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ABSTRACT


Redox partner recognition in transient protein-protein electron transfer interactions remain a subject of inquiry. Structural information on these complexes in physiologically relevant oxidation states is lacking due to their problematic large size, brief lifespans, and reducing environments. Here we present a framework for garnering long range distance and orientational restraints for complex structure determination of the prototypical d-camphor hydroxylase Putidaredoxin-P450cam electron transfer system in the catalytically competent, reduced, Fe[II] state using a combined paramagnetic relaxation enhancement and residual dipolar coupling solution NMR approach. In addition to transferring two electrons to P450cam, putidaredoxin plays an enigmatic, redox dependent, allosteric effector role that is critical for substrate turnover. Therefore, as well as abetting the dearth of structural information on protein-protein electron transfer complexes, the final structure will aid in unraveling putidaredoxin's allosteric effector mechanism in camphor hydroxylation. 
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Introduction and Background

[bookmark: _Toc357800760]The Cytochrome P450 Electron Transfer System

	Biological electron transfer (BET) is a vital process for all life. Signal transduction, energy transformation, and cell growth all depend on the spatial and temporal control of BET for maintaining homeostasis [1]. Frequently, BET manifests as a specific sequence of tightly regulated protein shuttles that rely on precise redox partner recognition in order to prevent “short circuits” [4]. Requisite short lifetimes and weak affinities for high turnover rates characterize the protein-protein interactions in BET systems. The associations between proteins are therefore optimized to achieve a transient complex on the order of milliseconds (Prudencio et al. 2004).  Structural features such low geometric complementarity and poor packing density tend to define these interactions, and allow for the necessary balance between promiscuity and discrimination. An electron transport protein will often have to shuttle between two components of a cascade, and therefore communicate using multiple binding sites (Crowley et al. 2004). Unfortunately, the fast dissociation rates along with the complexity of these molecular surfaces make them difficult to study, particularly from a structural perspective. 
Cytochrome P450s
One established example of an enzyme system reliant on efficient BET for functionality is cytochrome P450s. As a ubiquitous super family of heme-containing monoxygenases, P450s stereo- and regio-specifically target a diverse range of organic, hydrophobic substrates for the incorporation of one atom of molecular oxygen into a relatively inert carbon site according the general reaction scheme in Eq. (1):

RH + O2 + 2e- + 2 H+    →   R-OH + H2O                   (1)

