirmed by mutagenesis experiments [59]. Atomic 

resolution structures of wild-type Np4 have allowed detection of weakly occupied con-

formers, and led to the observation of features of both the open and the closed states 

under all 4 crystallization conditions. This suggested that the two conformations are 

of comparable energy under functional conditions, and that loop opening is possible 

even in the pH 5.6 NO complex, where the closed state dominates. In addition, dis

ordered electron density in the pH 7.4 NO complex indicated great conformational 

mobility, sampling both the open state, as evidenced by the 130 carbonyl position, 

and the closed state, as seen in the position of the Leu 130 sidechain. This begged the 
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tantalizing questions of the pathway and kinetics of these conformational transitions, 

which could be observed in a simulation. 

Molecular dynamics simulations at pH 5 and pH 7 were started from the closed 

state, with unbound NO in the distal heme cavity. At pH 5, with Asp 30 and Asp 35 

protonated and thus able to participate in the hydrogen bonds that stabilize the 

closed state, Np4 remains in this conformation in all 6 simulation runs. At pH 7, the 

closed state is destabilized, and loops A-B and G-H move away from each other and 

the distal cavity rapidly, allowing solvent to enter the cavity in about 1 ns in all 6 

runs. Further, we observe several distinct conformations in loop G-H, including the 

open state observed in crystal structures, and intermediate states that retain some 

hydrogen bonds of the closed conformer, but had lost the interaction with the loop A-

B. The simulations allowed the observation of the transition pathway and intermediate 

conformations, and of the kinetics of this motion and of cavity solvation, which will 

be further discussed below. 

The transition from the closed to the open state is of particular interest for the 

NO escape mechanism. At pH 7, both the crystal structures and the simulations 

lead us to conclude that this transition is facile and much faster than the timescale 

of seconds of NO release under those conditions. This provides a strong argument 

against the conformational change being the rate-determining step for NO release. 

The evidence at pH 5 is less clear, since no opening transitions were seen during the 

simulations, despite evidence of the open state being occupied in the crystal structure. 

As discussed in Chapters 2 and 3, there are possible rationalizations for this apparent 

discrepancy, besides errors in either the simulation or the crystal data. Nonetheless, 

although we cannot discard the rate-hmiting hypothesis at pH 5, it appears unhkely 

that the kinetics of loop opening would extend into minutes, which is longer than 

typical folding kinetics of a globular protein the size of Np4. 



81 

FIGURE 5.1. NO binding cavity in Np4 in the two conformations (A) In the closed state 
the ligand is surrounded by hydrophobic sidechains, with Leu 130 and Val 36 occupying 
well-defined positions separating NO from solvent. (B) In the open cavity, Leu 130 and Val 
36 are no longer well-ordered, Leu 130 moves away from NO, while Val 36 is only weakly 
present in the crystal structures; the residues are shown in semi-transparent rendering to 
indicate higher mobihty. 

5.2 Ligand migration and escape 

NO escape from the internal binding pocket into the solvent is fundamentally a dif

fusion process, with the protein providing steric obstacles as well as open spaces to 

serve its own purposes. Myoglobin has a well-characterized network of internal Xe 

cavities, and internal migration of ligands is apparently confined to these specific lo

cations. Np4 has one known Xe cavity on the proximal side of the heme [75], and the 

question of ligand migration was not known from structural or kinetic studies. MD 

simulations with mobile NO showed no instance of ligand migration into the protein 

interior from the distal pocket, or even of any sufficiently large openings between the 

residues surrounding the pocket. In contrast, in both Mb runs, NO migrated from 

the distal pocket into the Xe4 cavity within 8 ns, and the residues separating the two 

spaces showed multiple openings large enough for the passage of a diatomic molecule. 

This led us to conclude that there is a fundamental structural and dynamic difi'erence 
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between the two proteins, with Np4 binding pocket being much less permeable than 

the corresponding residues in Mb. The observation strongly suggests that this differ

ence in ligand migration in the two proteins affects the difference in the NO release 

rates of the two proteins. 

