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The 36th Steenbock Symposium
Enzyme Structure and Function
Is being held in honor of the life of W. W. Cleland, our
colleague and friend. The symposium will bring together
leading scientists in the field to discuss their most recent
research activities, and how they have been influenced by
Professor Cleland’s remarkable contributions to enzyme
chemistry.
The symposium promises to be both a great scientific
experience as well as a chance for friends to come together
to celebrate the life of our “mechanistic hero.”
The Keynote speach will be given by Professor Paul F.
Cook from the University of Oklahoma, who will tell us
about another side of Mo – Wallace the Philatelist.

124 Attendee Addresses

General Information
Name Badges
Registration

Symposium participants are requested to wear the name badge during all conference activities
Pick up conference materials on Thursday, May 22nd, 4:00-8:00 pm
Promenade Terrace, Overture Center for the Arts, 201 State Street

Opening Reception
Thursday, May 22nd, 6:00-8:00 pm
Promenade Hall, Overture Center for the Arts, 201 State Street
Scientific Talks
All talks will be in the Promenade Hall, Overture Center for the Arts, 201 State Street
Talks begin at 8:45 am on Friday and conclude by 5:30 pm on Saturday
Breakfast & Lunches
Friday and Saturday
Registration fee includes breakfasts, breaks and lunches at the Overture Center.
Please wear your name badge.
Poster Session

Posters can be set up beginning Thursday at 4:00 pm and should be removed by Saturday at 5:30 pm.
Boards are numbered and reserved. Please see the reservation list in this booklet and by the boards.

Closing Banquet
Saturday, May 24th, 7:00-10:30 pm, in the Overture Hall Main Lobby, 201 State Street
Enzyme Structure and Function

1

Enzyme Structure and Function
36th Steenbock Symposium
University of Wisconsin – Madison
in honor of W. W. Cleland

Symposium Organizers
Hazel M. Holden
Debra Dunaway-Mariano
Frank M. Raushel
Ivan Rayment
Nigel G. J. Richards

Symposium Coordinators
Kate Ryan
Department of Biochemistry
University of Wisconsin – Madison
Leah Leighty
CALS Conference Services
University of Wisconsin – Madison

Robin Davies & Laura Vanderploeg
Symposium Web Site, Abstract Book & Illustrations

2

36th Steenbock Symposium

May 22nd – 24th, 2014

Harry Steenbock

1886–1967

A distinguished Professor of Biochemistry at
the University of Wisconsin-Madison, Professor
Steenbock's interests and contributions spanned
many areas of nutrition and biochemistry. Of special
note is his discovery of the conversion of carotenes
to vitamin A, the production of vitamin D by
ultraviolet irradiation, and his central participation in
demonstrating that copper and iron cure nutritional
anemia. The production of vitamin D by ultraviolet
irradiation virtually abolished rickets, a widespread
and debilitating disease. Professor Steenbock patented
the irradiation process for producing vitamin D and
conceived the idea of the Wisconsin Alumni Research
Foundation (WARF), a nonprofit foundation which
invests the proceeds from patents for support of
research in the natural sciences at the University of
Wisconsin-Madison. Professor Steenbock assigned
his valuable patents to the Foundation, and revenue
from them has provided uniquely flexible resources
for fostering sustained scientific development on the
Madison campus.
To honor Professor Steenbock, the Steenbock
Endowment sponsors a symposium at the University
of Wisconsin-Madison.
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Symposium Sponsors

The Steenbock Endowment
Department of Biochemistry
University of Wisconsin – Madison

Individual donations in memory of
W. W. Cleland:
Eugene Cordes
Perry A. & Carolyn S. Frey
Hazel M. Holden & Ivan Rayment
Frank M. Raushel
George H. & Susan B. Reed
Richard B. Silverman

Poster Awards
courtesy of :
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University of Wisconsin-Madison
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Debra Dunaway-Mariano

University of New Mexico

30

Frank M. Raushel

Texas A&M University

38

Ivan Rayment

University of Wisconsin-Madison

50

Nigel G. J. Richards

Indiana University – Purdue University Indianapolis

40

Hazel M. Holden
Hazel M. Holden received her A. B. in chemistry at Duke University
and her Ph. D. in biochemistry at Washington University, St. Louis. After postdoctoral positions at the University of Oregon and the University of Arizona,
Dr. Holden joined the faculty at the University of Wisconsin in 1988. She is
now a full professor in the Biochemistry Department. Her research interests
focus on the structures and functions of enzymes involved in the biosynthesis
of unusual di-, tri-, and tetradeoxysugars.
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Remembering Mo Cleland
by Hazel M. Holden
I have struggled for weeks, debating how to begin this tribute to Mo Cleland, our colleague and our friend. Sometimes
words are simply inadequate, and that is, indeed, the case here. I decided to check the Internet for information about
Mo, and I came across an article written in the Northside News in 2010. It is reprinted on the following page, and it
truly sums up the Mo we knew as our friend. I never understood how important Mo had become to the neighborhood
association until the memorial celebration that was held on May 11, 2013 at the University of Wisconsin. When his
friends from the neighborhood stood up to talk about Mo, many tears started to flow.
There have been numerous tributes to Mo over the past year, describing his enormous scientific accomplishments.
All of us who use DTT know of him - the so-called Cleland's reagent. Yet he was much more than a list of scientific
awards. He was a mentor to so many of us. In fact, one of the speakers at this meeting told me that he felt closer to
Mo than to his own father. After Hurricane Katrina hit, it was Mo who called him to make sure he was fine.
Rather than list out his research honors and achievements, I thought I would tell some “Mo” stories. Undoubtedly,
there will be many more told throughout the next couple of days. There are plenty of them, some of which are not
politically correct - but then again, neither was Mo.
For many years, when my daughter and son, Kelsey and Harrison, were growing up, Mo
and I had season tickets to the Madison Symphony Orchestra. We would go on Sunday
afternoons, and, of course, Mo wouldn’t think of sitting anywhere but in the front row. I
suspect the orchestra members got to know us. We heard some spectacular performances
over the years including the Verdi Requiem, which Mo loved.
Afterwards, Mo would come over for dinner, and over time he became “Uncle Mo.” Kelsey
and Harrison always wanted to play hide-and-go-seek. Mo was pretty good at seeking,
but not so great with hiding. After dinner, he would read to Kelsey and Harrison, and
Uncle Mo became to them the grandfather they never had.
He loved stamps, as we all know, and once he came to dinner with a stamp book and
some stamps for Kelsey to start her own collection. We were also fortunate to travel to
a meeting in Australia with Mo, and I can still see him petting the kangaroos in the
wildlife park with Kelsey and Harrison. It was special to see the interplay between this
famous scientist and the “crumb crushers” as Mo referred to them.
Throughout my career in Wisconsin, Mo was never anything but supportive. He
would drop everything to take a look at a new structure or discuss a possible catalytic
mechanism. Mo read every grant I submitted to the NIH and nearly every paper that
I ever sent to a journal. His advice was invaluable. In the last paper we co-authored
together in 2012, it was Mo who figured out that a covalent adduct had formed between
CoA and GDP-perosamine. Needless to say, I miss his insight terribly.
Along these lines, I have another story to tell about Professor Cleland. A post-doctoral
fellow in Mo’s laboratory was working on determining the structure of an enzyme, and
I got involved in the project by helping to build the protein model. When it came time to
write the paper, the two of us put Mo’s name on the author list. As usual, Mo took time
to read the paper and he had his list of comments, among them to take his name off the
paper. We asked why, and Mo said that he really didn’t need another publication. If his
name was included, it would detract from the post-doctoral fellow’s contribution, and
that wouldn’t be good. We took Mo’s name off the paper, but I have to say that to this day
we still speak of Mo’s generosity.
This anecdote exemplifies what is perhaps the most significant aspect of Mo’s scientific career. Even with the welldeserved awards and accolades Mo accrued during his life, arguably his most enduring legacy will be all the individuals
- graduate students, post-doctoral fellows, and colleagues - that he mentored and helped to achieve their scientific
career goals. As the above story illustrates, he never wanted or sought out credit for his contributions to another
person’s success. His unselfish behavior was, and still is, so uncommon. That is what made Mo our scientific hero.
In closing, let me say that the next few days will be a very meaningful time for all of us to celebrate the life of William
Wallace “Mo” Cleland. We are all lucky to have known Mo. He may not be here anymore, but surely his spirit lives
on. Let us enjoy the talks and the posters, and spend time laughing at “Mo” stories. And remember Mo’s insistence
that when you interview for a faculty position, make sure you negotiate a good parking spot.
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Mo Cleland: scientist, philatelist and opera lover
by Ellen Barnard Northside News April/May 2010
William Wallace “Mo” Cleland is a serious man with a passion for opera, Jane Austen and the original plates from
which stamps are printed. Known as Mo to his friends and to fellow scientists at the University of Wisconsin,
Wallace by his philately (stamp collecting) friends, and William only to telemarketers and strangers, he is an 80
years-young man who cares deeply about his family and his neighborhood, and even when he’s weighing in on a
heavy subject, has a mischievous gleam in his eye.
Mo comes from a family of Scottish ministers and scientists-teachers, whom he describes as “natural BSers…
both ministers and teachers just love to hear themselves talk!” He was always known by his middle name, Wallace,
until friends nicknamed him “Wall-Mo,” later shortening it to Mo. He was a “badly behaved” child who struggled
with social skills and was moved ahead in school to try to challenge him into behaving better. He went to college
at the age of 16, finding himself among a group of young “smartasses” and returning war veterans. He credits his
improvement in social skills to the fact that Oberlin required the men and women to sit down to dinner together
every evening, providing the perfect opportunity to get to know women well without the challenges of having to
date one.
He attended the UW-Madison “for the sailing,” got a Ph.D., then was drafted, where he learned that he liked
shooting guns, but was not a good soldier. “I didn’t do well with all that spit-and-polish discipline.” To those
who know Mo now, this will come as no surprise, as he is quite adamant about going on his own, independentlyreasoned way through life.
After the Army, he found himself a rewarding post-doctoral spot and eventually came back at the UW-Madison,
where he still works. He hasn’t retired because he believes “if you stop, you die.” His career-defining scientific
achievement happened in 1963 when he published a theoretical development that became the basis for many other
studies and has made the “most cited” scientific discoveries list. “I love it when you discover a bunch of little things
that help explain bigger mysteries,” he said. “I love to solve mysteries’ mysteries and to figure out how things work.”
Mo lived on the Isthmus and then the Northside, first on the lake so he could sail right off the pier in his back
yard, then moving to a small house on the Northside when he needed less of a house. He and his wife raised two
daughters, of whom he is very proud. Though they are no longer married, he and his ex-wife are the best of friends,
“maybe better friends now that we don’t have to figure out how to live together!”
He became politically involved when the Mendota
Sailing Club was seeking a new clubhouse, joining
the Northside Planning Council (NPC) in order
to advocate for the outcome he supported. He has
remained active with the NPC since then. He hopes
to see many more events where all the people who
live in our community get to know each other better
and feel more connected to others. He also hopes
that we don’t forget to look out for each other and
for the health and safety of our neighborhoods. Mo
is deeply generous when it comes to the people and
causes that he loves and volunteers his time as
generously as his money. He will tell you a joke
that will catch you by surprise, and his head is
full of exotic bits and pieces of information that
he shares to “delight and amuse” people. He’s
opinionated, soft-hearted and a person one would
be proud to call “friend.”
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A Fairwell to Mo Cleland