The two electrons required for this reaction are initially donated from NAD(P)H  and frequently depend on a series of protein-protein interactions for efficient delivery to the P450 catalyst [2]. With some exceptions, two classes of electron relay systems have been defined for cytochrome p450s that are largely divided along their prokaryotic or eukaryotic origins. Class I prokaryotic systems involve a three soluble and cytosolic protein cascade beginning with a NADH-dependent FAD-binding reductase that transfer an electron to a 2Fe-2S ferredoxin which ultimately reduce the P450.  Alternatively, the class II eukaryotic system most commonly involves only two membrane bound constituents; the P450 and a diflavin NADPH-Cytochrome P450 reductase (CPR). Depending on its subcellular localization eukaryotic P450s can be accompanied by another reducing partner cytochrome b5 which synergistically cooperates with CPR to improve catalytic efficiency (Munro et al. 2013, Omura et al.2010, Danielson 2002).
	Generating a novel hydroxyl functional group in the product increases its polarity, which effectively activates and solubilizes it for easier downstream conjugation or excretion. While the most common chemistry performed by P450s is the hydroxylation of aliphatic and aromatic hydrocarbons they are capable of myriad reactions, including but not limited to: alkene and arene epoxidation, oxidative deamination, dehalogenation, and decarboxylation (Munro et al.2013, What makes P450s tick). These reactions enable a variety of physiological processes such as; xenobiotic degradation, steoidogenesis, fatty acid metabolism, and the activation of procarcinogens. Their leading role in the phase I biotransformations of most pharmaceuticals makes them the focus of two major concerns in clinical pharmacology, drug-drug interactions and polymorphism pharmacokinetics (Danielson 2002, Current Drug Metabolism).  With such remarkable breadth of substrate diversity and a broad scope of significance much work has gone into understanding the catalytic mechanisms and basis for ligand recognition in P450s. 
	P450s maintain a unique and highly conserved architecture across all domains of life. Despite having relatively little sequence homology, in many cases as little as 20%, a common topological scaffold is pervasive throughout the family. The core P450 structure contains around 13 α-helices (A-L) and four β-sheets (1-4) with the most conserved regions consisting of a four-helix bundle (D,E,I, and L) that line the active site, along with two β-sheets (1,2) that probably help form the hydrophobic access channel (Fig. 1) (Raucy, et al. 2001). The relative orientation of these secondary structure domains around the prosthetic heme moeity are faithfully constructed to orchestrate the heme-thiolate chemistry required for activating molecular oxygen, orientating the substrate, and binding redox partners (Poulos 2005). On the other hand, regions farther from the heme are found to contain more variation, and interestingly, it is these regions which are implicated with substrate recognition. Through a comparative analysis of amino acid and coding nucleotide sequences Gotoh recognized six substrate recognition sites (SRS) across mammalian and bacterial species that includes: 1) the B’ Helix, 2) the C-terminal end of  Helix F, 3) the N-terminal half of Helix G, 4) the N-terminal half of Helix I, (5) the β3 region and 6) a central region of β5 (Fig. 1.) (Gotoh. 1992).
	Originally discovered in 1958 in rat liver microsomes as an unknown carbon monoxide binding pigment, cytochrome P450s received their name due to the signature 450-nm optical absorbance peak when reduced and carbon monoxide bound. Five years later the hemoprotein nature and monooxygenase function of P450s was understood (Raucy et al.2001). Today the main thrust of P450 research is on the human enzymes involved in xenobiotic detoxification, drug metabolism, and the biosynthesis and metabolism of lipids and steroid hormones. Yet, it is the enormous amount of work that went into understanding the bacterial enzyme P450cam that was primarily responsible for uncovering the remarkably powerful catalytic properties of this pervasive protein family.
[image: ]
Figure 1 Two P450s from bacterial (left) and mammalian (right) hosts showing similar overall architecture with the most conserved regions in red and the SRS sites in blue 
[bookmark: _Toc357800761]Cytochrome P450cam
	In the bacterium Pseudomonas putida a three protein component BET system, terminating at cytochrome P450cam (Cyp101), is responsible for the phase I biotransformation of its primary carbon source camphor. An FAD-containing, NADH-dependent oxidoreductase (putidaredoxin reductase or Pdr) initiates the cascade by abstracting an electron from NADH, and the 2Fe-2S ferredoxin (putidaredoxin or Pdx) shuttles electrons between Pdr and Cyp101 [5]. As electrons move through the chain of proteins in the catalytic system of CYP101 [Fig.2], modulation of redox potential as well as structural and dynamic characteristics of the protein partners play a critical role in regulating redox partner recognition [4-8]. CYP101 catalyzes the regio- and stereo specific hydroxylation of d-camphor by accepting 2 electrons in discrete transfer events [4]. The first transfer involves the reduction of the heme in camphor bound Cyp101 from the ferric Fe (III) state, to the ferrous Fe (II) state. In the final step, a second electron is transferred between metal centers in reduced Pdx (Pdxr) and ferrous CYP101 for substrate turnover. While Cyp101’s first electron can come from any agent with a suitable redox potential, it is remarkably demanding in its requirement that the second electron come from Pdx for catalytic turnover, pointing towards an effector role for Pdx in addition to electron transfer [9].
	The Pdr-Pdx-CYP101 relay has long served as a prototypical system for investigating the catalytic mechanisms of other P450 systems, especially in the context of electron transfer between redox partner proteins, and effector activity in substrate turnover. Since it became the first P450 with a high resolution x-ray structure in 1987, Cyp101 has also been the paradigm for P450 structure-function studies. By 2004 all three components of the Cyp101 electron transfer system had x-ray structures resolved and more recently structural data has become available for the protein partners in complex at all but one stage of the electron relay, the final Pdxr-Cyp101r transfer event (Zhang et al. 2008, Sevrioukova, 2010). Compellingly, it is at this step in the electron relay cascade whereby Pdx exerts its effector activity. Therefore, to help explain the effector mechanism this reduced complex structure is anxiously anticipated. The enormous amount of molecular, biophysical, and kinetic data collected since early 1970s, this system has unraveling the mysteries of 
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[bookmark: _Toc357706639]Figure 2: Biological electron transfer system for Cyp101 catalysis. PdR and Pdx protein shuttles are shown delivering two electrons to Cyp101 in subsequent steps for camphor hydroxylation[2]