Stochastic model of ligand escape incorporating internal hgand diffusion with the 

possibility of rebinding provided a quantitative basis for this hypothesis. We assumed 

only that each bond-breaking event was independent of the previous ones, with an 

identical statistical distribution of protein states. This led to a new rate of escape, 

dependent on the probability of rebinding to the reactive center (heme) and the rate of 

bond-breaking, in addition to any rates inherent in the escape process itself. Analysis 

of intensities of the rates showed that this rebinding-generated rate was dominant 

in the regime of fast diffusion, and the gate opening rate did not make a significant 

contribution, consistent with the conclusion of unfeasibility of loop opening rates 

being rate-limiting reached in the previous section. 

There are difficulties in translating the idealized mathematical model to the com

plex system it attempts to represent. The representations of bond-breaking and 

rebinding are clearly inadequate, as those are complex quantum processes that are 

modeled as the appearance of the ligand a fixed distance from the reactive point, and 

as the process of returning to that point by diffusion, respectively. In modeling the 

loops as a gate, the closed state is assumed to be impenetrable, while the open offers 

no impediment to escape, neither of which is physically sound. Thus, the results of 

the model are more useful as conceptual guidance than as quantitative predictions. 

Nevertheless, it has served to explain the relative importance of different physical pro

cesses, and to give a rigorous basis for the role of rebinding as a means of controlling 

hgand escape. 

The phenomenon of geminate rebinding has been extensively studied in myoglobin 

and other proteins, and its importance for ligand binding has been recognized [18]. 

Indeed, an expression similar to (but less general than) the one derived in my model 
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was obtained for predicting the rates of rebinding from the solvent to myoglobin 

[3, 24]. However, consideration of rebinding has been absent in existing mathematical 

models of ligand escape [110, 25, 92, 89], which instead focus on the gating behavior 

of the protein. The quantitative relationship between geminate rebinding and release 

rates has also not been emphasized in experimental work, such as that of Scott and 

Olson [88]. The evidence in this thesis leads to the conclusion that the key parameter 

optimized by the two proteins is the probability of rebinding after bond-breaking. 

This is consistent with cryogenic IR spectroscopy studies of Np4 [75] and Mb [74, 73] 

that found that rebinding in Np4 occurred at a substantially lower temperature (13 K) 

than in the Mb mutant most favorable to rebinding, H64L (38 K). Since there is httle 

difference in the spectrum of ferriheme-bound NO in the two proteins, this points 

to Np4 possessing a structure more conducive to rebinding than Mb. Molecular 

dynamics trajectories tell the same story (Figure 5.2): in Np4 the ligand remains 

in close proximity to the heme at both pH conditions, unless NO escapes into the 

solvent, while in Mb NO easily migrates into the Xe cavities, where its ability to 

remind is much reduced. 

5.3 Cavity solvation 

The conformational change in Np4 involves not only protein residues, but also solvent 

reorganization in the binding pocket. In the closed conformer, with NO bound, there 

is only one water found in the cavity, above NO relative to the heme plane, while four 

or five more are observed in crystal structures of the open conformer. It is also not 

surprising that the residues surrounding NO are almost all hydrophobic, or present 

their hydrophobic atoms towards it, as the ligand itself prefers oil to water by a factor 

of 70. The conformational change from the open to the closed state resembles the 

folding process, with a hydrophobic collapse precipitated by introduction of NO and 

subsequent expulsion of water and the packing of Leu 130 and Val 36 completing 
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FIGURE 5.2. Preferred internal ligand residence sites in Np4 and Mb. (A) NO spends 
most of the time in the simulations in the mini-pocket in the back of the binding cavity 
only 4 A from Fe. (B) In Mb NO readily migrates into Xe4 pocket ~ 10 A from Fe, and 
does not easily return to the binding site [15]. 

the "core". Hydrogen bonding between the two loops stabihzes this conformer, but 

is not by itself sufficient as a driving force. This view is consistent with the crystal 

structures reported in this thesis, that showed that the closed conformation required 

both NO binding and low pH to be stable, similar to the requirements for folding 

of a model polypeptide. The D129A/L130A mutant, lacking one of the hydrophobic 

sidechains, fails to close properly [59]. 