The Northside loses a one-of-a-kind gem
by Ellen Barnard Northside News April/May 2013
“Mo was always there” is a comment echoed by many an NPC member. He was known to have a heart of gold and to
be an enthusiastic supporter for NPC and the Warner Park Pool proposal. Mo would help with anything that called
for someone to bring food, stuff envelopes or set up a meeting room. He attended every candidate forum and always
had a provocative question to ask. He was a volunteer proofreader for the Northside News, inspiring the following
memory from the Lauri Lee, the editor:
“He loved proofreading all of the pages at once and being
the first to read the news before it was published. This also
allowed him to comment about the articles as he read them
and serve as our own unofficial editorial commentator.”
I first met Mo at the dog park with his beloved Weimaraner,
with whom he won the “pet-owner look-alike” contest at the
first Pet Palooza. Mo was always talking to the dog or
talking to someone he met at the park. In fact, one memory
that I have of Mo is that he loved to talk. He would volunteer
for NPC to stuff envelopes and talk his way through that
tedious task. He often offered commentary (under his
breath, but so we could hear it) during NPC meetings and
never shied from giving his opinion on how something
should be done. He cared deeply about the Northside and
was never afraid to disagree with anyone, though could be
convinced to change his mind if you gave him hard data, a
scientist to the end.
Mo also put his money where his mouth was, donating
generously to NPC and the others who did the work he R e d p e n i n h a n d a n d o r a n g e m a r ke r a t t h e r e a d y , M o C l e l a n d
valued. We will miss him.
l o ve d t o p r o o f r e a d t h e N o r t h si d e N e w s. H e w i l l b e m i se
d .
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Symposium Schedule
All Symposium events will take place at the
Overture Center for the Arts
201 State Street, Madison, WI 53703
(608) 258-4177

Thursday, May 22nd, 2014
4:00 - 8:00 PM Registration – Promenade Terrace, Overture Center for the Arts
6:00 - 8:00 PM Reception – Promenade Hall, Overture Center for the Arts
** All talks will be in the Promenade Hall, Overture Center for the Arts **

Friday, May 23rd, 2014
7:45 AM Breakfast – Promenade Terrace
8:45 AM Welcoming Remarks - Ivan Rayment
8:55 - 10:00 Session I
8:55 AM Chair: Christopher T. Walsh
9:00 AM Richard N. Armstrong
9:30 AM Debra Dunaway-Mariano
10:00 - 10:20 Break
10:25 - 12:00 Session II
10:25 AM
10:30 AM
11:00 AM
11:30 AM

Chair: Rowena G. Matthews
JoAnne Stubbe
Vahe Bandarian
Squire J. Booker

12:00 - 1:30 Lunch – Promenade and Upper Lobbies
3:00 - 6:00 PM

Poster Session – cash bar available
Posters to be taken down by 5:30 PM Saturday

Evening Explore and dine in downtown Madison on your own

Overture Center for the Arts
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– Level Two –
Promenade Level

Symposium Schedule
Saturday, May 24th, 2014
8:00 AM Breakfast – Promenade Terrace
8:55 - 10:00 Session III
8:55 AM Chair: Dexter B. Northrop
9:00 AM Karen N. Allen
9:30 AM Frank M. Raushel
10:00 - 10:20 Break
10:25 - 12:00 Session IV
10:25 AM
10:30 AM
11:00 AM
11:30 AM

Chair: Peter A. Tipton
Judith P. Klinman
John S. Blanchard
Paul F. Fitzpatrick

12:15 - 1:45 Lunch – Overture Hall Main Lobby
1:55 - 3:00 Session V
1:55 PM Chair: George H. Reed
2:00 PM Vern L. Schramm
2:30 PM Thomas D. Meek
3:00 - 3:20 Break
3:25 - 5:00 Session VI
3:25 PM
3:30 PM
4:00 PM
4:30 PM

Chair: Perry A. Frey
Grover L. Waldrop
Nigel G. J. Richards
Wilfred A. van der Donk

7:00 PM Social Time – Promenade Lobby
7:45 - 10:30 Dinner Banquet – Overture Hall Main Lobby
Keynote Speaker - Paul F. Cook

– Level One –
Main Floor
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Chair Index
Bio
Page

Day
Time

Session VI

14

Saturday
3:25 pm

University of Michigan

Session II

15

Friday
10:25 am

Dexter B. Northrop

University of Wisconsin-Madison

Session III

16

Saturday
8:55 am

George H. Reed

University of Wisconsin-Madison

Session V

17

Saturday
1:55 pm

Peter A. Tipton

University of Missouri

Session IV

18

Saturday
10:25 am

Christopher T. Walsh

Harvard University

Session I

19

Friday
8:55 am

Chair

Affiliation

Session

Perry A. Frey

University of Wisconsin-Madison

Rowena G. Matthews

12

36th Steenbock Symposium

May 22nd – 24th, 2014

Speaker Index
Abstract
Page
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Time

An Evolutionary Tale: Phosphatase Dynamics Dictate
Specificity and Regulation

21

Saturday
9:00 AM

Richard N. Armstrong

Visualizing H/D Exchange Kinetics from the Backbone
of Proteins, Mo’s Way

23

Friday
9:00 AM

Vahe Bandarian

Discovering the Biosynthesis of 7-Deazapurines One
Step At a Time

25

Friday
11:00 AM

John S. Blanchard

Solvent Isotope-Induced Equilibrium Perturbation By
Isocitrate Lyase

27

Saturday
11:00 AM

Squire J. Booker

Taking a Hit for the Team: Self Sacrifice as a Strategy
in the Biosynthesis of Lipoic Acid

29

Friday
11:30 AM

Debra Dunaway-Mariano

Mobile Domain: The Sharpest Tool in the Enzyme
Tool Box

31

Friday
9:30 AM

Paul F. Fitzpatrick

Protein Motions in the Aromatic Amino Acid
Hydroxylases

33

Saturday
11:30 AM

Judith P. Klinman

When Kinetic Isotope Effects Met Steady State Kinetics

35

Saturday
10:30 AM

Thomas D. Meek

Case Studies of the Use of Steady-State Enzyme
Kinetics in Drug Discovery

37

Saturday
2:30 PM

Frank M. Raushel

Finding Homes for Orphan Enzymes

39

Saturday
9:30 AM

Nigel G. J. Richards

Cleland’s Clever Experiment: Heavy Atom Isotope
Effects as Probes of the Catalytic Mechanism of Oxalate
Decarboxylase

41

Saturday
4:00 PM

Vern L. Schramm

Kinetics, Kinetic Isotope Effects, Transition States and
Drug Design

43

Saturday
2:00 PM

JoAnne Stubbe

Proton Coupled Electron Transfer Over 35 Å Catalyzed
by Class Ia Ribonucleotide Reductases