[bookmark: _Toc357800762]Effector Mechanism
In the early 1970s it was demonstrated that Cyp101 did not oxidize camphor without the presence of its reducing partner Pdx (Lipscomb, 1972) and furthermore, d-camphor hydroxylation lost stereo-specificity resulting in substrate uncoupling and the production of superoxide anions [32]. The fidelity for Pdx has since been confirmed through numerous failed attempts to use strong reducing agents and homologous ferredoxins, such as adrenodoxin and terpredoxin, to complete efficient catalytic turnover [7, 10]. Interestingly, cytochrome b5 has been identified as another competent effector for Cyp101 catalysis, however it lacks the potency of Pdx, with a Kd three orders of magnitude higher [11]. Pdx thus serves as an obligate effector in the substrate hydroxylation cycle of CYP101.
Two schools of thought pervade on the actual mode of effector activity. The first model more espoused by the eminent P450cam crystallographer Thomas Poulos is localized to the heme binding pocket and succinctly supposes that a Pdx “push” induces structural changes which couples electron transfer and O2 activation to proton transfer [Sevrioukova et al., 2011]. Poulos posits that Pdx binding on the proximal face of the heme transmits a mechanical displacement which terminates at Leu358 tilting the heme bound oxygen molecule in order to better position it for protonation by Thr252. A convincing mutagenesis study corroborates this theory, in which it was discovered that the L358P mutant spectroscopically mimics the effects of Pdx binding. Moreover, the mutant was catalytically competent in the presence of artificial electron donors suggesting the activated mutant was functionally simulating the effector (Tosha et. al, 2004). Crystallizing L358P highlighted further structural rearrangements in the active site that brought it closer to the catalytically competent Cyp101-Pdx complex (Nagano et al. 2004, JBC). Here it was shown that this mutant was capable of sufficiently widening the I-helix in order to accommodate the highly ordered catalytic water molecules critical for proton shuttling and O2 cleavage in a manner consistent with the Cyp101r-O2-Pdxr. Together this suggests the Pdx binding thermodynamically favors the necessary conformation for O2 activation. 
The second argument, championed by Thomas Pochapsky, states that effector binding transmits a global modulation of the conformational ensemble, effectively selecting for a subset of conformations that promote catalysis by  preventing uncoupling  (superoxide and hydrogen peroxide formation) and loss of substrate prior to turnover. Armed by a series of  15N HSQC spectra with and without Pdx (and other competent effectors i.e. Cytochrome b5) bound, Pochapsky identified dynamic residue networks distal to the Pdx binding site and throughout SRS regions known to be critical for substrate gating, which were perturbed structurally and dynamically upon effector binding. Recently, this model was expounded upon when it was shown by NMR and mutagenic studies that Pdx binding induces a Ile88-Pro89 trans to cis isomerization event which they claim is responsible for propagating the conformational changes that properly reorient camphor in the active site for stereospecific oxidation [4]. With molecular dynamic simulations they go on to propose that the isomerization event is coupled to structural changes throughout the protein which ultimately regulate active site volume. The trans conformation was shown to be 30% larger, providing evidence for how Pdx could enhance catalytic efficiency after converting Cyp101 to the cis conformer by sterically protecting against transient substrate loss [9]. Collectively, this evidence compelled them to postulate that Pdx binding forces selection of a closed subset of conformations that prevent uncoupling of binding and catalysis, or in other words, prevent loss of substrate prior to turnover. These distinct models both place Pdx effector activity within the framework of allosteric regulation, but the first maintains a more rigid structural definition localized on a mechanical switch in the active site while the second expands the allosteric effect into globally modulated distributions of conformational populations.
[bookmark: _Toc357800763]Redox Modulation
Redox dependent structural and dynamic modulation has been extensively substantiated in both Cyp101 and Pdx individually [6-8, 12]. Both proteins have been shown to globally attenuate their dynamic activity across all probed time regimes post-reduction [8, 12]. The reduced Pdx-CYP101-CO complex has a six fold stronger affinity than the oxidized Pdx-CYP101-O2 complex and attenuation of dynamic amplitudes on each protein is considered a likely method of increasing the complex affinity by decreasing or prepaying the entropic cost of binding [8, 14]. In other words, reduction selects for a fraction of the conformational substates populated by the oxidized protein.  A G40N mutation in the 2Fe2S metal center loop slowed the conformational exchange process in oxidized Pdx (Pdxo) adequately for detection of multiple conformational substates by 15N-1H HSQC NMR. Reduced Pdx (Pdxr) showed a degeneracy of those conformational substates suggesting it occupied fewer of them [7]. Morever, NMR hydrogen-deuterium exchange experiments found slower exchange rates in reduced Cyp101 (CYP101r) which suggesting lower-amplitude dynamics exist  in the slower time regimes as well [8]. Notably, the biggest differences were found in regions implicated in substrate access and Pdx binding. This structural and dynamic evidence collectively suggests redox regulation in the Pdx-Cyp101 interaction works through a conformational selection mechanism which thermodynamically favors the distribution of populations predisposed for binding; effectively expediting the encounter complex search.
Few major rearrangements of secondary structure are observed in either Pdx or Cyp101 upon reduction, and superimposing their redox crystal structures results in RMSD values of 1.05 Å and 0.15 Å, respectively (Fig.3). Attenuation of dynamic amplitudes upon reduction is nevertheless concomitant with subtle structural reorganization in Pdx.  According to an X-ray crystallographic study Tyr 33 and Asp 34  initiate a Cys45-Ala46 peptide bond flip that facilitates a new, strengthened hydrogen bonding network between the sulfurs of the metal center and the surrounding amide and hydroxyl groups. By stabilizing a tightened conformation about the shifted [2Fe-2S] metal center, Pdx constructs a distinctive structural patch with a charged ring and hydrophobic core which facilitates molecular recognition between Pdx and Cyp101 [6]. 
Interestingly, mutagenesis studies demonstrate unique roles for specific residues on Pdx in each oxidation state [15]. Differential affinity (Kd) and electron transfer (KET) effects between the ferric and ferrous binding events of Pdx mutants D38A and W106A, suggests structural distinctions among the two redox complexes may exist. Likewise, significant NMR backbone amide spectral perturbations in residues distal to the Pdx binding interface of  Cyp101 that are considered a signature of effector activity when complexed to Pdxr, were not witnessed in complex with Pdxo [16].  Subtle conformational changes and/or unique electron transfer pathways could account for these observations, emphasizing the importance of characterizing the structural alterations supporting redox modulated binding and effector activity.