But is the hydrophobic collapse only a means for inducing the closing of the bind

ing pocket, or does the hydrophobic effect play a direct role in impeding NO release 

as well? Specifically, does the process of entering an aqueous environment present a 

substantial kinetic barrier for a small hydrophobic molecule? This question has not 

been rigorously addressed in this study, due to a lack of fundamental physical models 

for solvation of hydrophobic molecules, despite recent progress [43, 101]. Molecular 

dynamics results indicate that water enters the cavity immediately upon the opening 

of the loops, and that NO only escapes subsequently. This seems to indicate that 



85 

solvation is a necessary first step to NO release, and suggests that it may be an im

portant impediment to escape. On the other hand, NO was seen to enter the solvent 

in the duration of several nanoseconds, which does not suggest a large energy barrier 

for this process. 

A cartoon of the hydrophobic binding site in Np4 has been proposed [104], com

paring its behavior to an oil droplet. The authors proposed that the separation of 

hydrophobic ligand (NO) from water presents a kinetic barrier for NO escape. This 

interpretation appears inconsistent with the speedy solvation of NO observed in the 

molecular dynamics simulations (Chapter 3), as well as with rate of diffusion of small 

molecules (Chapter 4). However, a modification of this hypothesis may be proposed, 

that NO remains shielded from water by the minimization of the interface between 

oil and water, regardless of mobility of the constituents. This view may explain the 

difficulty of escape from the closed state not because of a large energy barrier for 

solvation, but because of unfavorability of opening any space between hydrophobic 

molecules, which would quickly result in water mixing with the oily sidechains. This 

explains the tight packing of the mobile interfacial sidechains observed in simulations, 

and results in steric blocking of NO escape by the oily interfacial sidechains. However, 

although this explanation is consistent with the experimental and simulation data, it 

remains speculative from a basic physics perspective. 

5.4 Quantitative view of protein dynamics and function 

The questions arising in the function of nitrophorin 4 are relevant for other proteins 

that desolvate and bind small ligands, which is often a necessary step for enzymatic 

catalysis as well as binding and transport proteins. Indeed, Np4 is a good model 

system for understanding the physical role of protein motion in function. Its excellent 

crystallization qualities enabled a highly detailed structural characterization of the 

conformational ensemble of the mobile loops, as crystal contacts do not impede the 
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mobility of the key loops. The loop conformation is affected both by pH and NO 

binding, and the changes appear to be confined to the area near the binding site. 

The ability to bind NO without reducing the ferriheme presents an opportunity to 

study reversible binding of the important signaling molecule. In this thesis I examined 

the effect of the different physical influences on ligand release, and now I will now 

speculate on their general significance. 

The observation of multiple conformational states in the loops under most phys

iological conditions is consistent with the view of proteins as capable of sampling 

multiple substates in the native state. As mentioned in Chapter 2, similar observa

tions in atomic resolution studies of other proteins have been reported [102]. The 

ubiquitous conformational changes near binding sites of ligands are the result of a 

shift in populations of conformational substates, rather than a reorganization of the 

energy landscape. It may be speculated that the global structure of the native state 

determines the overall shape of the energy landscape, with binding events primarily 

affecting the local portion of the vast functional. Of course, experimental and com

putational data are necessary to determine the truth of this statement for specific 

systems. 

The conclusion that rebinding plays a central role in determining ligand escape 

rates underscores the utility of mathematical modeling for testing hypotheses and 

clarifying the thought process. Simple calculations, such as the timescale of diffusion-

driven escape out of a region the size of the binding cavity, led us to appreciate the 

importance of other factors, such as gating and rebinding. A mathematical model is 

only useful to the extent it captures the features of importance, as was illustrated by 

the escape process by diffusion with a gate but without rebinding. The gate opening 

is the rate-limiting step for that model, but it becomes insignificant when rebinding is 

considered. Without experimental evidence for the prevalence of geminate rebinding 

and without an estimate for the timescale of gating, an erroneous conclusion could 

be reached about the mechanism of ligand escape. 
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This work has contributed to the understanding of the mechanism of hgand release 

in nitrophorin 4, yet several fundamental questions remain unanswered. The role of 

solvent reorganization remains poorly understood, and was not explicitly considered 

in the mathematical model, unless gate opening is understood as the parting of both 

the loops and the solvent molecules near NO. This question is of fundamental interest 

in many protein-ligand systems, and further research is needed to understand the 

physics of solvent/protein interface. Moreover, unaswered questions remain about 

the origin of multiple observed release rates of NO in Np4. Dissapointingly, despite 

the presence of multiple slow rates in the model, only one was shown to be significant. 