45

Friday
10:30 AM

Wilfred A. van der Donk

Applying Mo Cleland’s Ideas to Phosphite
Dehydrogenase

47

Saturday
4:30 PM

Grover L. Waldrop

Structural Basis of the Regulation of Bacterial
Acetyl-CoA Carboxylase

49

Saturday
3:30 PM

Ivan Rayment

Welcome

Bio 50

Friday
8:45 AM

Paul F. Cook

Philatelic Contributions of Wallace Cleland

Bio 51

Saturday
Banquet

Speaker

Title of Talk

Karen N. Allen

Enzyme Structure and Function

13

Perry A. Frey
Perry Allen Frey was educated in Chemistry at The Ohio State
University, B. S. 1959. He was a chemist with the USPHS from 1960-64. He
received his graduate education in Biochemistry at Brandeis University in
1964-1967, Ph. D. 1968 under Robert H. Abeles; and he served as Postdoctoral
Fellow in Chemistry under Frank H. Westheimer at Harvard University in
1968. He was Assistant Professor, Ashland Oil Foundation Associate Professor,
and Professor of Chemistry at Ohio State from 1969-1981. He was Professor
of Biochemistry and the Robert H. Abeles Professor of Biochemistry at the
University of Wisconsin-Madison in 1981-2008. He has been Professor of
Biochemistry Emeritus at Wisconsin since 2008.
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Rowena G. Matthews
Rowena Matthews attended Radcliffe College and obtained her B. A.
in Biology in 1960. While her husband was in medical school, she joined
the laboratory of George Wald, where she discovered and characterized
metarhodopsin II. She moved to the University of Michigan in 1963, where
she obtained her Ph.D. in Biophysics in 1969 under the supervision of
Vincent Massey. From 1970-1975 she carried out postdoctoral research in the
laboratory of Charles H. Williams, Jr., studying lipoamide dehydrogenase.
She joined the Department of Biological Chemistry at the University of
Michigan in 1978 as an Assistant Professor, and is currently the G. Robert
Greenberg Distinguished University Professor Emeritus in that department.
In 2002, she accepted a position as Senior Research Professor and Charter
Faculty Member in the Life Sciences Institute of the University of Michigan, a
multidisciplinary institute. Now retired, she currently serves on the Council
of the National Academy of Sciences and the Medical Advisory Board of the
Howard Hughes Medical Institute. Rowena and her husband Larry have two
grown children, Brian and Keith, and two grandchildren, Jennifer and David.
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Dexter B. Northrop
Professor Dexter B. Northrop received his B.A. degree from St. Olaf College 1962
and his Ph.D. from the Case Western Reserve in 1968 under the direction of Dr. H. G.
Wood. He did postdoctoral studies in the Medical School of Harvard University with
Dr. B. L. Vallee and in the Biochemistry Department of the University of Wisconsin
with Dr. W. W. Cleland. He joined the faculty of the University of Wisconsin-Madison
School of Pharmacy as an Assistant Professor in 1971. He was promoted to Associate
Professor in 1976 and to the rank of Professor in 1982. He served as the Chair of the
Biochemistry and Medicinal Chemistry Division from 1989 to 1995.
Professor Northrop’s research interests were in enzyme kinetics. As a graduate
student, he discovered the first cobalt metalloenzyme, formulated and documented
the last of the four general mechanisms in enzyme kinetics (the two-site ping pong
mechanism), performed the first kinetic patterns involving isotopic exchange reactions,
and performed the second Paramagnet Nuclear Magnetic Resonance spectral assay for
substrate binding to an enzyme active site. As a postdoctoral student he performed the
first spectral titration of a metalloenzyme using Magneto Optical Rotatory Dispersion,
and developed the first multiple inhibition diagnostic to determine the order of product
release in enzyme kinetics. As an assistant professor he derived the general equations
for the expression of isotope effects within steady-state kinetics of enzyme-catalyzed
reactions that has since become one of the cornerstones of mechanistic enzymology
(and motivated Cleland to become interested in isotope effects). At that time he also
developed the methods for extraction and purification of enzymes responsible for
resistance to aminoglycoside antibiotics. Several enzymes were purified, their kinetic
mechanisms established, and their structure/activity relationships determined for
antibiotic substrates and inhibitors as a prelude to seeking new antibiotics to combat
resistance. He then turned his attention to aspartic proteases and solved their kinetic
and chemical mechanisms, which also answered the oldest question in mechanistic
enzymology (the mysterious origin of the pH profile of pepsin, published in 1908)
and led to a patent for a method of drug discovery to combat AIDS and Alzheimers.
Finally, he developed the field of high pressure enzyme kinetics by combining it with
changes in the expression of isotope effects which enabled the first assignments of
volume changes to specific steps of catalytic turnovers. Notable in this effort was the
determination of a pressure dependence of a heavy atom isotope effect which revealed
the origin of rate acceleration in enzyme-catalyzed reactions to be different from
anything found within the disciplines of physical organic chemistry and transitionstate theory (most likely the mechanical model promoted unsuccessfully by Dr. R. W.
Lumry for over half a century).
Having thusly destroyed the rational basis for his research in enzyme kinetics, he
retired in 2006.
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George H. Reed
Dr. George Reed received his B.S. degree in Chemistry at Purdue
University in 1964. He was a graduate student in Chemistry at UW-Madison
from 1964-67 receiving his Ph. D. in 1968. He was Lecturer in Chemistry at UWMadison from 1967-68. He started postdoctoral work in Biophysics and Physical
Biochemistry with Prof. Mildred Cohn at the University of Pennsylvania in
1968. He was appointed to the faculty of the Department of Biophysics and
Physical Biochemistry at the University of Pennsylvania in 1971 and became
a full professor in the Department of Biochemistry and Biophysics at U. Penn
in 1981.
Dr. Reed returned to UW-Madison in 1985 in the Department of Biochemistry
and The Institute for Enzyme Research. His research has been in mechanistic
enzymology with a focus on biophysical, biochemical, and chemical methods.
He has been an Emeritus Professor of Biochemistry at UW-Madison since
2013. He and his wife Susan have two sons.
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Peter A. Tipton
Dr. Peter Tipton earned his A.B. in Chemistry from Cornell University
in 1983. He came to UW-Madison and worked with Dr. W. W. Cleland studying
biotin carboxylase, and received his Ph.D. in 1987. From 1987 to 1990, he
pursued postdoctoral research in the laboratory of Dr. Jack Peisach at the
Albert Einstein College of Medicine in New York City, where he employed
pulsed EPR methods to explore substrate binding geometries in enzyme active
sites.
In 1990 Dr. Tipton joined the faculty of the Biochemistry Department at the
University of Missouri-Columbia, where he remains. His research program
reflects his roots in mechanistic enzymology. Current research projects include
the study of enzymes involved in polysaccharide biosynthesis in pathogenic
bacteria and pathways for novel bacterial secondary metabolites.
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Christopher T. Walsh
Christopher Walsh is the Distinguished Hamilton Kuhn Professor of
Biological Chemistry and Molecular Pharmacology (BCMP) at Harvard Medical
School. He has had extensive academic leadership experience, including
Chairmanship of the MIT Chemistry Dept (1982-1987) and the HMS Biological
Chemistry & Molecular Pharmacology Dept (1987-1995) as well as serving as
President and CEO of the Dana Farber Cancer Institute (1992-1995).
His research has focused on enzymes and enzyme inhibitors, with recent
specialization on antibiotics and biosynthesis of other biologically and
medicinally active natural products. He and his group have authored 795
research papers, and three books: on Enzymatic Reaction Mechanisms (1979);
Antibiotics: Origins, Actions, Resistance (2003); Posttranslational Modification
of Proteins: Expanding Nature’s Inventory (2005). He is a member of the National
Academy of Sciences, the Institute of Medicine, the American Academy of Arts
and Sciences, the American Philosophical Society, and a co-recipient of the
2010 Welch Prize in Chemistry.
At Harvard he has taught biochemistry, chemical biology, and pharmacology
to medical students and graduate students and organic chemistry to
undergraduates. He has been involved in a variety of venture-based
biotechnology companies since 1981, including Genzyme, Ironwood, and
Epizyme.
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Karen N. Allen
Karen received her B.S. degree in Biology, cum laude from Tufts
University and her Ph.D. in Biochemistry from Brandeis University, where she
was a Dretzin scholar. Her graduate studies in the laboratory of the mechanistic
enzymologist, Dr. Robert H. Abeles, focused on the design, synthesis, and
inhibition kinetics of transition-state analogues of esterases. Following her
desire to see enzymes in action she pursued X-ray crystallography during
postdoctoral studies as an American Cancer Society Fellow in the laboratory
of Drs. Gregory A. Petsko and Dagmar Ringe. Since 1993 she has lead her
own research team at Boston University, first in the Department of Physiology
and Biophysics at the School of Medicine, and since 2008 in the Department
of Chemistry where she is now a Professor. She lives in Weston MA with
her husband Tom, children Martha and Matthew and an energetic dog. Dr.
Allen's research has focused on the elucidation of enzyme mechanisms and
the understanding of how Nature has evolved new chemistries from existing
protein scaffolds. Within this context, her laboratory has plumbed the basis of
enzyme-mediated phosphoryl transfer and decarboxylation reactions. She is
Associate Editor of the American Chemical Society journal BIOCHEMISTRY
and is currently Secretary of the ASBMB.

20

36th Steenbock Symposium

May 22nd – 24th, 2014

An Evolutionary Tale:
Phosphatase Dynamics Dictate Specificity and Regulation
Daniel Saltzberg, ¶ Chetanya A. Pandya,¶ Tyrel Bryan,	
  § Debra Dunaway-Mariano,§
and Karen N. Allen¶
¶

Department of Chemistry, Boston University, Boston, MA 02215
of New Mexico,
Albuquerque, NM 87131

§Department	
  of	
  Chemistry	
  and	
  Chemical	
  Biology,	
  University

In order to identify and assess sequence markers that support structure and specificity,
we have undertaken the study of a large enzyme superfamily, comprised mostly of
phosphotransferases, the haloalkanoate dehalogenase superfamily (HADSF). Because of
the occurrence of the family in all domains of life and the number of homologues within
each organism the members provide numerous examples of orthologues to study
determinants of specificity and paralogues to study function diversification. The HADSF
has successfully evolved several forms of chemical transformation and has experienced
expansion through substrate space. Notably, members show activity toward a number of
substrates and significant substrate
overlap between “paralogs”. Other
family members have been honed
to a specific substrate with hig h
catalytic
efficiency
and
proficiency. The construction of
the family is functionally modular,
with conserved chemistry provided
by the Rossmann fold “core”
domain and specificity provided
by the accessorizing cap domain.
We offer evidence, through
bioinformatic analysis at the
sequence and structure level, for
coevolution of the cap and core domains. Moreover, the observed correlated variation is a
global phenomenon with contributions from all residues of the core fold. These findings
are supported by experimental thermodynamic stability studies showing cooperative
unfolding of the two enzyme domains. Solution X-ray scattering studies, combined with
molecular dynamics of a mutase member of the HADSF, β-phosphoglucomutase, in
complex with ligands representing various substrate moieties show that occupation of the
“non-transferring” phosphate-binding site is required for closure of the enzyme complex.
These results show a large synergistic contribution to the conformational change between
the two phosphate sites. However, covalent connection via the sugar ring has little
energetic benefit indicating that substrate is not optimally aligned in the binding site.
Overall, our findings highlight the use of the cap domain structure and enzyme
conformational dynamics in delineating specificity.
Enzyme Structure and Function
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Richard N. Armstrong
Richard N. Armstrong is Professor of Biochemistry and Chemistry at
Vanderbilt University. He obtained a BS degree in chemistry from Western
Illinois University in 1970 and his PhD degree in organic chemistry in 1975
from Marquette University with N. E. Hoffman. After postdoctoral work in
bioorganic chemistry at the University of Chicago with E. T. Kaiser and as a
staff fellow in the Laboratory of Bioorganic Chemistry at the National Institutes
of Health, Bethesda, MD with D. M. Jerina, he joined the faculty of chemistry
at the University of Maryland, College Park as an assistant professor in 1980.
There he established a program in physical organic chemistry as applied to
mechanistic and structural enzymology. He was promoted to full professor in
1990. In 1995 he moved to Vanderbilt University as Professor of Biochemistry
in the School of Medicine and was appointed as Professor of Chemistry in the
College of Arts and Science in 1997. Dr. Armstrong served as an Associate
Editor of the Journal of the American Chemical Society from 1997 until 2002
when he was appointed as Editor-in-Chief of Biochemistry. His current research
interests are in the areas of functional genomics (discovery of enzyme function),
the evolution of antibiotic resistance, and the structure and function of integral
membrane proteins. With respect to the latter interest, he was appointed in
2012 as Foreign Adjunct Professor at the Karolinska Institutet, Stockholm.
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Visualizing H/D Exchange Kinetics from the Backbone of Proteins,
Mo’s Way.
Richard N. Armstrong*, Departments of Biochemistry and Chemistry, Vanderbilt
University, Nashville, TN, 37232-0146, USA
The kinetics of hydrogen/deuterium exchange from protein backbone amide
groups by mass spectrometry (H/DEX MS) is a sensitive and versatile way of
looking at conformation and dynamics of proteins. It is particularly valuable as an
auxiliary to protein crystal and NMR structures to look at protein/protein and
protein/ligand interactions in situations where structures are not available. The
dynamic range of the time-domain of these experiments can be enormous (10-3 to
107 s). Thus, the kinetics is best visualized using a logarithmic time scale. Integral
membrane proteins are a class of molecules that pose significant technical
problems with NMR and crystallographic experiments. This presentation will
highlight use of H/DEX MS to examine ligand binding, conformational changes
and catalysis in both large membrane proteins including cytochrome c oxidase
and microsomal prostaglandin E synthase. Supported by National Institutes of
Health Grant R01 GM030910.
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Vahe Bandarian
Dr. Vahe Bandarian obtained his B.S. in Biochemistry fro the California
State University at Los Angeles in 1992. He received his Ph. D. in Biochemistry
from the University of Wisconsin-Madison in 1998 working under the direction
of Dr. George Reed studying mechanism of the cobalamin-dependent enzyme
ethanolamine ammonia-lyase. From 1999 to 2003 he was NIH postdoctoral
fellow with Dr. Rowena Matthews at the University of Michigan working on
methionine synthase.
Dr. Bandarian joined the faculty of the Department of Biochemistry and
Molecular Biophysics at the University of Arizona in 2003. His laboratory
studies the biosynthetic pathways that are involved in the production of complex
natural products. Specifically, the studies have focused on the pathway to
7-deazapurines leading to the discovery of several novel enzymes.
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Discovering the Biosynthesis of 7-Deazapurines One Step At a Time
Vahe Bandarian
Department of Chemistry and Biochemistry, University of Arizona, Tucson, AZ 85721
Deazapurine-‐containing	
   secondary	
   metabolites	
   comprise	
   a	
   broad	
   range	
   of	
  
