Application for a Dreyfus Scholar/Fellow Award

Proposal Title:

“Inorganic” Site-Directed Mutagenesis

The Applicant

I came to Southwest Texas State University (SWT) in 1988 to take up the reins as Chairman, a position I have held until Jan.15th of this year. Prior to my arrival at SWT, I spent 7 years at the University of Vermont, initially as an assistant professor and then as an associate, as well as having spent one year as a visiting research professor at the University of Texas at Austin and one at the University of Teubingen in Germany. During my tenure at UVM I worked with many talented undergraduates most of who have gone on to graduate work at major universities. Indeed my research program has always been heavily involved with undergraduates and most of my publications have at least one undergraduate co-author. I came to believe that I could have a greater impact on undergraduate education, including research, as the head administrator of a predominantly undergraduate chemistry department thus prompting my move to SWT

While here I have continually striven to promote the concept that the best teaching takes place one-on-one, and in chemistry the setting most amenable to this goal is the undergraduate research laboratory. Of course to be able to do undergraduate research, money has to be available for paying student stipends during the academic year and summer, for research chemicals and supplies, and for top-notch research grade instrumentation. This means that faculty must compete for research and other grants, and hence they must maintain their credibility with the research community. Under my leadership the Chemistry Department at SWT has gone from ca. $75,000/year in external research funds to over $2.5M /yr. These awards have included over $500,000 for new equipment. On a personal basis I have over the past 12 years received nearly $1.5M in funding coming from a variety of sources including the Robert A. Welch Foundation, the Texas Advanced Technology and Advanced Research Programs, NSF, NIH, ACS/PRF and the Dreyfus Foundation. Included in this total are several major equipment grants matched by University money, which have brought on board a single crystal X-ray diffractometer, as well as electron spin resonance, and 400 MHz FT-NMR spectrometers. 

I am a recognized authority in the field of bioinorganic chemistry and the author of over 100 research publications; continuing to be very productive even while being chairman (more half of my total publications are since 1988). Although most of these publications involve undergraduates, I have successfully integrated a group containing postdocs and MS level graduate students as well. As a 1993 awardee of the Camille and Henry Dreyfus Scholar/Fellow program (details of the previous award are summarized later in this application) who is returning to full time teaching/research I would welcome the opportunity to mentor another fellow. Hence my application for a second Dreyfus Scholar/Fellow award.

Background and Significance of Proposed Research
With the advent of modern molecular biology techniques, “site directed mutagenesis” has become an important tool in understanding the structure and mechanism of action of many metalloproteins. The powerful promise of this approach is the ability to make single amino acid substitutions at a metal binding site and study, in a systematic way, how the nature of the donor atoms affects structure and/or reactivity. Such a profound understanding would eventually give rise to the ability to molecularly engineer enzymes for improved and/or differential reactivity in a way presently unavailable. Unfortunately despite its promise and seeming simplicity, the interpretation of site-directed mutagenesis results has often been anything but simple. This is so largely because of the difficulty in separating the direct changes in reactivity and/or structure inherent to the altered amino acid ligand and those that arise from indirect changes to the overall structure of the protein, caused by variations in charge, hydrophobicity, hydrogen bonding etc. It would be highly advantageous to the “enzymologist” if the direct and indirect effects of changing amino acid ligands in a metal binding site could be separated. 

One way to study the reactivity inherent in a particular structure and/or ligand environment is in the synthesis, structural characterization, and reactivity studies of small synthetic analogs to metalloenzymes. Extensive efforts have been undertaken in this regard and some of the most successful of these have utilized the tris(pyrazolyl)borates, TpR, as a platform.  Important examples include the work of Kitajima et al. with the hindered ligand hydrotris(3,5-diisopropylpyrazolyl)borate and copper(II), with which these workers have produced excellent structural and spectroscopic models of the oxygenated form of the oxygen transport protein, hemocyanin  and of  the active site of  ‘blue’ or type I cupredoxins.  Other successes include the work of Lippard et al. with the unsubstituted ligand, hydridotris (pyrazolyl)borate to produce -oxo-di--carboxylato-Fe(III) or Mn(III) dimeric systems, which have strong structural similarities to the active sites of various oxo-bridged dinuclear centers in  metalloproteins such as hemerthyrin, ribonucleotide reductase, methane monooxygenase and pseudocatalase.   Finally,  using the t-butyl substituted trispyrazolylborates, Parkin and others have produced analogs to the active sites in a number of mononuclear zinc proteins such as carbonic anhydrase. 