It is possible that biochemical intuition that multiple rates are usually produced by 

the presence of multiple binding sites is correct, if NO frequently spends time in the 

back of the binding pocket, as seen in the MD simulations. Although not all questions 

about the system have been exhausted, this should not be a surprise to anyone who 

studies proteins. Their complexity and individuality, produced by a subtle interplay 

of physical forces, is what makes them such rich and fascinating objects of study. 
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APPENDIX A 

ALTERNATE CONFORMERS IN X-RAY STRUCTURES 

TABLE A.l. Alternate conformers in sidechains 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
14 Lys 0.57 0.57 
44 Leu 0.53 0.53 0.69 
50 Ser 0.62 0.67 0.60 
63 Lys 0.52 
65 Gin 0.52 
71 Val 0.70 
81 Lys 0.64 0.65 0.53 0.57 
88 Lys 0.56 
96 Lys 0.51 
110 Met 0.60 0.77 0.61 
115 Ser 0.65 0.71 0.76 
119 He 0.66 0.50 
121 Thr 0.67 0.60 
133 Leu 0.73 0.63 
150 Lys 0.74 
154 Ser 0.71 0.55 0.64 0.78 
164 lie 0.54 0.65 
175 Asn 0.50 0.54 0.56 0.58 
177 Ser 0.56 0.57 0.72 
180 Ser 0.67 0.64 0.58 
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TABLE A.2. Alternate conformers for entire residues 
pH 5.6 pH 7.4 

Complex: Np4 -H2O Np4 -NO Np4 -NH3 Np4 -NO 
30 Asp 0.69 0.55 
40 Tyr 0.55 
41 Cys 0.59 0.81 0.55 0.54 
55 Glu 0.76 0.71 0.59 
67 Thr 0.67 0.76 0.69 0.67 
72 Ser 0.58 0.61 0.70 0.65 
73 Glu 0.58 0.61 0.70 0.65 
74 Leu 0.70 
79 Leu 0.70 0.65 
82 Tyr 0.82 0.75 
85 Asn 0.58 0.61 0.70 0.65 
107 Phe 0.59 
111 Tyr 0.63 0.79 0.76 
113 Asp 0.63 0.79 0.76 
114 Asp 0.63 0.79 0.76 
Loop G-Ht 0.73 0.70 0.53 
171 Cys 0.59 0.81 0.55 0.54 
173 Tyr 0.56 0.67 0.53 0.62 

''' residues 125-131. 
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APPENDIX B 

NONSTANDARD AMBER LIBRARIES 

TABLE B.l. AMBER library for the combined Heme(Fe+^)-His residue, based on 
DFT calculations by Harris [40] and Stepanian [95]. Bonds are in A, angles and 
torsion angles in °. 