[image: ]
Figure 3 Superimposed structures of a) Pdx and b) Cyp101 in the oxidized (copper) and reduced (cyan) states
[bookmark: _Toc357800764]The P450cam-Pdx Complex Structure
While considerable kinetic, biochemical and biophysical work has been carried out over the last five decades to investigate the nature of interaction between the two proteins, a detailed structural interpretation of the Pdxr-CYP101r complex still remains elusive. However, a structure of the Pdx-CYP101 complex is critical to explain the effector activity of Pdx.
The transient lifespan of the Pdx-Cyp101 interaction, and most electron transfer protein-protein interactions, precludes co-crystallization as an effective means of complex structure determination, and to date only one crystal structure for a P450-redox partner complex is known [23]. Yet, for BET and specifically P450 research, the enigma of redox partner recognition and effector activity has been the most compelling, and therefore more structural insights are being sought. Chemical cross-linking provides a less physiologically relevant solution for obtaining electron transfer complex co-crystal structures [24, 25]. This method was used in the case of PdR-Pdx from the Cyp101 electron transport system, as well as the AdR-Adx complex from a separate P450 system. Here, as is rarely the case, the investigators were fortunate enough to have an adjacent Glu and Lys ideally situated for EDC-mediate covalent cross-linking however, the authors acknowledge restricting mobility of the protein partners can functionally impair the interaction as well as distort the native binding interface. Perhaps a more ubiquitous solution for solving electron transfer complexes in fast exchange is offered by the pronounced effects of paramagnetic centers in NMR spectra [9, 26-28]. Because these effects are detectable at long ranges site-directed paramagnetic spin labeling has arisen as an attractive approach in NMR for garnering distance and orientational restraints for protein structure determination in solution [29]. Traditional methods of protein structure determination by NMR rely on almost complete assignment of the protein resonances and acquire distance restraints limited to 5Å based on the Nuclear Overhauser Effect (NOE). Furthermore, NOE’s are confounded by line broadening and spectral overlap in large protein complexes with slow tumbling times [30]. On the contrary, paramagnetic effects such as relaxation enhancement (PRE) and pseudo-contact shift (PCS)  can yield resonance intensity (peak height) and chemical shift changes within 15-40Å of the unpaired electron depending on the strength of  paramagnetic spin label [29].
Recently, our group solved the oxidized complex structure using NMR with a combined residual dipolar coupling (RDC) and paramagnetic relaxation enhancement (PRE) approach (Fig.2), where both Pdx and CYP101 are in the oxidized Fe[III] states [9]. However, a more physiologically relevant redox state of the complex, where CYP101 is in a state poised to accept the second electron for substrate turnover, and Pdx exerts its effector activity, is the reduced Fe[II] state of both partners (Fig.3).It is difficult to trap this state due to its short-lived nature when bound to oxygen, therefore to keep both proteins in the reduced state we competitively inhibit the reaction cycle with carbon-monoxide as is often used to mimic the Fe[II] interaction [13].
[image: ]
[bookmark: _Toc357706640]Figure 4. Cartoon representation of the Pdxo- Cyp101o solution NMR structure solved with RDC and PRE restraints using the HADDOCK docking software
[image: ]
[bookmark: _Toc357706641]Figure 5. Catalytic cycle of Cyp101showing the various oxidation states with the ligand and effector binding steps indicated [3]

To determine unequivocally how the oxidation state of the protein partners alters the mode of binding and if redox-dependent dynamics modulates their interaction, we have designed a NMR-based strategy to resolve the reduced complex structure employing a similar PRE/RDC methodology to the one used for the oxidized complex, albeit with some important modifications. Instead of using the conventional nitroxy MTSL paramagnetic spin label as done in the case of oxidized complex, a S-cysteaminyl-EDTA metal chelating spin label was conjugated to the lone, native, solvent exposed residue Cys73 of Pdx. This allowed ligation of paramagnetic metals such as Gd3+, which affords an increased distance range of paramagnetic influence and resistance to reduction of its unpaired electron. Importantly, Cys73 while being actively involved in Pdx docking to Pdr has little to no role in the Pdx-Cyp101 interaction [17]. A less traditional photochemical reduction method was used to circumvent the problem of the disulfide bond cleavage between the protein and chelating tag that occurs with so many established reducing agents.
In this report data is presented that provides a detailed structural interpretation of the redox dependent conformational changes in the Pdx-Cyp101 electron transfer complex. Characterizing these changes will help explain how oxidation state modulates binding to CYP101, as well as provide insights into how Pdx serves CYP101 as an allosteric effector.
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[bookmark: _Toc357800769]CHAPTER II 
Protein Expression and Purification