structurally	
   diverse	
   nucleoside	
   analogs	
   found	
   throughout	
   biology,	
   that	
   include	
  
various	
   antibiotics	
   produced	
   by	
   species	
   of	
   Streptomyces	
   bacteria	
   and	
   the	
  
hypermodified	
   tRNA	
   bases	
   queuosine	
   and	
   archaeosine.	
   Despite	
   early	
   interest	
   in	
  
deazapurines	
   as	
   antibiotic,	
   antiviral,	
   and	
   antineoplastic	
   agents,	
   the	
   biosynthetic	
  
route	
   toward	
   deazapurine	
   production	
   had	
   remained	
   largely	
   elusive	
   for	
   more	
   than	
  
40	
   years.	
   	
   The	
   presentation	
   will	
   provide	
   an	
   overview	
   of	
   the	
   pathway	
   and	
   discuss	
  
recent	
   studies	
   on	
   the	
   enzymes	
   that	
   catalyze	
   key	
   transformations	
   (Support	
   from	
  
GM72623	
  is	
  gratefully	
  acknowledged)
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John S. Blanchard
Dr. John S. Blanchard received his B.S. in Chemistry at Lake Forest
College and his Ph.D. in Biochemistry from the University of WisconsinMadison. During his Ph.D. thesis in the laboratory of Dr. W. W. (“Mo”) Cleland
he worked on determining kinetic isotope effects for the enzymes fumarase
and formate dehydrogenase. During this time, he met his wife, also a graduate
student in Biochemistry, with whom he has two children. In 1980, he moved to
the Albert Einstein College of Medicine as an NIH-supported postdoctoral fellow
working on the mechanism of a non-heme iron dioxygenase, g-butyrobetaine
hydroxylase. In 1983, he was appointed Assistant Professor of Biochemistry
at Albert Einstein. In 1988 and then in 1993, he was promoted to Associate
and Full Professor and in 1997, he was endowed with the Dan Danciger
Professorship. His interest for the last 30 years has been in the broad area of
mechanistic enzymology and antibiotic resistance. He uses a combination of
kinetic, mechanistic, spectroscopic and structural probes to precisely define
the structures and functions of enzymes. For the last 20 years, he has focused
on enzymes from the human pathogen Mycobacterium tuberculosis, having
published papers on over 40 different enzymes from this organism.
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Solvent Isotope-Induced Equilibrium Perturbation By Isocitrate Lyase
John S. Blanchard, Department of Biochemistry, Albert Einstein College of Medicine, 1300
Morris Park Avenue, Bronx, NY 10461. john.blanchard@einstein.yu.edu
Isocitrate lyase (ICL) is one of two enzymes in the glyoxylate “shunt”, a pathway that
allows bacteria to grow on acetate as the sole carbon source. The enzyme from the human
pathogen, Mycobacterium tuberculosis, is essential to adapt to a dormant, non-replicative state,
and exhibits hyper-attenuated virulence in mice. The enzyme catalyzes the reversible, retro-aldol
cleavage of 2R,3S-isocitrate to generate glyoxylate and succinate. Solvent kinetic isotope effects
were determined on the isocitrate cleavage reaction yielding values of 2.0 and 2.2 on V and
V/Kisocitrate, respectively. The magnitude of the solvent kinetic isotope effect, and the
experimentally accessible equilibrium suggested that the enzyme might exhibit a solvent isotopeinduced equilibrium perturbation. Unfortunately, there are no spectroscopic changes or optical
rotation changes during the reaction, and we attempted to use 1H NMR to determine the reaction
and changes in the isotopic composition of the substrates. Starting with protiated substrates in
D2O, the addition of ICl caused reductions and shifts in the protons on isocitrate and succinate,
but no changes in the glyoxylate hydrate resonance. The time course of these changes suggested
that protiaed succinate became first mondeutrated and finally dideuterated, while isocitrate
became monodeuterated. When all protiated substrates were mixed in their equilibrium
proportions in D2O, and ICL added, the glyoxylate proton resonance first decreased and then
increased back to its equilibrium position. The deviation from equilibrium induced by solvent
deuterium was used to estimate an isotope effect (DKeq) of 2.0-2.1, similar to the solvent KIE
measured in steady-state experiments. These NMR based measurements were repeated using
mass spectrometry, confirming the original assignments of the changing isotopologues. Finally, a
chemically-reasonable model was generated, and eight rate constants were varied to simulate the
appearance and disappearance of all isotopically labeled species. This NMR method made be
useful in analyzing the isotopic behavior of other enzyme systems which lack spectroscopic
handles.
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Squire J. Booker
Squire J. Booker received a BA degree with a concentration in
Chemistry from Austin College (Sherman, Texas) in 1987. In the summer
of 1986 he participated in the first MIT Minority Summer Science Research
Program, where he worked in the laboratory of the late Dr. William H. OrmeJohnson in the Department of Chemistry. He earned his Ph.D. degree from the
Massachusetts Institute of Technology under Professor JoAnne Stubbe (1994),
and was supported by NSF–NATO and NIH Fellowships for postdoctoral studies
in the laboratories of Dr. Daniel Mansuy (Université René Descartes, Paris,
France) and Professor Perry Frey (Institute for Enzyme Research, University
of Wisconsin–Madison), respectively. In 1999 he moved to The Pennsylvania
State University as an independent investigator, where he is currently
Professor of Chemistry, and Professor of Biochemistry and Molecular Biology.
Dr. Booker’s research is concerned with novel mechanisms and pathways for
the biosynthesis of various natural products and cellular metabolites, with a
particular focus on enzymes that catalyze reactions via radical mechanisms.
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Taking a Hit for the Team: Self Sacrifice as a Strategy in the
Biosynthesis of Lipoic Acid
Nicholas D. Lanz,a Maria E. Pandelia,b Martin I. Mclaughlin,c Justin Rectenwald,b
Alexey Silakov,b Kyung-Hoon Lee,b Elizabeth S. Kakar,a Peter L. Goldman,c
Catherine L. Drennan,c,d,e Carsten Krebs,a,b and Squire J. Bookera,b
a

Departments of Biochemistry and Molecular Biology and bChemistry, The
Pennsylvania State University, University Park, Pennsylvania, 16802
c
Departments of Chemistry and dBiology, and eHoward Hughes Medical Institute, The
Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139
Lipoyl synthase (LipA) is a member of the radical Sadenosylmethionine (SAM) superfamily of enzymes, and
catalyzes the sequential insertion of sulfur atoms at C6 and
C8 of an amide-linked octanoyl chain on a lipoyl carrier
protein (LCP) to afford the lipoyl cofactor.1,2,3 This cofactor
plays key roles in several multienzyme complexes that are
involved in energy or amino acid metabolism. LipA contains
two required [4Fe–4S] clusters.4 One of the clusters interacts
with SAM to generate two 5’-deoxyadenosyl 5’-radical
intermediates that abstract hydrogen atoms from C6 and C8
of the octanoyl chain, while the second cluster is purported to
provide the inserted sulfur atom.5 Therefore, LipA becomes
inactivated upon one full turnover due to destruction of its
iron-sulfur (Fe/S) cluster cofactor.
Herein, we provide strong evidence for this provocative role
for an Fe/S cluster in enzymatic catalysis. When we conduct
reactions under conditions wherein only one sulfur atom is
inserted into the organic substrate, we find that the LCP
substrate becomes cross-linked to LipA through the Fe/S
cluster. Extensive characterization of the cross-linked species
by Mössbauer spectroscopy shows that it contains 3 iron ions
and 3 sulfide ions in a cubane-like structure that is connected
to the LCP by a bridging monothiolated octanoyl linker.
Upon isolation of the species and its reintroduction into a
new reaction mixture, formation of the lipoyl product is
observed with kinetics that are consistent with the overall rate
of catalysis.