We have recently succeeded in providing a general route into a class of ligands, variously known as heteroscorpionates which are related to the trispyrazolylborates. and Together they constitute a complete family of monoanionic tripodal ligands (shown below) of the general type, N2X, where X includes all the biologically relevant donor atoms. Investigations of  how donor atom identity affects the properties of a metal center in a series of isostructural and isoelectronic complexes are now possible. In the past such studies have been confounded by the interacting effects of donor atom identity, structure and charge, making it difficult to vary only one factor while keeping the others constant. Comparing the [(pz)2CHX] heteroscorpionate ligands where X contains a  -O-, -S- or COO- donor with the well studied trispyrazolylborates allows a direct comparison of  properties with varying donor atom identity i.e. the inorganic chemists equivalent of site-directed mutagenesis. Properties of interest include things like redox potentials, spectroscopic signatures (i.e. optical, vibrational, NMR etc.), reactivity, and pKa’s of
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 coordinated ligands. The ability to understand how these properties are affected will allow for their fine-tuning in metal complexes as well as providing the “enzymologist” with information aiding in the interpretation of site directed mutagenesis results on metalloproteins. While we hope to prepare structural, spectroscopic, and/or functional models of many metalloproteins or other bioinorganically important systems, it is expected that much new coordination chemistry will also be revealed which may be interesting in its own right and have applications in other areas. 

Objectives

We have chosen two areas in bioinorganic chemistry with which to apply our concept of “inorganic” site-directed mutagenesis. They are:

1)
To determine how the nature of the donor atoms affects oxygen atom transfer reactivity at molybdenum centers in sulfite oxidase and nitrate reductase
2)
To determine how the nature of the donor atoms affects the oxygenase chemistry at non-heme ferrous ion centers of (-ketoglutarate-dependent enzymes

Research Design and Methods 

Part 1) Mononuclear Molybdenum Metalloenzymes: Mononuclear molybdenum containing enzymes all have the general function of catalyzing oxygen atom transfer (OAT) to or from a physiological donor/acceptor with the metal cycling between the +6 and +4 oxidation states. They can be conveniently divided into three major groups based on the structure about the metal center, all of which include one or more pterin cofactors. The role of the pterin ligand remains unclear. It may function to mediate electron transfer between the other obligatory redox centers (FeS proteins or hemes) and the molybdenum and/or modulate the redox potential of the metal. It is also possible that the pterin actually functions in a redox mode itself.

The sulfite oxidase (SO) family contains a dioxo molybdenum center coordinated to the dithiolene unit of the pterin along with a cysteinyl sulfur from the protein. The group exemplified by xanthine oxidase contains one pterin bound to a fac-MoO(S)H2O unit with no direct protein based ligation. The final group, the DMSO reductase family, is characterized by a monooxo MoO (or S, Se) center with bis dithiolene coordination from two pterins and a serine alkoxy oxygen from the protein. Crystal structures for enzymes representing all three families have been determined. Tungsten containing proteins of analogous structure and function have also been isolated from various anaerobic extremophiles. 

Of the three families described above the one most amenable for study with the ligand family presented here is that represented by sulfite oxidase. It catalyzes the reaction: 

            SO32- + H2O + 2 cyt cIII (  SO42- + 2H+  + 2 cyt cII
The coordination environment about the Mo for this class of enzyme is known (see below) and basic mechanisms of reaction have been postulated. 
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The catalytic cycle involves OAT from the dioxo Mo(VI) center to produce a monooxo Mo(IV) followed by two successive proton coupled one electron transfers to regenerate the active enzyme. The role and importance of the dithiolene and the cysteinyl-S in controlling the OAT at the dioxo Mo(VI) center and/or reoxidation of the Mo(IV) has been the object of intense study but definitive answers remain elusive. An interesting site-directed mutagenesis study shows that exchange of the ligand cysteine by a serine leads to an inactive enzyme.  Recent work indicates that the reaction mechanism/structure of the active site of SO and other members of the family might not be as similar as first thought. For example EXAFS shows that that in nitrate reductase (NR) there are structural changes that occur during catalytic turnover that are not mirrored by SO.  In particular the “as isolated” oxidized form of NR indicates that one of the three sulfur atoms in the active site is either bound at a much longer distance than the other two or that one S ligand is lost. Such changes are not seen in SO. One explanation for this is that there are conformational changes during turnover in NR which place a S donor trans to one of the Mo oxo groups which in turn would lead to a long Mo-S bond.