[bookmark: _Toc357800770]Protein Expression 
Pdx and Cyp101 were expressed and purified using methods described previously [16]. Chemically competent E. Coli BL-21 cells (New England Biolabs) optimized for protein expression containing a pET expression vector (Clonetech) with a Pdx or Cyp101 -His6tag fusion protein gene insertion were inoculated into 50ml of sterilized LB medium from 15% glycerol stocks stored at -80oc, and allowed to grow at 37oc with shaking at 250rpm for approximately 4 hours or until the optical density at 600nm (O.D.600) reached 0.3-0.4. The cell culture was then divided in half and 25ml aliquots were centrifuged at 5,000 rpm for 15 min. The supernatant was discarded and the pellet was resuspended in 1 ml of M9 Isotope Labeling Media (M9) containing the following ingredients in grams per liter: 7g Na2PO4; 3.5g KH2PO4; 0.5g NaCl; 4g L-Dextrose; 1g 15N NH4Cl or unlabeled NH4Cl; 0.102g MgSO4, 0.0057g FeCl3;  0.0165g CaCl2; 0.005g Thiamine; and 1 ml of a Trace Elements solution containing the following in g/L: 5g Na2EDTA; 0.5g FeCl3; 0.05 ZnCL2; 0.01g CuCl2; 0.01g CoCl2 6H2O; 0.01g H3BO3; 1.6g MnCl2 6H2O. Resuspended cells were then transferred into 1L of M9 media. Kanamycin or ampicillin antibiotics were added at a working concentration of 50µg/ml in order to place selective pressure on the cells carrying the pET vector. The culture was allowed to grow for approximately 8h or until it reached an O.D.600 of 0.8- 1.0 at which point protein expression was induced with 1ml of 0.5M Isopropyl β-D-1-thiogalactopyranoside (IPTG). Additionally, when expressing CYP101 35mg/L of the heme precursor, delta-aminolevulinic acid hydrochloride, was added at the point of induction to aid in maximizing heme biosynthesis for incorporation by Cyp101. 4h post-induction the cells were harvested by centrifuging at 5,000rpm for 15 min. The supernatant was discarded and the pellet was weighed and then stored at -80oC for future use or collected for immediate protein extraction.
[bookmark: _Toc357800771]Protein Purification	
For both Cyp101 and Pdx 10g of cell pellet was transferred into 50ml of protein buffer containing the following compounds in g/L: 0.04 K2HPO4; 0.01 KH2PO4; 0.05 KCl; 0.3 camphor and resuspended via stirring until the solution was homogenized. Cell lysis was then performed by sonication. In order to separate the cell debris from the soluble intracellular components differential centrifugation of the lysed cell solution was executed 2x at 13,00rpm for 15min. Each time preserving the supernatant and discarding the pellet.  At this point the oxygen scavenger dithiothreitol (DTT) was added at 1mM to prevent oxidation and increase protein stability. The crude Cyp101 supernatant was passed through a cobalt column (Talon Metal Affinity Resin, Clontech Laboratories) for the purposes of capturing CYP101 via the His6-tag. Subsequently, the cobalt column was washed with 50ml of protein buffer to help reduce non-specific binding. CYP101 was then eluted with 50ml of 125mM imidazole. The Pdx purification, along with the next step in CYP101 purification, began with passing the protein solution through an anion exchange Q Sepharose Fast Flow column (GE Healthcare Lifesciences).  With either protein bound to the resin 50ml of buffer was washed over the anion exchange column before the protein was eluted by increasing the KCl concentration to 300mM. Either protein was then concentrated using Amicon Ultra centrifugal filters (Millipore, 10,000 MW) before final purification using an AKTA Fast Performance Liquid Chromatographer. The concentration of CYP101 or Pdx was calculated through Eq. (2)

                                Α391 or A325= εβc                                     (2)

where A = the absorption in nm, ε= the extinction coefficient (100/15), β = width of cuvette (1), and c = concentration in mM, with the absorbance of camphor bound CYP101 measured at 391nm and Pdx absorbance measured at 325nm.When the ratio of A391/A280 or A325/A280 was 1.4 or .6 respectively, the protein was considered 98% pure.

[bookmark: _Toc357800772]CHAPTER III
Characterizing Redox dependent Changes in Pdx and p450cam As A Result of Complex Formation