atom name type atl at 2 at3 bond angle torsion charge 
1 DUMM DU 0 -1 -2 0 0 0 0 
2 DUMM DU 1 0 -1 1.45 0 0 0 
3 DUMM DU 2 1 0 1.52 111.10 0 0 
4 N N 3 2 1 1.34 116.60 180 -0.49 
5 H H 4 3 2 1.01 119.80 0 0.30 
6 CA CT 4 3 2 1.45 121.90 180 0.09 
7 HA HC 6 4 3 1.09 109.50 3 0.01 
8 CB CT 6 4 3 1.53 111.10 60 -0.06 
9 HB3 HC 8 6 4 1.09 109.50 60 0.04 
10 HB2 HC 8 6 4 1.09 109.50 3 0.04 
11 CG CC 8 6 4 1.51 115 180 -0.09 
12 NDl NA 11 8 6 1.39 122 180 -0.32 
13 HDl H 12 11 8 1.01 126 0 0.27 
14 CEl CR 12 11 8 1.32 108 180 0.05 
15 HEl HC 14 12 11 1.08 120 180 0.24 
16 NE2 NB 14 12 11 1.13 109 0 -0.45 
17 CD2 CV 16 14 12 1.36 110 0 0.02 
18 HD2 HC 17 16 14 1.08 120 180 0.16 
19 FE FE 16 14 12 2.10 124 180 1.08 
20 NA NP 19 16 14 2.08 98 90 -0.52 
21 CIA CC 20 19 16 1.38 125.40 90 0.26 
22 C2A CB 21 20 19 1.41 109 180 -0.01 
23 CAA CT 22 21 20 1.51 124 180 0.03 
24 HP72 HC 23 22 21 1.09 109.50 60 0.05 
25 HP71 HC 23 22 21 1.09 109.50 3 0.05 
26 CBA CT 23 22 21 1.54 111 180 -0.13 
27 HP73 HC 26 23 22 1.09 109.50 60 0.02 
28 HP74 HC 26 23 22 1.09 109.50 3 0.02 
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atom name type atl at2 at3 bond angle torsion charge 
29 CGA C 26 23 22 1.53 109.40 180 0.66 
30 OlA 02 29 26 23 1.26 117.20 90 -0.73 
31 02A 02 29 26 23 1.26 117.20 270 -0.73 
32 C3A CB 22 21 20 1.41 107 0 -0.01 
33 CMA CT 32 22 21 1.51 125 180 -0.45 
34 HM81 HC 33 32 22 1.09 109.50 60 0.15 
35 HM83 HC 33 32 22 1.09 109.50 180 0.15 
36 HM82 HC 33 32 22 1.09 109.50 3 0.15 
37 C4A CC 32 22 21 1.41 107 0 0.26 
38 CHB CD 37 32 22 1.37 127 180 -0.28 
39 HDM HC 38 37 32 1.08 120 0 0.17 
40 CIB CC 38 37 32 1.37 127 180 0.26 
41 NB NO 40 38 37 1.38 124 0 -0.52 
42 C2B CB 40 38 37 1.41 127 180 -0.01 
43 CMB CT 42 40 38 1.51 125 0 -0.45 
44 HMll HC 43 42 40 1.09 109.50 60 0.15 
45 HM13 HC 43 42 40 1.09 109.50 180 0.15 
46 HM12 HC 43 42 40 1.09 109.50 3 0.15 
47 C3B CB 42 40 38 1.41 107 180 -0.01 
48 CAB CY 47 42 40 1.51 126 180 -0.08 
49 HV2A HC 48 47 49 1.08 120 180 0.12 
50 CBB CX 48 47 42 1.33 120 0 -0.34 
51 HV2T HC 49 48 50 1.08 120 0 0.17 
52 HV2C HC 49 48 50 1.08 120 180 0.17 
53 C4B CC 47 42 40 1.41 107 0 0.26 
54 CHC CD 53 47 42 1.37 127 180 -0.28 
55 HAM HC 54 53 47 1.08 120 0 0.17 
56 CIC CC 54 53 47 1.37 130 180 0.26 
57 NC NP 56 54 53 1.38 124 0 -0.52 
58 C2C CB 56 54 53 1.41 127 180 -0.01 
59 CMC CT 58 56 54 1.51 125 0 -0.45 
60 HM31 HC 59 58 56 1.09 109.50 60 0.15 
61 HM33 HC 59 58 56 1.09 109.50 180 0.15 
62 HM32 HC 59 58 56 1.09 109.50 3 0.15 
63 CSC CB 58 56 54 1.41 107 180 -0.01 
64 CAC CY 63 58 56 1.51 126 180 -0.08 
65 HV4A HC 64 63 65 1.08 120 180 0.12 
66 CBC CX 64 63 58 1.33 120 0 -0.34 
67 HV4T HC 65 64 66 1.08 120 0 0.17 
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atom name type atl at 2 at3 bond angle torsion charge 
68 HV4C HC 65 64 66 1.08 120 180 0.17 
69 C4C CC 63 58 56 1.41 107 0 0.26 
70 CHD CD 69 63 58 1.37 127 180 -0.28 
71 HBM HC 70 69 63 1.08 120 0 0.17 
72 CID CC 70 69 63 1.37 130 180 0.26 
73 ND NO 72 70 69 1.38 124 0 -0.52 
74 C2D CB 72 70 69 1.41 127 180 -0.01 
75 CMD CT 74 72 70 1.51 125 0 -0.45 
76 HM51 HC 75 74 72 1.09 109.50 60 0.15 
77 HM53 HC 75 74 72 1.09 109.50 180 0.15 
78 HM52 HC 75 74 72 1.09 109.50 3 0.15 
79 C3D CB 74 72 70 1.41 107 180 -0.01 
80 C4D CC 79 74 72 1.41 107 0 0.26 
81 CHA CD 80 79 74 1.37 127 180 -0.28 
82 HGM HC 81 80 79 1.08 120 0 0.17 
83 CAD CT 79 74 72 1.51 124 180 0.03 
84 HP62 HC 83 79 74 1.09 109.50 60 0.05 
85 HP61 HC 83 79 74 1.09 109.50 3 0.05 
86 CBD CT 83 79 74 1.54 111 180 -0.13 
87 HP64 HC 86 83 79 1.09 109.50 60 0.02 
88 HP63 HC 86 83 79 1.09 109.50 3 0.02 
89 CCD C 86 83 79 1.53 109.40 180 0.66 
90 OlD 02 89 86 83 1.26 117.20 90 -0.73 
91 02D 02 89 86 83 1.26 117.20 270 -0.73 
92 C C 6 4 3 1.52 111.10 180 0.67 
93 0 0 92 6 4 1.23 120.50 0 -0.59 