Model chemistry has been of particular value in understanding the structure and mechanisms of these molyboproteins. In particular the detailed, elegant, and extensive work of Enemark and coworkers using the Tp platform has resulted in systems that mimic all the seminal aspects of the enzymatic processes. Indeed, these workers have given us one of the first forays into “inorganic” site directed mutagenesis by comparing reactivity and spectroscopy of isostructural [TpMoO2X] derivatives where X= halide, phenoxide, alkoxide and thiolate. For example the rate of OAT follows the trend Cl>SR>OPh>OR with rate constants >10-2, 6 x 10-4, 2 x 10-6, and 0.0 respectively which have been correlated with redox potential (-0.62, -0.76, -0.88 and –1.13 v). The Tp system does however have two disadvantages. First, it is symmetrical leading to few unique structural variations (i.e. all cis), and second, that it ties up three of the molybdenum sites with nitrogen donors that are not found in the native proteins. This limits synthesis of more sulfur rich coordination spheres needed to further probe the system. 

Our preliminary work on OAT transfer using [LMoO2Cl] where L=L1O- or L3S- as the donor and PPh3 as the acceptor in comparison with the Tp analog has revealed some unexpected results. While TpMoO2Cl reacts extremely rapidly, [L3SMoO2Cl] reacts quite slowly and [L1OMoO2Cl] hardly at all. This reveals an unanticipated role for N as opposed to S and O in accelerating the OAT reaction.
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Although we see only one of the two possible isomers for the dioxo Mo(VI), [LMoO2Cl] systems we have looked at thus far (both oxo groups trans to pyrazole nitrogens), we have observed and isolated the two isomers of  the Mo(V), [L1OMoOCl2]. The two isomers  (shown schematically to left), have the oxo group trans to either a pyrazole nitrogen or the phenolate oxygen. Surprisingly the two isomers differ significantly in their physiochemical properties including EPR parameters and redox potential. The major isomer (yellow) is the one with  the oxo group trans to the phenolate and has reversible Mo(V)/Mo(IV) and Mo(V)/Mo(VI) redox couples at –484 and +1316 mv vs. SCE. The minor (red) isomer has the same couples at 

–708 and +1171 mv. The two isomers also differ markedly in their reactivity toward substitution. Thus while the yellow isomer undergoes substitution at the chlorides within hours at 70(C, no substitution is seen under comparable conditions with the red. These results indicate how important the nature of the donor atoms and their exact geometrical arrangement is likely to be in both model complexes and  molybdenum enzymes. Since similar isomers are expected for all of the nonsymmetric ligands in the family,  reaction of the isolated isomers with the salt of an appropriate dithiolene such as benzene dithiol (bdt) should produce the corresponding isomeric form of LMoO(bdt) i.e. a dithiolene sulfur trans to either a nitrogen or the X donor of the N2X ligand. One electron reduction of the Mo(V) species by CoCp2 or other reductant will yield the Mo(IV) complex. These should make very interesting spectroscopic models for the reduced and one electron oxidized intermediate forms of SO since they contain a dithiolene unit and different donor atoms X that can be placed in either cis or trans positions vis a vis the oxo group. In addition it has some relevance to the enzyme xanthine oxidase as it is has been postulated that there is a conformational change during the catalytic cycle whereby the oxo group is driven out of the dithiolene plane into that normal to it. 

Unfortunately since the Mo(IV) species described above are coordinatively saturated it is unclear if they will function as reactivity models for the OAT reaction. For the OAT to occur one of the ligand donors or a dithiolene sulfur will have to be displaced from the metal coordination sphere. We have found several occasions in exploring other metal complexes of the L1O-, L2S- and L3S- where one of the arms is displaced. Thus there is precedence for the same to occur in the Mo(VI) complex. Alternatively there is also precedence for a dithio ligand (i.e. diethyldithiophosphate) to shift between (2 and (1 as the Mo is converted from a monooxo to a dioxo species upon OAT.  Such a phenomenon would also mirror what is thought to occur in the “as isolated oxidized form” of NR where one of the dithiolene sulfurs is proposed to be only weakly bound or completely uncoordinated. Thus we will attempt to oxidize the Mo(IV) complexes by OAT with DMSO and characterize the products. If no OAT is found, replacing the bdt or other dithiolene with diethyldithiophosphate as used by Enemark et.al. may prove productive. 
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Part 2) Models for (-Ketoglutarate-Dependent Non-Heme Iron Enzymes: Non-heme mononuclear Fe(II) centers are often found at the active site of enzymes involved in the binding and activation of dioxygen.  The  (-ketoglutarate ((-KG) dependent dioxygenases represent a large class of these proteins. Most enzymes in this class couple the mono hydroxylation of an unactivated C-H bond in substrate with oxidative decarboxylation of the cofactor (-KG, leading to the formation of CO2 and succinate.62  In the catalyzed reaction one atom of dioxygen is incorporated into the hydroxyl group on the substrate while the other ends up in the carboxylate group of succinate. A proposed mechanism is shown to the right.