Redox-Dependent Changes in Pdx monitored by HSQC-NMR
Individual 15N-1H HSQC spectra were collected for CYP101 and Pdx in both their Fe(III) and Fe(II) oxidation states separately, as well as complexed with one another.  These spectra provide both structural and dynamic information at atomistic resolution for all non-Proline amino acids. Since chemical shifts (δ) or the resonance frequency is a reflection of the chemical environment of an atomic nuclei, chemical shifts changes between different conditions provide insight into structural perturbations for each assigned resonance. Linewidth (λ) or width of a peak at half height is a second observable present in 15N-1H HSQC spectra which report on the dynamic activity of the amide bond. However, because λ receives contributions from dynamic activity over a broad range of timescales little quantitative inference can be made concerning the rate of change between various time regimes. Of the 106 residues in Pdx 80 had assignments available for the backbone amide bond including side chain assignments for Trp106 and Arg83. Due to the paramagnetism of Fe(III), residues within 8Å of the Fe-S  metal center are severely broadened and consequently unassigned.  Pochapsky’s group has previously reported the spectral changes occurring in reduced Fe(II) CYP101 (CYP101r) and reduced Fe(II) Pdx (Pdxr)   individually as well as CYP101r in complex with Pdxr [5, 7, 16]. Yet to date, no exhaustive characterization of spectral changes arising in Pdxr upon complexation with CYP101r has been reported. 
To verify the accuracy and consistency of our methodology and results, the spectral changes between Pdxo, Pdxr were analyzed and cross-referenced to those reported by Pochapsky et al. Despite some considerable differences, our results agree well with the chemical shift and line broadening profiles previously cataloged with the largest changes observed across the C-terminal cluster, specifically between residues 71-78 of Helix G of the  and residues 104-106 at the C-terminal .  Some changes that we observed which went undetected or unreported in the earlier studies could be a result of continually improved resonance assignments since the original study. In any event, we were able to detect perturbations that went unrecognized previously. Notably, Asp 34 was found to have a drastic upfield shift in its 15N resonance along with a more moderate one in Tyr33. This change is particularly interesting in light of an X-ray crystallography study on the redox-dependent structural reorganization of Pdx which posited that Tyr 33 and Asp34 transmit the redox signal by initiating a reconfiguration of the hydrogen bonding networks throughout the protein. Additionally, the backbone amide resonance of Leu71 was reported to broaden beyond detection upon reduction but did not disappear in our experiments until it complexed with CYP101r. All other residues that were previously reported lost after reduction due to broadening were also lost in our experiments including: Leu23, Val50, Met70, and Ile88.  The spectral perturbations we observed upon reduction are site specifically quantified and mapped on a cartoon ribbon structure in Figure2a and 2b.
With the NMR complex structure known in the oxidized state we can see that many of the same residues which were perturbed upon reduction are located at the interface of Pdx and Cyp101. Indeed, Jain’s group found many of the same regions in Pdx perturbed during the complexation of Pdxo and Cyp101o as were found as a function of oxidation state, reporting the most dramatic changes taking place for backbone amide resonances at residues 28-32 (helix D) and 104-106(C-terminus). We mapped and plotted the exact changes found in this study which are generally in good agreement with those of Zhang et al. (Fig.3a and 3c) [8].  With additional confidence that our results were consistent with earlier studies we moved forward with looking at the spectral differences between the reduced and oxidized complex. If the redox-dependent conformational dynamics model holds than it stands to reason that the many of the same residues which are perturbed as a result of reduction would also find themselves participating at the docking interface, but moreover that changes in the reduced complex would be more intense as a result of tighter binding with the dynamically attenuated preferred conformational subset of Pdx. 
[image: ]
Figure 6 Spectral changes observed in Pdx upon reduction (a)and b)) and in response to Pdxr -Cyp101r complexation (c) and d)). a) Cartoon representation of Pdx backbone from the perspective of Cyp101’s binding interface.  Blue represents pronounced changes in either structure or dynamics while orange represents subtler changes . b) 15N chemical shift changes Δδ = (Pdxo-Pdxr)2 plotted per residue assignment, red bars indicate severe or complete broadening for that residue c) Same view as a) but here magneta represents pronounced changes and orange represents subtler changes. d) 15N chemical shift changes Δδ = (δPdxr-δPdxrc)2 plotted per residue assignment, red bars indicate severe or complete broadening for that residue.
[image: ]
Figure 7 Spectral changes observed between in 15N Pdxo and Pdxoc upon binding to Cyp101( (a)and b)) and between to Pdxrc  and Pdxoc ((c) and d)). a) Cartoon representation of Pdx backbone from the perspective of Cyp101’s binding interface.  Magenta represents pronounced changes in either structure or dynamics while orange represents subtler changes. b) 15N chemical shift changes Δδ = (Pdxo-Pdxoc)2 plotted per residue assignment, red bars indicate severe or complete broadening for that residue c) Same view as a) but here red represents pronounced changes and green represents subtler changes. d) 15N chemical shift changes Δδ = (δPdxr-δPdxrc)2 plotted per residue assignment, red bars indicate severe or complete broadening for that residue.

Chemical shift differences were noted at all three experimentally accessible interfacial regions potentially suggesting a different docking orientation, and additional backbone residues at both helix G (71 and 74) and the C-terminal (106) were severely broadened or disappeared completely in the reduced complex (Fig.4c ,4d and Fig. 5a ,5b). Interestingly, Asp34 which was posited as the structural switch in H-bond renetworking, as well as other residues shown via X-ray crystallography (7-9, 33-35) to partake in the new H-bond network, give significantly different resonance frequencies (Fig.5a).  Taken together, this data could corroborate the theory that after Pdx is reduced it energetically selects for a tightened conformational subset where residues at the docking interface are better positioned for binding with Cyp101.
[bookmark: _Toc357800777]Titrations of Cyp101rand Cyp101o with Pdxr and Pdxo for estimation of Kd in the redox complex
A series of six 15N, 1H TROSY-HSQC spectra were acquired at 25C to follow the chemical shift perturbations of NH coupled pairs in Cyp101 during titrations of Pdxr and Pdxo with Cyp101r and Cyp101o respectively. In each oxidation state titrations were conducted with a final Cyp101 concentration of 50µM and aliquots of Pdx were added to yield final molar ratios (Pdx/Cyp101) of: 0,25, .5, .75, 1, 2, 3. Measuring the change in Hz for 1H chemical shifts δ during titrations, allowed for estimation of the dissociation coefficient (Kd) for the complex in each oxidation 
state using Eq.(3):