TABLE B.2. Nitric Oxide Library: Only parameters are bond length and charges. 
atom name type atl at 2 

C
O

 

bond angle torsion charge 
1 NL N 2 'k -k 1.16 0 0 0.02 
2 OL 0 1 • 1.16 0 0 -0.02 
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APPENDIX C 

ANALYTICAL SOLUTIONS FOR DIFFUSION WITH GATING 

In this appendix I will walk through the details of solutions for the coupled ordinary 

differential equations in the case of diffusion with a gate on the boundary, presented 

in subsection 4.2.2. I will show the Laplace transform solution, the solution for 

probability of escape through one boundary instead of the other, and the mean escape 

time computation. All rely on the same method of an auxiliary function solution, so 

less detail will be needed for the latter cases. 

C.l Laplace transform solution 

As reviewed in Chapter 4, the Laplace transform of a Markov process can be found 

by solving the eigenvalue problem of the corresponding adjoint generator. In the case 

of the diffusion on the interval [0, L], with a gate jumps between open and closed 

states with rates Ao and Ac, this equation is: 

The left boundary a: = 0 is always reflecting, and the boundary conidition is the same 

for both gate states: ^c(O) = ^o(O)- The state of the gate determines the condition of 

the boundary x — L, being reflective for the closed gate ^ OJ absorbing for 

the open gate  p o {L)  =  1.  

To solve these coupled ODE, subtract the two equations and define an auxiliary 

function g = Po — Pc- This expression becomes: 

P,d% , , 
d x ^  P O )  

+  ̂ o { P o  —  P c )  >^pc 

>^po 

(C.2) 

(C.l) 

(P  g  A + Ao + Ac 
(C.3) 

D 
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Let k  = \/(A + Ao + \c) /D.  The general solution of this equation is; g{x)  =  

Acosh(fcx) + Bsmh{kx). Because g'{0) = 0, B = 0. Now we substitute this so

lution back into the equation (C.2), to obtain two decoupled equations: 

— Xpo — AcAcosh(A:x) (C.4) 

( f in  
D-̂  — Xpc = —XoA cosh{kx) (C.5) 

Solutions of such inhomogeneous equations have two components. First, the solution 

of the equation with the right-hand side set to zero is the homogeneous solution, 

which in this case is Bcosh.{y/[L/D)x) for both equations. Second, there is the 

particular solution of each inhomogeneous equation. Let us make a similar ansatz 

for the particular solutions: Po = Ccosh(fex) and pc = Ecosh.{kx). Note that the 

boundary condition at x = 0 again make the sinh term vanish. After some algebra we 

find that the constants must be C = A\o/{\o -I- Ac) and E = —A\o/{\o + ^c), where 

A is the constant from the solution of g. Thus, complete solutions can be written as: 

Po{ x , X )  =  A — - ^ ^ ^ ^ — c o s h { k x )  +  B c o s h { J ^ x )  (C.6) 
AQ + Ac \ ly 

Pc{ x , X )  —  — A  cosh(fc3:) -I- Bcosh{J  -^x)  (C.7) 
Ao + Ac \ d 

Note that 'po — = Acosh{kx), as determined before. Now let us use the boundary 

conditions on a: = L to determine the constants A and B.  The algebra is a bit tedious, 

but the final expressions are: 