Figure 1. Postulated radical
mechanism for formation
of the lipoyl cofactor

References
1. Biochemistry, 39, 15166–15178
2. Biochemistry, 43, 6378–6386
3. Angew. Chem. Int. Ed. Engl., 45, 5197–5199
4. Biochemistry, 43, 2007–2021
5. J. Am. Chem. Soc., 127, 2860–2861
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Debra Dunaway-Mariano
Debra Dunaway-Mariano received her B. S. and Ph. D. degrees in
biochemistry at Texas A & M University and carried out her post-doctoral
study at the University of Wisconsin. Dr. Dunaway-Mariano began her
academic career at the University of Maryland’s Department of Chemistry
and Biochemistry and after eighteen years she moved to her present faculty
position at the University of New Mexico’s Department of Chemistry and
Biological Chemistry. Dr. Dunaway-Mariano’s research program focuses on
defining the relationships between enzyme structure, function and mechanism;
the discovery of novel enzyme chemistry; and the study of enzyme evolution.
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The Mobile Domain: Sharpest Tool in the Enzyme Toolbox
Tyrel Bryan, Ying Lin and Debra Dunaway-Mariano
Department of Chemistry and Chemical Biology, University of New Mexico,
Albuquerque, NM 87131
Mobile domains can expand enzyme function by serving as mediators of substrate
recognition (HAD family phosphatase; Karen Allen) or multi-substrate reactions at single
(CBAL; Andrew Gulick) are separate active sites (PPDK; Osnat Herzberg). This talk will
focus on the mobile domains of the enzyme pyruvate phosphate dikinase (PPDK). PPDK
catalyzes the interconversion of adenosine 5’-triphosphate, phosphate and pyruvate with
adenosine 5’-monophosphate, pyrophosphate and phosphoenolpyruvate. In C4 plants
PPDK functions in PEP production for CO2 fixation, whereas in bacteria and protists it
functions in ATP formation. Earlier X-ray crystallographic structure determinations
showed that the enzyme is comprised on an N-terminal ATP-grasp domain (green; binds
Mg2+, MgATP and Pi), a C-terminal TIM barrel domain (cyan; binds Mg2+ and pyruvate)
and a small, spherical α/β-central domain (yellow; possesses the catalytic His on it
surface) that is connected to the respective terminal domains by α-helical linkers
(orange). The structures combined with transient kinetic studies demonstrated that the
first (ATP + catalytic His AMP + catalytic His-PP) and second partial reactions
(catalytic His-PP catalytic His-P + PPi) take place in the active site formed by the docked
N-terminal domain-central domain (conformation 1) whereas the third partial reaction
(catalytic His-P + pyruvate catalytic His + PEP) occurs in the active site formed by the
docked C-terminal domain-central domain (conformation 2).
Conformer 1

Conformer 2

In the present work, solution-state Small Angle X-ray Scattering (SASX) and kinetic
studies of wild-type and mutant PPDK were carried out to gain insight into
conformational states in solution and the roles that domain docking residues play in
catalysis.
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Paul F. Fitzpatrick
Dr. Paul Fitzpatrick received a BA in Biology from Harvard and a
PhD in Biological Chemistry at the University of Michigan in the laboratory
of Dr. Vincent Massey. He was an NIH postdoctoral fellow with Dr. Joseph
Villafranca in Chemistry at Pennsylvania State University. In 1986 he joined
the Department of Biochemistry & Biophysics at Texas A&M University, where
he became Professor of Biochemistry & Biophysics and of Chemistry in 1996.
In 2009 he moved to his present position in the Department of Biochemistry at
the University of Texas Health Science Center in San Antonio.
Dr. Fitzpatrick’s laboratory studies the mechanisms of flavoprotein oxidases
and pterin-dependent hydroxylases. The methods include kinetic isotope
effects, a variety of spectroscopies, and structural probes.
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Protein Motions in the Aromatic Amino Acid Hydroxylases
Paul F. Fitzpatrick
Department	
  of	
  Biochemistry,	
  University	
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  78229	
  
The pterin-dependent aromatic amino acid
hydroxylases utilize a highly reactive Fe(IV)O
intermediate as the oxygen donor (Figure 1). While
the normal reaction is an electrophilic aromatic
substitution, the Fe(IV)O is also capable of hydrogen
atom abstraction. This high reactivity means that the
formation of the Fe(IV)O must be tightly controlled to
avoid reactions with other substrates or with the
protein itself. Spectroscopic studies of the active site
iron in tyrosine hydroxylase bind show that binding of
tyrosine to the enzyme-tetrahydropterin complex
alters the ligands to the iron, thereby opening a site
for oxygen, and results in movement of the
tetrahydropterin closer to the iron. Three active site
loops play critical roles in controlling the reactivity
and substrate specificity (Figure 2). Binding of a
tetrahydropterin to tyrosine hydroxylase results in
closure of the 180-189 loop, completing the binding
site for tyrosine. Mutagenesis of residues in the 321325 and 421-429 loops alters the amino acid substrate
specificity, converting the enzyme to an efficient
phenylalanine hydroxylase. Saturation mutagenesis of
Asp425 shows that disruption of a hydrophobic
interaction involving this residue is critical to the
ability to hydroxylate tyrosine, but has little effect on
the ability to hydroxylate phenylalanine.

Figure 1

Figure 2
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Judith P. Klinman
Dr. Klinman received her A.B. and Ph. D. from the University of
Pennsylvania in l962 and l966 and then carried out postdoctoral research
with Dr. David Samuel at the Weizmann Institute of Science, Israel, and Dr.
Irwin Rose at the Institute for Cancer Research, Philadelphia. She was an
independent researcher at the Institute for Cancer Research for many years,
before moving to the University of California at Berkeley in l978, where she is
now a Professor of the Graduate School in the Department of Chemistry, the
Department of Molecular and Cell Biology, and the California Institute for
Quantitative Biosciences (QB3).
Dr. Klinman has been focused on understanding the fundamental properties
that underlie enzyme catalysis. Early in her career, she developed the
application of kinetic isotope effects to the study of enzyme catalysis. In l990,
she demonstrated the presence of the neurotoxin, 6-hydroxydopa quinone
(referred to as TPQ), at the active site of a copper-containing amine oxidase
from bovine plasma, overcoming years of incorrect speculation regarding the
nature of the active site structure and opening up the currently active field
of protein-derived quino-cofactors. Subsequent work from her group showed
that the extracellular protein lysyl oxidase, responsible for collagen and
elastin cross-linking, contains a lysine cross- linked variant of TPQ, while
mechanistic probes advanced knowledge of cofactor biogenesis and catalysis
in the copper amine oxidases. Since the l990s, Klinman’s kinetic studies of
enzyme reactions have demonstrated anomalies that demonstrate quantum
mechanical hydrogen tunneling in enzyme-catalyzed hydrogen activation
reactions. These findings indicate that proteins influence rate by modulating
barrier width, not simply barrier height. Because the transfer of hydrogen as
a wave requires restructuring of the heavy atom environment, her tunneling
studies also provide a direct link between dynamical motions within a protein
and the bond making/bond breaking processes that they catalyze. Many
of the redox enzymes that have been pursued in the Klinman laboratory
use molecular oxygen as substrate. She has developed a set of experimental
probes for determining the mechanism of oxygen activation. These probes
are able to shed light on how proteins can reductively activate O2 to free
radical intermediates, while avoiding oxidative damage to themselves. Her
most recent investigations are directed at understanding catalytic origins in
the large class of methyl transfer enzymes, and in unraveling the enigmatic
pathway for production of the free-standing quinone cofactor, pyrroloquinoline
quinone.
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When Kinetic Isotope Effects Met Steady State Kinetics
Judith P. Klinman¶
¶

Departments of Chemistry and of Molecular and Cell Biology, California Institute for
Quantitative Biosciences (QB3), University of California, Berkeley, California 94720

A unique family of eukaryotic, copper-containing proteins catalyze the production of
hormones and neurotransmitters in a reaction that is dependent on O2 and ascorbic acid.
The mammalian dopamine β-monooxygenase (DβM) and insect-derived tyramine βmonooxygenase (TβM) convert dopamine to norepinephrine and tyramine to octopamine,
respectively, while peptidylglycine α-amidating monooxygenase (PHM) generates Cterminal carboxamidated peptides from glycine extended peptide precursors. An X-ray
structure for PHM shows an active site that is fully solvent-exposed with two copper
atoms located across the solvent interface at a distance of ca. 10 Å. One of the copper
sites (CuM) catalyzes C–H abstraction from substrate while the other site (CuH) is a
reservoir for the second electron that is required to complete the catalytic cycle. Our goal
has been to understand how these enzymes control the timing and pathway for electron
transfer from CuM to CuH, achieving product formation and O2 uptake in a fully coupled
manner1.The history of our investigations of these fascinating enzymes, beginning in the
1970s, has paralleled the history of the application of kinetic isotope effects to
enzymology2. As a tribute to Mo, I will briefly summarize the key isotopic
methodologies and their resulting mechanistic insights for DβM, TβM and PHM over
this long time period. In recent work, characterization of mutant forms of TβM points to
an “active site” that is sculpted out of a single conserved tyrosine and surrounding
structured waters3; this configuration is proposed to orchestrate an efficient long range,
proton-coupled electron transfer process from CuH to CuM4. Supported by grants from
the National Institutes of Health (GM025765).
1

Klinman, JP, J. Biol Chem. 281, 3013 (2006).
Klinman, JP, FEBS J. 281, 489(2014).
3
Osborne et al., Biochemistry 52, 1179 (2013).
4
Zhu et al., In Preparation.
2
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Thomas D. Meek
Dr. Thomas D. Meek received a B.S. degree in Chemistry from the
University of Virginia in 1976 and a Ph.D. in Organic Chemistry from the
Pennsylvania State University. Following a post-doctoral stint at the University
of California, San Francisco, he joined SmithKline & French Laboratories
in 1984, wherein he conducted research in inhibitor design and mechanistic
elucidation of numerous therapeutically relevant enzymes, most extensively,
the retroviral protease of the human immunodeficiency virus. This work
demonstrated that purposely-designed inhibitors of the HIV protease could
lead to therapeutics for the treatment of AIDS.
In 1992, Dr. Meek became Director of Cardiovascular Biochemistry at BristolMyers Squibb Pharmaceutical Research Institute, and managed a department
directed at research targets in seven-transmembrane domain receptors,
enzymes, and ion channels. In 1996, he rejoined SmithKline Beecham
Pharmaceuticals to direct the department of Molecular Recognition, within
which research led to discovery of the molecular identity of the beta-secretase
activity associated with Alzheimer's Disease. In 1999, Dr. Meek became
vice-president of worldwide high-throughput screening operations within
SmithKline Beecham, and held this and subsequent world-wide vice-president
roles in GlaxoSmithKline Pharmaceuticals.
In 2014, Dr. Meek was appointed Professor of Biochemistry and Biophysics
at Texas A&M University. The Meek laboratory uses pre-steady-state and
steady-state kinetic methodology to characterize the chemical mechanisms of
enzymes, including several of the cysteine proteases which are drug targets.
These studies provide the basis of rational design, synthesis, and testing of
potential inhibitors.
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Case Studies of the Use of Steady-State Enzyme Kinetics in Drug Discovery
Thomas D. Meek¶
¶

Department of Biochemistry& Biophysics, Texas A&M University, College Station,
Texas 77843