Members of this class of enzymes include: prolyl 4-hydroxylase, lysyl  hydroxylase, 4-hydroxyphenylpyruvate, clavaminate synthase and deacetoxycephalosporin C synthase (dacso).  Although most of the available evidence suggests a preponderance of N,O donors, the nature of the ferrous ion binding site has been unequivocally determined in only one of these enzymes. Here the recent X-ray structure of dacso reveals a facially coordinating 2-histidine 1-carboxylate donor set. In the enzyme cofactor complex, (-ketoglutarate is found to bind in a bidentate fashion through both the (-keto and carboxylate oxygens. The appearance of the N2O facial triad as an emerging structural motif in non-heme Fe(II) oxygenase enzymes has been noted. The structure of the binding site shown to the left is taken from the X-ray structure of dacso.
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Some very successful structural and reactivity models for these enzymes have been described based on the Tp ligand platform. The initial report, using sterically undemanding TpMe,Me, and benzoylformate (BF) as a (-ketoglutarate mimic, demonstrated aspects of both structure and reactivity reminiscent of the enzymes and proposed a mechanism to account for these.  Bidentate binding of the cofactor (-ketoglutarate was strongly suggested. Subsequent work using more sterically  restricted Tp analogs further refined the model and illustrated the importance of steric factors in controlling reactivity. Thus while the [TpMe,MeFe(BF)] derivative reacted too rapidly with O2 to detect intermediates, the Tp3-tBu,5-iPr derivative was completely unreactive towards oxygen. It was proposed that the latter was too sterically congested to allow the subsequent coordination of dioxygen needed for reactivity. Finally in an elegant piece of work using a Tp ligand of intermediate steric accessibility, i.e. TpPh,Ph, Que et.al. were able to demonstrate all the essential elements of the enzyme reaction. Given the signal success of the Tp platform at giving a functional enzyme model, it now becomes possible to probe some of the more subtle factors that may affect reactivity at these non-heme iron centers. Specifically, since our family of scorpionate ligands are in general structural analogs for the Tp’s we should be able to: 

1) synthesize analogous pentacoordinate [(L)FeBF] complexes, 

2) initiate our “inorganic” site directed mutagenesis by varying the donor atom in the N2X ligand, L 

3) probe the reactivity of resulting complexes with dioxygen and NO. 

The availability of L4O- with its two pyrazole nitrogen, one carboxylate oxygen donor set, which matches that found in the deacetoxycephalosporin C synthase and many other non-heme ferrous oxygenase structures, makes it a natural starting point. Synthesis of [(L)FeBF] will follow literature procedures involving sequential addition of FeCl2 and BF to an acetonitrile slurry of the ligand. The resulting enzyme-cofactor analog complex will be characterized using standard methods i.e. NMR, IR, MS, resonance Raman spectroscopy, X-ray crystallography, electrochemistry etc. as appropriate. Products formed upon exposure of [(L)FeBF] to oxygen in both coordinating and noncoordinating solvents and in the presence and absence of oxygen atom acceptors/”substrates” (i.e. alkenes) will also be probed.  Reaction with NO rather than O2 should lead to a stable complex that mimics the dioxygen bound adduct. Should more steric crowding be necessary to slow reactivity of [(L)FeBF] with dioxygen, the ligand HC(pzPh,Me)2COO- will be used in place of L4O-. In addition to probing how a change in donor atom from N to O to S in an isoelectronic/isostructural N2X ligand set affects structure/reactivity in these complexes, we will also probe the effects of charge. Using the simple trispyrazolylmethane analog which has the same donor set as Tp but without the negative charge should illustrate the importance (or lack thereof) of this factor.