^ " Ac cosh(fcL) ~ ^cosh(y^L) j 

tanh(/cL) 
B = '  

A;—^ tanh(fcL) cosh(y j^L) + yy: cosh(fcL) sinh(y -j^L) 

This gives separate analytical solutions for the cases of the initially closed and 

open gate. If the starting distribution of gating states is in equilibrium, the combined 
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Laplace transform solution is 

. , tanh(/cL) cosh(-i/—x) 

+ = n- nr-
° ' ° ' tanh(fci) + ,/A tanh( J^L) 

/\^ V ' V -Lf 

C.2 Probability of escape through one boundary 

Following the general treatment in Gardiner [37], the probability of particle reaching 

the left boundary before escaping through the gated right boundary is found from 

the following equation: 

d'^ + UP,-Po) = 0 (C.9) 

D^ + Xo{Po-Pc) = 0 (C.IO) 

The boundary conditions for the left boundary rr = 0 are -Po(O) = •Pc(O) = 1, since 

starting at the left boundary implies that the goal is already reached. The bound

ary conditions for x = L depend on the gate: in the closed case, the boundary is 

reflecting P'f.{L) = 0, while in the open case, the boundary is absorbing and there is 

no probability of reaching the left boundary, or Po{L) = 0. 

These equations are again decoupled by subtracting and introducing an auxiliary 

function g = Po — Pc- The new equation is: 

(Pg  \o  + Ac 

dx^  D 
-9 (C.ll) 

Let m = \ / (Ao + \ c ) /D.  There is one well-defined boundary condition 5f(0) = 0. 

Using this, the solution '\s g = ^sinh(ma;). 

(PP 
D—^ = AAc sinhfmx) (C.12) 

d x ^  
( f p  

D ^ =  —^AoSinh(mx) (C.13) 
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The solution of both homogeneous equations is Bx + C.  The particular solutions are 

based on the ansatz ,  Pc =  E sinh(ma;)  and PQ = F sinh(ma:) ,  wi th  E = AX^, / (Ao  +  Ac)  

and F = —A\o/{\o + Ac). We can combine the two solutions for each case: 

Po{x)  = A sinh(ma;) + Bx + C (C.14) 
Ao + Ac 

Pc{x)  =  — s i n h ( m a ; )  +  +  C  ( C . 1 5 )  
Ao + Ac 

Applying the boundary conditions leads to the following constants: C — 1 ,  and 

.4 = 
sinh(mL) + mL cosh(mI/) 

Ao + Ac Ao + Ac 

Substituting A into the expression for B,  the expression becomes: 

mAo cosh(mL) 
B 

A sinh (mL) + XoinL cosh ( mL) 

Averaging over the equilibrium probabilities of the gate states, the combined solution 

for probability of reaching x = 0 before escaping is obtained: 

p + p ^ 1 imA,cosh(mL) 
^ Ao + Ac " Ao + Ac Ac sinh(mL) + AomL cosh(mL) 

C.3 Mean escape time 

Many models have computed the mean first passage time of a process to obtain aver

age kinetics. One method for this calculation is based on setting the adjoint generator 

equal to -1, based on a time integration of the evolution equation, as described in 

Gardiner [37]. 

(pt 
D^ + X,{T,-To) = -1 (C.17) 

D^ + Xo{To-T,) = -1 (C.18) 
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The boundary conditions are reflecting for the left boundary: Tc'(O) = T^'(O) = 0 and 

for the closed state also reflecting on the right boundary T^{L) — 0 but absorbing for 

the open state To{L) = 0. Once again, by subtracting the two equations, we obtain 

an equat ion for  the  auxi l iary funct ion g =  To — T^ .  