In the pharmaceutical industry today, drug discovery generally initiates with the
screening of large compound libraries, and the subsequent crafting of active compounds
into drug candidates of high potency and selectivity. However, when the drug targets are
enzymes, high-thoughput screening is only successful for lead discovery about 50% of
the time, thereby eliciting the need for the detailed characterization of the catalytic
mechanisms via enzyme kinetics to contribute to rational design of inhibitors. Our lab
uses pre-steady-state and steady-state kinetic methods to determine the rate-limiting steps
of an enzyme target, possibly resulting in a complete characterization of the transition
state structure(s), and exploiting these results for the rational design of potent inhibitors.
Here, we present vignettes of the detailed analysis of the catalytic mechanisms of enzyme
drug-targets, including human cathepsin C, bacterial β-keto-ACP reductase, and human
ATP-citrate lyase. We will discuss how this information could assist the rational design
of inhibitors of these enzymes.
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Frank M. Raushel
Frank M. Raushel received a B.A. degree in chemistry from the College
of St. Thomas in Minnesota, and a Ph.D. degree in biochemistry from the
University of Wisconsin in 1976 in the laboratory of Professor W. W. Cleland.
After postdoctoral training in biophysics at Penn State University in the
laboratory of Professor J. J. Villafranca, he joined the faculty at Texas A&M
University in 1980. He is currently Distinguished Professor of Chemistry
and Davidson Professor of Science. The research in his laboratory focuses on
the elucidation of enzyme reaction mechanisms, evolution of enzyme active
sites, and the discovery of new enzyme catalyzed reactions. The Raushel
group initiated the use of a bacterial phosphotriesterase as a model system for
the activation of water by binuclear metal centers and as a template for the
rational redesign of an enzyme active site for the stereo-selective hydrolysis of
chiral organophosphate nerve agents. His laboratory is currently working to
develop effective strategies for elucidating the catalytic properties of enzymes
of unknown function. He is the recipient of the 2009 Repligen Award from the
American Chemical Society.
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Finding Homes for Orphan Enzymes
	
  

Frank M. Raushel
	
  

Department of Chemistry, Texas A&M University, College Station, Texas 77843	
  

The rate at which new genes are being sequenced greatly exceeds our ability to
correctly annotate the functional properties of the corresponding proteins. Annotations
based primarily on sequence identity to experimentally characterized proteins are often
misleading because closely related sequences can have different functions, while highly
divergent sequences may have identical functions. Our understanding of the principles
that dictate the catalytic properties of enzymes, based on protein sequence alone, is often
insufficient to correctly annotate proteins of unknown function. New methods must
therefore be developed to define the sequence boundaries for a given catalytic activity
and new approaches must be formulated to identify those proteins that are functionally
distinct from their close sequence homologues. To address these problems, we are
working to develop a comprehensive strategy for the functional annotation of newly
sequenced genes using a combination of structural biology, bioinformatics,
computational biology, and molecular enzymology. The power of this multidisciplinary
approach for discovering new reactions catalyzed by uncharacterized enzymes is being
tested using the amidohydrolase superfamily (AHS) as a model system.
The AHS is an ensemble of evolutionarily related enzymes capable of
hydrolyzing amide, amine, or ester functional groups at carbon and phosphorus centers.
More than 24,000 unique protein sequences have been identified in this superfamily and
they have been segregated into 24 clusters of orthologous groups (COG). Enzymes
within three of these clusters have been shown to catalyze the deamination of nucleic acid
bases including adenosine (cog1816), adenine (cog1001), guanine (cog0402), and
cytosine (cog0402) but these enzyme activities constitute but a small fraction of the
proteins contained within these three COGs. In this presentation we will describe the
discovery of new enzyme activities that are specific for the deamination of N-formiminoL-glutamate, S-adenosylhomocysteine, 5’-thiomethyladenosine, 5’-deoxyadenosine, 8oxoguanine, 8-oxoadenine, 2-oxoadenine, N-6-methyladenine, cytokinin,
isoxanthopterin, pterin, aminodeoxyfutalosine, 5-methylcytosine, and cyclic-3’-5’-AMP.
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Nigel G. J. Richards
Nigel Richards obtained his B.Sc. degree in Chemistry from Imperial
College, University of London, in 1985, and his Ph.D. from Cambridge
University under the direction of Ralph A. Raphael. In 1983 he carried out
post-doctoral research in computational chemistry at Columbia University as
a Harkness Fellow with W. Clark Still. Upon returning to the UK in 1985 he
was appointed as a lecturer in Chemistry at Southampton University where
he stayed until joining the faculty at the University of Florida in 1991. He
assumed his present position as Professor and Chair of Chemistry & Chemical
Biology at IUPUI in 2012.
His laboratory uses a combined experimental and computational strategy to
determine the catalytic mechanisms employed by transition metal-dependent
enzymes, especially those involved in oxalate metabolism. His group has
also reported the first inhibitors of the enzyme asparagine synthetase with
nanomolar potency. These compounds have potential clinical use in the
treatment of asparaginase-resistant leukemias, ovarian cancer and sarcoma.
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Cleland’s Clever Experiment: Heavy Atom Isotope Effects as Probes of
the Catalytic Mechanism of Oxalate Decarboxylase
Nigel G. J. Richards
¶

Department of Chemistry & Chemical Biology, Indiana University-Purdue University
Indianapolis, Indianapolis, IN 46202

Oxalate is a highly toxic molecule that contains an unreactive C-C bond and has a halflife of approximately 10,000 years. Biology has evolved several solutions to the problem
of catalyzing the breakdown of oxalate, including its oxidative conversion to carbon
dioxide in a reaction that is catalyzed by oxalate oxidase (OxOx). Fungi and some soil
bacteria, however, employ the manganese-dependent enzyme oxalate decarboxylase
(OxDC) to transform oxalate into carbon dioxide and formate (Figure), via a catalytic
mechanism about which little is known.
Heavy atom isotope effects represent
almost the only method of probing the
mechanism of the OxDC-catalyzed
reaction and, initially in collaboration
with Mo Cleland, our laboratory has also
employed this strategy to elucidate the
functional properties of active site
residues. This lecture will discuss the use of
natural abundance 13C and 18O isotope effect
measurements to support a mechanistic
proposal in which decarboxylation proceeds
through a metal-bound radical anion
intermediate. In addition, the use of heavy
atom isotope effects to examine the functional
roles of conserved hydrogen bonding
interactions between (i) the side chains of
Trp-132 and Glu-101 (a metal ligand), and (ii)
the side chains of Thr-165 and Arg-92, will be
presented.
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Vern L. Schramm
Schramm studied chemistry, microbiology, nutrition and enzymatic
mechanisms at South Dakota State University, Harvard and the Australian
National University. He learned kinetics with John Morrison in Australia.
Mo Cleland participated in Schramm’s Ph.D. thesis exam. Schramm began
research in transition state analysis at the Department of Biochemistry at
Temple University School of Medicine. He is now Professor and Ruth Merns
Chair of Biochemistry at the Albert Einstein College of Medicine in New York.
Schramm has developed the use of kinetic isotope effects and computational
chemistry to understand enzymatic transition states. Knowledge of the
transition-state permits design of powerful inhibitors. Two of the inhibitors
designed by the Schramm laboratory have entered clinical trials and others
are in earlier stages of development.
Professor Schramm has received several honors in recognition of his
contributions to research. They include a Merit Research Award from the
NIH, election as a Fellow of the American Association for the Advancement of
Science, the Rudi Lemberg Award from the Australian Academy of Science and
the Repligen Award from the Biological Chemistry Division of the American
Chemical Society. Professor Schramm served as an Associate Editor of the
Journal of the American Chemical Society for nine years. In 2007 he was
elected to membership in the National Academy of Sciences.
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inetics,