Results and Impact of Previous (1993) Scholar/Fellow Award

In the traditional “big three” of academics, teaching, research and service; teaching has almost always been associated with graduate and undergraduate students. However a question being asked more and more is who is teaching the teachers? Certainly many aspiring young academics, particularly those desirous of teaching at primarily undergraduate institutions, enter the field without a real understanding of what such a career entails. This is hardly surprising since they have just spent 4 or more years at a large research university getting their doctorate and likely another two or three years, again at a large research university honing their research skills as a postdoc. This training hardly prepares them at all for a career of teaching and scholarship at a school where the research infrastructure is usually nonexistent or lacking, the students available are undergraduates whose time is limited, and where teaching loads are likely to be heavy.  Thus, I have always considered the training of postdocs for careers in teaching/research at primarily undergraduate institutions to be one of my most important duties particularly since a postdoctoral fellow, is vital to maintaining the kind of research productivity I have been able to achieve at SWT. Often reviewers of our research proposals seem to feel that a “postdoc” is a) an extravagance, and/or b) cannot be used productively, or recruited successfully at a primarily undergraduate institution. Twelve years of experience indicates otherwise. The “postdoc” is an absolutely vital component of doing science at undergraduate institutions as he/she provides the day to day continuity and productivity needed, but not possible, using undergraduates alone. Undergraduates, with their limited time availability, need someone in the lab whenever they are there to ask questions of, to learn from, and to help keep up morale in the face of failures. It has been an effective package in our lab for over a dozen years. In addition by selling the opportunity to learn about life at undergraduate institutions while still maintaining research productivity, it has been possible to attract “postdoc’s” of outstanding capability who are interested in pursuing such a career path. Indeed I have been extraordinarily successful at this endeavor due in no small part to my previous Dreyfus Scholar/Fellow award. Of the 8 postdoctoral fellows who have worked with me since coming to SWT, fully 5 have gone on to faculty positions at primarily undergraduate institutions! 

Dr. Madan Mohan


Austin Community College

Dr. Marc Bond


Southeast Missouri State University 

Dr. Tom Otieno


Eastern Kentucky State University

Dr. Norm Dean (Dreyfus Fellow)
Cal. State University Northridge

Dr. Brian Hammes


St. Joseph’s University (Philadelphia)

The quality of their training is reflected in the fact that first three of these have all achieved tenure, while the latter two are just now taking up their appointments. The three fellows that did not go on to faculty positions in the US were foreign nationals, one of whom is still with me and another, Dr. Tim Higgs, is applying for academic positions in his native Britain. This success and the prestige associated with my last Dreyfus award have made it markedly easier for me to recruit outstanding postdoctoral fellows from well recognized groups. For example Norm Dean did his graduate work with Greorge Chistou at Indiana and Brian Hammes with Andy Borovik at Kansas. The continued success of my postdoc’s both from an employment sense and from a research perspective (they have averaged a superlative 9 publications in major journals each) has actually prompted collegues from major research active universities to recommend positions in my group to some of their better students. Without these fine scholars my research career would certainly have been curtailed. I should also point out the many different undergraduate coauthors on these papers (one with an astonishing 14 publications!) who also would not have been either as productive or successful without the postdoctoral fellows.

Institutional Commitment and Integration of the Award into an Overall Plan for Excellence in Undergraduate Teaching and Research 


One of my major curricular interests is in exposing our upper level students to modern instrumental techniques. With this in mind we have recently reorganized our senior level classes to include a year of a stand alone Integrated Senior Laboratory. This two-semester class consisting of 4 hours of laboratory and one hour of lecture each week is designed to combine synthesis, characterization and analysis into one integrated package rather than adhering to traditional disiplinary lines. Thus we try to include experiments that might be considered analytical, inorganic, organic or physical into a project oriented approach. This has proven to be a challenging thing to bring to fruition and an area in which I anticipate the Dreyfus Fellow getting his/her feet wet in instruction. This initial assignment would include designing experiments and then implementing them into the lab as part of a team with the Dreyfus Scholar. The second year teaching duties will include at least one section of freshman chemistry since all new faculty at primarily undergraduate universities need to familiar with, and comfortable in, this the most common and arguably, the most important, teaching assignment they will have in their careers. The Fellow will be mentored and guided continuously during his/her teaching assignment by the Scholar. An important lesson to be learned is how to juggle ones time between teaching and research duties. This vital lesson is one that is best learned as a postdoc rather than as a first year faculty. In my experience nothing contributes more to new faculty failure than learning this time management skill too late.


The University as a whole and the Chemistry department in particular are ready to fully support this project. This support includes commitments toward: a) the full fringe benefits for both years of the fellows tenure b) salary sharing in year two of at least $10,000 and c) meaningful teaching assignments commensurate with the educational goals and continued research productivity of the fellow. 
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