( fg  Xo +  Ac 

D 
(C.19) 

Set m = y(Xr+ Xc) /D.  The general solution for the above equation, with ^'(O) = 0, 

is g{x) = >lcosh(/cx). Once again, we have two decoupled inhomogeneous equations, 

with the homogeneous solution —x'^/(2D) + Bx + C for both equations and the 

particular solutions A\c/{Xo + Ac) cosh(mx) and —AXo/{Xo + Ac) cosh(mx) for the 

open and the closed states, respectively. Using the boundary conditions above, we 

determine the constants :  B = 0,  

^  _  l { x o  + Ac) 

DmXo sinh(mL) 

^ l k , , 
C = —— + ——— coth(mL) 

2D Dm Xo 

And once again, averaging over the equilibrium gating states, we obtain a combined 

solution: 
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APPENDIX D 

COMPARISON OF MEAN FIRST PASSAGE TIME 
SOLUTIONS 

In this appendix I will demonstrate agreement between the explicit solution found 

in Appendix C for mean first passage time for escape via diffusion with a gated 

boundary, and the general result derived by Spouge et. al. [93] for a particle subject 

to gated trapping. Their result is averaged over the equilibrium probability density, 

so I average the space-dependent escape time computed in Appendix C, equation 

(C.20), over the uniform density 1/L, to obtain: 

I will use formulas (13) and (28) of [93] to compute the mean survival time on the 

interval [0,L], for a single trap on the boundary x = L with infinite reaction rate k 

(absorbing boundary) in the open state: 

where G{x, i, s|xo, io) is the Laplace transform of the Green's function solution to the 

ungated process, representing the probabihty of being at point x and gate state i at 

time t, starting at xq with gate state io, and p{x,i) is the equilibrium probability 

distribution of the process. L, o is the state of being at the absorbing point L, with 

the gate being open o. We immediately conclude that the equilibrium probability 

by independence of the diffusion and gating processes. Now we need to find the 

Green's function solution to the diffusion equation on [0,L] with closed boundaries 

(D.l) 

rr I AC G(I/, o, AC + AO|I/, o) 
i = hm( — r j + — r 

s^o p{L,o) s \o p[L,o) 
(D.2) 
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(ungated process). This is a well-known problem, solved by Fourier transforms [37] 

to yield the following; 

OQ n^tr'^d 
^ 1 2 .mrxo, .mrx. —t _ 

G(x,t|a:o) == - + - 5]]cos(-^)cos(-^)e L (D.3) 
n=l 

Taking the Laplace transform, we get: 

-  1 2 ^  1  , m r x o .  ,  

It follows that for starting point x = L, 

^ 1 9 1 
g { l , s \ l )  =  y :  +  tY1 

r n r x .  

Ls L ̂  Dtt'^v? 
n=l Q -I 

^ L2 

It is simple to compute the Green's function for x = L and i = o, since, by in

dependence of the processes and by the Poisson independence of initial condition, 

G{L,o,s\L,o) = G{L, s\L)p{o) . Knowing this, we can now compute the expression 

in equation (D.2): 

°° t2 \ °° 1 

n= l  n=—oo "T AQJ -\-

This appears different from the expression derived in equation (D.l), but in fact the 

two are the same. The first sum corresponds to the first term of the solution: 

2L^ ^ 1 2L2 L2 

Dtt^ DTT^ 6 3D 
n~ l  

The second sum likewise corresponds to the second term of equation (D.l). To show 

this, consider the integral J and evaluate it over the following contour in 

the complex plane, comprised of the real line, a semicircle from negative infinity to 

infinity, and vanishing semicircles around each integer on the real line: 

f°° cot(7rx) , , f cot(7r2:) , , f cotfvrz) , ^ cot(7r2:) 
/ r~^dx + hm / i-^dz -I- y hm / r^dz = 27rz Res —— 

J_oo a + bx^ R-^oo a -h bz^ r-»o a + bz^ ^ 

(D.5) 
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Because the integrand is even, the real integral on the left is 0. The integral over 

Cr (semicircle of radius R) vanishes when R goes to infinity. The integrals over CR 

are over semicircles around the poles of cot(7ra;) on the real axis (at every integer). 

From standard complex variables texts, e.g. Brown and Churchill [17], it is known 

that each one of them is equal to: 

Finally, the residue at the pole at 2; = i^fajh is equal to: 

Res _ coth(7r^) 

a + hz^ 2^6^! -2\/a6 

Therefore, using the original expression (D.5), we obtain: 

(D.6) 

Plugging in a = Ao + Ac and b = Dn^/L'^, we have 

n= —00 

E 
00 

(Ao +  Ac)  +  

1 
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