     (3)

where δ0 and δmax are the chemical shifts of the free and saturated forms of CYP101, respectively, and mo and po are the nominal concentrations of CYP101 and Pdx, respectively. δmax was estimated using the non-linear regression analysis software Sigma plot. Five well resolved 15NH resonances were monitored in both redox complexes and the1Hδ fits yielded values for δmax and Kd. The data is presented in figure X. Calculating the concentration of free and bound protein fractions was accomplished by Eq. (4)

                                                          (4)
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Accurate modeling of the distance and orientational restraints requires knowledge of the free and bound fractions of protein alone and in complex. Titrations of Cyp101o and Cyp101r with Pdxo and Pdxr, respectively yielded sequential chemical shift changes until Cyp101 was considered saturated. Only peaks with with δmax> 35 Hz and a single perturbed resonance for each titration were included in the analysis.In each oxidation state 5 perturbed resonances were followed and non-linear fits of δ as a function of Pdxo and Pdxr concentration yielded Kd values 24.312µM and 9.95µM, respectively. These values are in relatively close agreement with the literature; however, we expected to see a larger affinity difference between the two redox complexes. Where we saw a ~2.5 fold change in binding affinity between them other groups reported ~6  fold change [1]. This could be due to variations in the buffer conditions between the two studies or the unreliability of randomly selecting peaks as metric for binding affinity. Nevertheless, in our paramagnetic studies we were able estimate through Eq.(4) the bound fraction of Pdx to be ~60% and ~70% in the oxidized and reduced samples respectively,assuming a 1:1 ratio of Pdx to Cyp101. 
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Figure 8 Overlay of 15N-1H HSQC TROSY peaks in Cyp101 during Reduced and Oxidized titrations showing chemical shift changes with every Pdx increment.
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Keep writing. You’re almost there!
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Figure 9 Normalized chemical shift perturbations of amide resonances in Cyp101 as a function of Pdx titrant concentrations
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CHAPTER IV 
Spin Labeling and Reduction Methodologies for Paramagnetic studies
Site Specific Labeling of Pdx with Metal Chelator Tag
Generally following the procedures describe by Pintacuda et al. (2004) and Gaponenko et al. (2002), a thiol-reactive EDTA moiety was introduced on Pdx at cysteine 73 [18, 19]. Pretreatment of Pdx with 1mM DTT was necessary for reducing all free cysteine thiol groups. Following this preparation the buffer was exchanged with 40mM Tris buffer (pH 8.0) containing 40mM KCl through extensive dialysis using a Amicon Ultra centrifugal filter (Millipore, 10,000 MW).  Subsequently, S-(2-pyridylthio)-cysteaminyl-EDTA (Toronto Research Chemicals) was added to the protein solution at ten-fold excess and allowed to incubate over-night in the dark at 4oC. Removing all the DTT was critical for high-yield derivations. Excess label and by-products were removed by dialysis prior to conjugation verification or metal addition. NMR analysis of 15N labeled Pdx revealed that >95% of the protein was modified without major structural perturbations. Minor chemical shifts occurred for 4 residues including C73 that did not exceed .15ppm suggesting the native protein conformation remained intact (data not shown). Different metal salts (GdCl3, MnCl2, TbCl3) were coordinated to conjugated Pdx at 1.25x the protein concentration. Uncoordinated metal ions were removed through extensive dialysis with 40mM Tris buffer containing 40mM KCl and 2mM camphor.
	As mentioned previously Cys73 does not contribute significantly to Cyp101 binding [17]. Furthermore, conjugating Cys73 on Pdx with EDTAsl did not perturb any resonances by more than .115 ppm and hence its marginally modified structure should not compromise the integrity of the native complex (Fig. 10). Ultimately, we believe that the conditions imposed here including the non-native paramagnetic label, metal coordination, and photochemical reduction do not upset a faithful representation of the native interaction between Cyp101-Pdx and allow for a physiologically relevant complex structure. 