inetic Isotope ffects, ransition tates and Dru Desi n
Vern L. Schramm

Department of Biochemistry, Albert Einstein College of Medicine of Yeshiva
University, Bronx, NY 10461. email vern.schramm einstein.yu.edu
Knowledge of transition state structure for enzymatic reactions permits the
design and synthesis of transition state analogues. The binding of transition state
analogues is, in theory, proportional to the catalytic rate enhancement provided by the
enzyme. Since most enzymes enhance rates by 1010 to 1015 – fold, well designed
transition state analogues are expected to bind more than a million times tighter than
their substrates.
Our approach uses the kinetic mechanism of enzymes and isotope effects to
achieve multiple intrinsic kinetic isotope
effects (KIEs). Computational chemistry
matches the KIEs to an enzymatic
transition
state
structure.
The
electrostatic potential map of the
transition state formed on the enzyme is
used as a target for the design and
synthesis of chemically stable transition
state analogues. The procedure of targeting diseases for treatment with transition state
analogues involves 1) selection of a target enzyme, 2) synthesis of isotopically
labeled reactant molecules, 3) measurement of intrinsic kinetic isotope effects, 4)
match isotope effects with quantum chemistry models of the transition state, 5) design
analogues with similarity in geometric and molecular electrostatic potential features,
6) chemical synthesis of transition state analogues, and 7) test the transitions state
analogues against the targeted enzyme and in animal models of the disease state.
Transition state structure based on KIEs and computational chemistry is
sufficiently accurate to permit the design of powerful transition state analogue
inhibitors. Transition state analogues show promise
for future drug development in leukemia, gout,
malaria, ulcers and cancers.
Knowledge of transition states and interaction
of transition state analogues with enzymes also
provides tools to explore protein dynamics in
catalysis. Our evolving understanding of dynamic
contributions to catalysis reveals fast (femtosecond)
coupling of protein motion to covalent bond
changes. Transition states are short-lived and formed
by rare stochastic motions of the surrounding
enzyme.
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JoAnne Stubbe
JoAnne Stubbe received her BA in Chemistry from the University of
Pennsylvania, and her PhD in Organic Chemistry with George Kenyon from
the University of California Berkeley. She held faculty positions at Williams
College, Yale Medical School, and the University of Wisconsin – Madison, and
is currently Novartis Professor of Chemistry and Professor of Biology at MIT.
Professor Stubbe’s lab has helped explain the mechanisms of some of nature’s
most complex and important enzymes. Perhaps their most noted work defines
how nature harnesses the reactivity of free radicals to carry out difficult
chemistry with exquisite specificity. Indeed, the laboratory continues to unravel
the free radical chemistry of ribonucleotide reductases (RNRs), essential in
the transformation of RNA building blocks to DNA building blocks. A detailed
understanding of this essential process, including the unusual mechanism of
oxidation over 35 Å involving multiple proton coupled electron transfer steps and
the mechanism of biosynthesis and repair of the unprecedented diferric-tyrosyl
radical cofactor essential for catalysis, has led to the design of mechanism-based
inhibitors to treat certain cancers. Recently, a dimanganese-tryosyl radical
cofactor in the class Ib RNRs has been identified. Their animal model study for
infective endocarditis by Steptococcal sanguinis suggests that manganese RNR
is essential for pathogenesis. Professor Stubbe’s research also has explored
in detail other major areas: the mechanism of bleomycin, a natural product
antitumor antibiotic, used clinically; the mechanisms of iron and manganese
metallation of proteins and regulation and prevention of mismetallation of
metallo-cofactors in model organisms; and the biosynthetic pathways and
mechanisms by which bacteria make polyoxoesters, biodegradable polymers
with properties of thermoplastics.
Dr. Stubbe’s work has been highly recognized. Her more recent awards include:
Repligen Award from the Biological Chemistry Div of the ACS, 2004; American
Philosophical Society, 2004; John C. Scott Award, City of Philadelphia, 2005;
National Academy of Sciences Award in Chemical Sciences, 2008; Emil Kaiser
Award from the Protein Society, 2008; Kirkwood Medal, Yale University
and New Haven ACS, 2008; Nakanishi Award from the ACS, 2009; National
Medal of Science, 2008 (awarded in 2009); Prelog Medal, ETH Zurich, 2009;
Franklin Institute Award in Chemistry, Philadelphia, 2010; Murray Goodman
Memorial Prize, Biophysical Society/ACS, 2010; Welch Award in Chemistry
with Christopher Walsh HMS, 2010. Killian Faculty Award at MIT, 2012;
Honorary Doctor of Science from Harvard University, 2013.
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Proton coupled electron transfer over 35 Å catalyzed by class
Ia ribonucleotide reductases
JoAnne Stubbe
Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139
Ribonucleotide reductases (RNRs) serve as a paradigm for complex, radical mediated
transformations. RNRs catalyze the conversion of NDPs to dNDPs in all organisms. They
are composed of two subunits: α and β which form an active complex α2β2. α houses
the active site where NDP reduction occurs and β houses the essential diferric-tyrosyl
radical (Y•) cofactor. The Y122• (E. coli numbering) in β oxidizes a cysteine in α that is
>35 Å removed. A pathway involving three additional tyrosines is required for this
reversible redox reaction. We have used unnatural amino acids site specifically
incorporated in place of each tyrosine (3NO2Y, 3NH2Y, FnY (n = 1-4)) to trap
intermediates in the pathway, to change the rate limiting conformational change by
uncoupling proton transfer, to make a slower/active RNR so that high field
EPR/ENDOR/PELDOR spectroscopies can be used to examine radical intermediates and
to trap the active α2β2 complex for analysis by cryoEM. Our current model will be
presented to describe this amazing reversible oxidation.
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Wilfred A. van der Donk
Wilfred van der Donk received his B.S. and M.S. from Leiden University,
the Netherlands. He obtained his Ph.D. in organic chemistry from Rice
University, and after postdoctoral work at MIT with JoAnne Stubbe, he joined
the faculty at the University of Illinois in 1997, where he holds the Richard E.
Heckert Chair in Chemistry. Since 2008, he is an Investigator of the Howard
Hughes Medical Institute.
Research in the van der Donk group focuses on using chemistry and molecular
biology to gain a better understanding of the molecular mechanisms of enzyme
catalysis. In turn, that understanding is applied to utilize enzymes for the
preparation of valuable products. Of particular interests have been enzymatic
reactions in the biosynthesis of natural products.
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Applying Mo Cleland’s Ideas to Phosphite Dehydrogenase
John E. Hung,¶ Emily J. Fogle,¶ Kara Ranaghan,	
  § Adrian Mulholland,§ Satish K. Nair,¶
and Wilfred A. van der Donk¶
¶

Department of Chemistry, University of Illinois, Urbana, Illinois 61801
§School	
  of	
  Chemistry,	
  University of Bristol, Madison, Bristol UK

Phosphite dehydrogenase (PTDH) catalyzes the NAD+-dependent oxidation of
phosphite to phosphate. Hydride transfer is fully rate-limiting in the reaction catalyzed by
wild-type PTDH or a thermo stable mutant, as determined by kinetic isotope effects and
pre-steady state experiments. The pH dependence of the kinetic parameters along with a
crystal structure suggests the enzyme may utilize a reverse protonation mechanism.
Chemical rescue experiments with a mutant (Arg301Ala) suggest that deprotonation of
the water nucleophile is complete before hydride transfer.

A co-crystal structure of the thermostable PTDH
containing NAD+ and the competitive inhibitor sulfite
identified a Met residue in the active site that undergoes a
conformational change towards the inhibitor compared to
the apo-structure. Computational studies suggest that the
Met, which is fully conserved in all known PTDH enzymes,
contributes to catalysis. The results of site-directed
mutagenesis studies and replacement with selenomethionine
or norleucine are consistent with a catalytic role of this Met.
The results of these studies will be discussed in the
context of a plausible mechanism for phosphiye oxidation.
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Grover L. Waldrop
Grover L. Waldrop received a B.S. from Syracuse University and a Ph.D.
from the State University of New York at Buffalo in 1988. He then moved to
Berkeley, CA to do a postdoc with Howard K. Schachman at the University
of California. After three years in Berkeley he moved to Madison, WI to do
another postdoc with W.W. Cleland at the University of Wisconsin. His original
research project in Dr. Cleland’s lab was to do 18O isotope effects on the biotin
carboxylase subunit of acetyl-CoA carboxylase. Those 18O isotope effects still
have not been measured because he focused most of his effort working with
Hazel Holden and Ivan Rayment determining the crystal structure of biotin
carboxylase. Once the structure was completed he got a job as a faculty member
at Louisiana State University in Baton Rouge in 1995 where he continues to
study the structure and function of acetyl-CoA carboxylase.
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Structural Basis of the Regulation of Bacterial Acetyl-CoA Carboxylase
Tyler Broussard and Grover L. Waldrop
Division of Biochemistry and Molecular Biology, Louisiana State University, Baton Rouge,
Louisiana, 50803
One of the most energetically expensive pathways in metabolism is fatty acid synthesis,
and as such, it is under very stringent control. In bacteria, fatty acids are only used for
membrane biogenesis, therefore, regulating fatty acid synthesis is not only critical for the
organism’s survival but the regulatory mechanism must also be able to quickly respond to
changing metabolic states. Most metabolic pathways are regulated at the first committed step in
order to conserve energy and the first committed step in fatty acid synthesis in bacteria is
catalyzed by acetyl-CoA carboxylase.
In Escherichia coli, acetyl-CoA carboxylase is a large multiprotein assembly composed
of two enzymes, biotin carboxylase, BC, (a homodimer) and carboxyltransferase, CT, (a
heterotetramer), and the biotin carboxyl carrier protein, BCCP, (a monomer), which has the
vitamin biotin covalently attached. The major hurdle for the cell is how to control flux through
the first step in fatty acid synthesis by regulating expression of the four proteins comprising
acetyl-CoA carboxylase as well as regulating the enzymatic activity of the multiprotein complex.
This presentation will focus on the structural and kinetic data that support the following model
for regulation.

When acetyl-CoA levels are low, such as stationary phase, the multiprotein complex of
acetyl-CoA carboxylase hydrolyzes very little ATP and also binds the mRNA encoding the α and
β subunits of carboxyltransferase thereby attenuating translation. During log phase, acetyl-CoA
levels are high and the mRNA is displaced from the multienzyme complex allowing synthesis of
carboxyltransferase and biotin carboxylase activity is stimulated. Equally important, acetyl-CoA
carboxylase will not catalyze the reverse reaction (i.e. the conversion of malonyl-CoA into
acetyl-CoA) which means the first step in fatty acid synthesis is not at equilibrium. Thus, all of
the malonyl-CoA will be utilized by fatty acid synthase, and, as such, the flux through fatty acid
synthesis is determined by the number of enzyme molecules.
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Welcoming Speaker

Ivan Rayment
Dr. Ivan Rayment is Professor of Biochemistry at the University of
Wisconsin-Madison where he holds the Michael G. Rossmann Professorship
in Biochemistry. Dr. Rayment received his B.Sc and Ph.D. in Chemistry from
Durham University, England. He held post-doctoral positions at Purdue
University and Brandeis University and was an assistant professor in the
Department of Biochemistry at the University of Arizona. Dr. Rayment joined
the faculty at the University of Wisconsin in 1988 He has a wide range of
interests in structural biology including understanding the structural basis of
motility, enzyme evolution, cobalamin biosynthesis, and the yeast spindle pole
body.
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Keynote Speaker

Paul F. Cook
Dr. Paul F. Cook obtained a B. A. with majors in Biology and Chemistry
from Our Lady of the Lake University in 1972. He was awarded the Ph.D. in
Biochemistry in 1976 from the University of California at Riverside, where
he worked with Randolph T. Wedding on the mechanisms of the cysteine
biosynthetic enzymes from Salmonella. He was a postdoctoral from 1976-80
in the laboratory of W. W. Cleland where his work focused on the use of isotope
effects to study enzyme reactions. He took a position as Assistant Professor
in the Department of Biochemistry at LSU Medical Center in New Orleans in
1980, and moved to the University of North Texas Health Science Center in
1982, where he rose through the ranks to become Professor in 1986. He served
as Chair of the Department of Microbiology and Immunology at UNTHSC from
1988-93, and returned to the Department of Biochemistry from 1993-96. In
1987, and again in 1995, he was awarded a Alexander von Humboldt Research
Fellowship and served as Visiting Professor at the Universität Würzburg.
In 1996, Dr. Cook was recruited by the Department of Chemistry and
Biochemistry of the University of Oklahoma as the Grayce B. Kerr Centennial
Professor of Biochemistry. He was also named George Lynn Cross Professor
of Biochemistry in 2009. He has been Professor Emeritus in the Department
of Chemistry and Biochemistry of the University of Oklahoma since 2013.
His research has always been in the area of enzyme mechanism using kinetic
approaches. He published about 250 manuscripts in peer-reviewed journals
over the course of his career.
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Pro ect C