[image: ]
Figure 10 Superimposed 15N-1H spectra of Pdx with (yellow) and without (red) the EDTAsl conjugated to Cys 73 
The S-cysteaminyl-EDTA metal chelating spin label (EDTAsl), capable of conjugating to the same lone Cys73 Pdx surface residue, offers an alternative to the nitroxy spin label since it is not inherently paramagnetic but rather becomes paramagnetic upon the addition of any number of different paramagnetic metal ions. Multiple advantages are derived from metal chelator labels compared to traditional nitroxy ones [19], but most importantly for the aims of this study; the variety of different metals with unique paramagnetic properties offered a bevy of paramagnetic centers,inert with respect to most biological reactions, and capable of resisting reduction. Metals ions used here for quantitative PRE measurements, that don’t have fast relaxing electrons which contribute confounding PCS information,were Gd3+ and Mn2+. Broadening effects were calibrated using the reduced 15N-1H spectra of Pdx in complex with each metal. With this we expect the most meaningful distance restraints for the reduced complex will be calculated from the Gd3+ experiments for residues within 15-25Å of the coordinated metal ion and resonances <10Å will broaden beyond detection. The multitude of new resonances that appear in the diamagnetic Fe[II] heme-Cyp101r spectrum, along with more than double the number of resonance assignments should allow for many more restraint calculations compared with the seven  measured in the oxide complex. Equations (5) & (6) will allow us to directly convert peak height ratios, between the paramagnetic and diamagnetic samples, into distance restraints.Delineating additional broadening effects arising due to Pdx binding, flexibility of the paramagnetic EDTAsl, and non-specific PRE will complicate this analysis.
Photochemical Reduction of CYP101 and Pdx
[bookmark: _Toc357800782]Reduced CO-bound complex samples were prepared in the following manner - A method outlined by Greenbaum et al. in 1972 was employed for reduction, which describes using a synthetic pigment system as alternative electron donor pathway to the endogenous putidaredoxin reductase (PdR) [20].  In 3 separate 4ml vials; H2O with 2mM camphor, pure D2O, and a photochemical stock containing; 100uM proflavine (company),  2mM methylviologen (company), and 10mM NADH were degassed by N2purging for at least 2 hr. Pdx and Cyp101 samples were degassed separately in 4ml vials by layering N2 for a minimum of 2 hr. Each sample was 150µl of .1mM protein to maintain a final NMR volume of 300µl and a final [protein] of .05mM. Carbon monoxide (CO) was dissolved into degassed H2O by purging for at least 15 minutes and then layered over the degassed Cyp101 solution for additional five minutes. All vials were sealed with parafilm and transferred to an anaerobic chamber where the components were mixed. 25 µl of the photochemical pigment stock and 10µl of D2O were added to both the Pdx and Cyp101 solutions. The Cyp101 and Pdx protein solutions were then mixed before using the 2mM camphor H2O stock to bring the final volume to 300 µl. The final sample was anaerobically transferred to the NMR sample tube (Shigemi), the plunger was inserted and the NMR sample tube was sealed with parafilm. Placing the NMR sample under a generic fluorescent, 1500 lumen,white light initiated the electron transfer by photosensitization of proflavine.  After 10 minutes or when the sample visibly appeared blue the proteins were assumed to be completely reduced. Reduction of methyl viologen results in a blue-shift, which allowed us to visibly monitor oxygen availability.
A proflavine based synthetic pigment electron relay system offered an advantageous means of reducing both proteins while averting cleavage of the disulfide bond linkage between Pdx and EDTAsl. Moreover, the photochemical reduction system was considerably less abrasive to the protein compared with standard reducing agents most likely due to its advanced oxygen scavenging characteristics and subdued pH effects. Stability assays confirmed Cyp101 was stably reduced for over 56hrs (data not shown).  Superimposing the 15N-1H HSQC spectrum of Cyp101r reduced with a standard reducing agent sodium dithionite and the photochemical reduction system illustrates that no significant differences exist between the two structures (Fig.4).
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Figure 11 Superimposed  15N-1H spectra reduced with methylviologen (red) and sodium dithionite (black). Few minor changes are observed between the two spectra indicating reducing equivalency between the agents.


CHAPTER V 
Calculating Distance Restraints with Paramagnetic Relaxation Enhancement

Paramagnetic Relaxation Enhancement
In PRE, peak heights are mitigated due to line broadening in an r-6 distance dependent manner, while PCS spectrum observables are modified in accordance with an r-3 distance dependence, as well as the polar coordinates of the nuclear spin r, θ,φ with respect to the anisotropic magnetic susceptibility tensor (Δx tensor) [31]. As a result of numerous metal ions having strong paramagnetic properties, intrinsic paramagnetic centers are frequently found in the native structures of metal binding or metalloproteins and have been exploited by NMR for structure elucidation [28]. Unfortunately, the paramagnetic Fe[III] iron in the heme prosthetic group of Cyp101 only has an influential sphere of ~8Å, prohibiting sufficient distance restraints in complex studies. Therefore, a non-native paramagnetic spin label is introduced to the surface of Pdx for complex studies which, depending on the paramagnetic center chosen, affords distance restraints up to ~30Å. For the Cyp101o-Pdxo complex a conventional nitroxy spin label was used however, the paramagnetism of nitroxy and other common spin labels can easily be lost through reduction of its unpaired electron, making them difficult to employ in reducing environments. More troubling is the fact that conjugation of most spin labels targets cysteine thiol groups for disulfide bond formation which are also susceptible to reduction cleavage. Consequently, to successfully employ the paramagnetic labeling strategy on both oxidation states of the Pdx-Cyp101 complex we had to solve each of these problems.
Calculating distances from the amide proton to the paramagnetic center was carried out using the method developed by Battiste and Wagner [21]. A ratio of peak intensities (measured as peak heights) in 15N-1H HSQC-TROSY of Cyp101 complexed to spin labeled Pdxr and Pdxo complex spectra between the diamagnetic (no metal) and paramagnetic (metal) samples were converted into paramagnetic rate enhancements (R2sp) through Eq. (5):

                         	                                  (5)

Where t is the total polarization transfer time (~9ms) and R2 is the intrinsic diamagnetic transverse relaxation rate for each amide estimated from the peak width of reduced diamagnetic spectra [22]. Subsequently, R2sp values were converted into distances using Eq (6):

                                                                  (6)

Where r is the distance between the electron of the spin label and nuclear spins, τc is the estimated global correlation time (~20ns) of the protein complex from the Stokes Einstein equation, ωh is the Larmor frequency of proton nuclear spin and K is the constant 1.23x10-32 cm6s-2  [22].
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