A

A ransformati e earnin
chool tudents

xperience for Middle

Rebecca K. Phillips, Ari J. Salinger, Haley A. Brown, and Karl M. Wetterhorn
Department of Biochemistry, University of Wisconsin, Madison WI 53706
Pro ect CRYSTAL (Colleagues esearching with oung cientists
eaching and earning) was established in 2009 through funding by the NSF.
Pro ect CRYSTAL s mission is to provide a hands-on laboratory experience for
middle school students in an active, state of the art research laboratory. Through
teaching and research, Pro ect CRYSTAL aims to instill a love for chemistry and
foster interest in a future career in science in middle school students. The students
complete a research pro ect alongside graduate students in the Holden Laboratory
at the University of Wisconsin-Madison.
Each week during the academic year, four selected eighth grade students
spend an hour and half working in the laboratory and learning about the
fundamentals of chemistry, biochemistry,
and molecular biology. They are mentored
by the graduate students supported
through this grant. Shown in Figure 1 is
this year s Pro ect CRYSTAL class.
Why was this program developed for
middle school students Mostly because
these students are undergoing enormous
changes both emotionally and physically,
and by the time they reach high school it
is almost too late to instill a oy for
chemistry. It is absolutely essential to
reach children in the middle school age
bracket for the scientific future of our country.
Through Pro ect CRYSTAL, the middle schoolers are exposed to academic
research at a remarkably young age, and the graduate students learn to develop
lesson plans and to teach. It is notable that the graduate students involved in
Pro ect CRYSTAL routinely give seminars that are much clearer than those of
their peers due to their experience lecturing. The ability of scientists to explain
their research to the lay public is critical given the current political environment.
Therefore, Pro ect CRYSTAL is a win win situation for both the middle school
and graduate students.
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Investigation of the Radical SAM Enzyme CDG Synthase
Nathan A. Bruender* and Vahe Bandarian
Department of Chemistry and Biochemistry, University of Arizona,
1041 E Lowell St., Tucson, AZ 85721, USA
7-Deazapurine containing secondary metabolites and hypermodified tRNA bases
are produced in a variety of marine and terrestrial organisms.1 Although these 7deazapurines vary in both their structure and biological roles, they share a
common precursor, 7-cyano-7-deazaguanine (preQ0), which is derived from GTP
through the action of four enzymes. 1-4 CDG synthase (QueE) catalyzes the
penultimate step, which generates the 7-deazapurine moiety. QueE is a member
of the radical S-adenosyl-L-methionine (SAM) superfamily that catalyzes the
complex
radical-mediated
ring
contraction
converting
6-carboxy5,6
5,6,7,8-tetrahydropterin (CPH4) into 7-carboxydeazaguanine (CDG). This poster
will discuss aspects of the chemistry catalyzed by this enzyme.
References
1. McCarty, R. M., and Bandarian, V. (2012) Biosynthesis of
pyrrolopyrimidines, Bioorganic chemistry 43, 15-25.

2. Reader, J. S., Metzgar, D., Schimmel, P., and de Crécy-Lagard, V. (2004)
Identification of four genes necessary for biosynthesis of the modified
nucleoside queuosine, The Journal of biological chemistry 279, 6280-6285.

3. McCarty, R. M., and Bandarian, V. (2008) Deciphering deazapurine
biosynthesis: pathway for pyrrolopyrimidine nucleosides toyocamycin and
sangivamycin, Chemistry & biology 15, 790-798.

4. McCarty, R. M., Somogyi, A., Lin, G., Jacobsen, N. E., and Bandarian, V.
(2009) The deazapurine biosynthetic pathway revealed: in vitro enzymatic
synthesis of PreQ0 from guanosine 5'-triphosphate in four steps, Biochemistry
48, 3847-3852.

5. McCarty, R. M., Krebs, C., and Bandarian, V. (2013) Spectroscopic, steadystate kinetic, and mechanistic characterization of the radical SAM enzyme
QueE, which catalyzes a complex cyclization reaction in the biosynthesis of 7deazapurines, Biochemistry 52, 188-198.
6. Dowling, D. P., Bruender, N. A., Young, A. P., McCarty, R. M., Bandarian,
V., and Drennan, C. L. (2014) Radical SAM enzyme QueE defines a new
minimal core fold and metal-dependent mechanism, Nature chemical biology
10, 106-112.
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Investigation of the Radical SAM Enzyme CDG Synthase
Nathan A. Bruender* and Vahe Bandarian
continued

58

36th Steenbock Symposium

May 22nd – 24th, 2014

C riteria for E volution of a Successful E nzy me Superfamily : Fold Fitness and
Domain Dy namics E xplored .

§

Tyrel Bryan*§ , Andrea I. N añ ez§ , D an Saltzberg , D ebra D unaway-Mariano§ , and
Karen N . Allen
D epartment of Chemistry and Chemical Biology, U niversity of N ew Mexico,
Albuquerque, N ew Mexico 8 7 131, and Boston U niversity, Boston, Massachusetts
0 2215 .
The haloacid dehalogenase enzyme superfamiliy (HAD SF) contributes the vast
maj ority of the many cellular organophosphate metabolite hydrolases
(phosphatases). To define the criteria for successful D arwinian evolution among
enzyme superfamilies we have focused our attention on the HAD SF. The HAD SF
phosphatase is modular in design: a Rossmann-fold domain positions the highly
conserved catalytic scaffold that binds and mediates the transfer of the substrate
phosphoryl group, and an appended loop or cap domain binds the organic unit
“ leaving group” which defines the substrate identity. The poster will address
whether or not the prevailing tenet that C at al y t i c F un c t i o n C o m es at t h e E x p en se
o f P ro t ei n F o l d St ab i l i t y is applicable to the HAD SF phosphatase. N ext, the coevolution of the cap and catalytic domains as “ coupled folding and catalytic units”
will be examined. To test “ function at the cost of stability” site-directed
mutagenesis was used to replace catalytic residues and CD / Fluorescencemonitored denaturation techniques were used to evaluate stability in the resulting
mutants. The role of the cap domain in substrate-induced-fit was tested by using
Small Angle X -ray D iffraction (SAX S) techniques and the structural codependency of the catalytic and cap domains was examined by CD -monitored
protein denaturation.
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Mechanistic and tructural Analysis of
Arylal ylamine N-acetyltransferase i e
Anne-Marie Carpenter*, Daniel R. Dempsey*, Santiago Rodriguez Ospina, and
David J. Merkler
Department of Chemistry, University of South Florida, Tampa, Florida, 33620
USA
Histamine is a biogenic amine that serves as a neurotransmitter in the
compound eye photoreceptors of Drosophila melanogaster1. Histamine is also
involved in the regulation of mechanoreception2 and thermoregulation3 in D.
melanogaster. A metabolite of this signaling molecule, N-acetylhistamine, has
been identified in the Drosophila head4. Acetyl-coenzyme A-dependent
N-acetylation of histamine and other biogenic amines is catalyzed by
arylalkylamine N-acetyl transferase like 7 (AANATL7), a member of GCN5related N-acetyltransferase (GNAT) family of enzymes and the focus of this
report. We used double reciprocal analysis and dead-end inhibition to define the
kinetic mechanism for AANATL7. A chemical mechanism involving acid base
catalysis was suggested by the pH rate profiles of the kcat,app, these data revealing
apparent pKa values of proposed catalytic residues. Subsequent site-directed
mutagenesis of catalytic residues conserved based on sequence alignments to
other AANAT-like enzymes found in D. melanogaster supported the acid base
chemical mechanism. Additionally, several amino acids were implicated as
structurally important in substrate binding and product release. These data further
elucidate the role of AANATL7 in the metabolism of histamine and its
involvement in the neurological functioning of Drosophila melanogaster.
1. Nassel, D. R. (1999) Histamine in the brain of insects a review, Microsc. es.
Tech. 44, 121-136.
2. Buchner E., Buchner S., Burg M.G., Hofbauer A, Pak W.L., Pollack I. (1993)
Histamine is a ma or mechanosensory neurotransmitter candidate in
Drosophila melanogaster. Cell Tissue es. 7 1 , 119-125.
3. Hong S.T., Bang S., Paik D., Kang J., Hwang S., Jeon K., Chun B., Hyun
S., Lee Y., and Kim J. (2006) Histamine and its receptors modulate
temperature-preference behaviors in Drosophila. J. Neurosci.
7 72457256.
4. Sarthy, P. V. (1991) Histamine a neurotransmitter candidate for Drosophila
photoreceptors, J. Neurochem. 7, 1757-1768.
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Building high sensitivity time resolved FRET assays for thermodynamic and
kinetic characterization of potent, bivalent inhibitors of an xIAP target
Charu Chaudhry*1, Yong Zhang2, Shana Posy3, Randy Talbott4, Bob Borzilleri2,
Yuval Blat5, Bill Metzler1, Litao Zhang1, and Lynn Abell1
1

	
  

Mechanistic Biochemistry, Lead Discovery and Optimization, Bristol Myers
Squibb, Princeton, New Jersey, 08540
2
Discovery Chemistry, Bristol Myers Squibb, Princeton, New Jersey, 08540
3
Computer Assisted Drug Discovery, Bristol Myers Squibb, Princeton, New
Jersey, 08540
4
Oncology and Disease Sciences and Biology, Bristol Myers Squibb, Princeton,
New Jersey, 08540
5
Armgo, Tarrytown, New York 10591
Abstract:
Promoting apoptosis in cancer cells is a promising strategy in cancer therapy.
Inhibitor of apoptosis proteins, which are aberrantly expressed in various tumors,
block apoptosis at the core of the apoptotic machinery by binding to caspasesproapoptotic executioner proteases. When a cell is triggered to undergo
programmed cell death, Smac, an endogenous proapoptotic protein in the
mitochondria, is released and promotes apoptosis by direct inhibition and/or
proteasomal degradation of xIAP, thus releasing caspases from inhibition.
Targeting xIAPs with small molecule non-peptidic Smac mimics therefore has
significant potential for cancer drug discovery. Here we report new broadly
applicable tools for high sensitivity time resolved FRET assays to screen dimeric
ligands such as non-peptidic Smac mimics, and also demonstrate utility of these
fluorescent probes for inhibitor binding kinetics characterization. Our results
show that design of dimeric ligands may be a viable general strategy to increase
potency for multimeric targets like xIAP.
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Dissecting the A my lolyt ic Sys tem of the C ommensal G ut Bacterium E u bac teriu m rectale
D arrell Cockburn*, Matt Foley and N icole Koropatkin
D epartment of Microbiology and Immunology, Medical School, U niversity of Michigan, Ann
Arbor, Michigan, 48109
U SA
The human gut is home to 10 14 bacteria, outnumbering human cells by a factor of 10 . This
community of organisms exerts a number of influences on the host and is increasingly becoming
recognized as being critically important for human health. The Gram positive bacterium
E ubac t eri um rec t al e is a maj or component of this ecosystem and an important producer of
butyrate, the preferred energy source for colon cells and a general contributor to a healthy gut.
U nlike some gut microorganisms which are capable of degrading a wide array of dietary and
host glycans, E . rec t al e preferentially consumes starch derived glucans and produces only a
limited array of extracellular carbohydrate degrading enzymes. This complement of enzymes
includes two members of the glycoside hydrolase family 13 (GH13; CAZ y classification,
www.cazy.org), E ur018 60 and E ur21100.
E ur01860
consists solely of the GH13 catalytic
module following a signal sequence. Comparison of the catalytic module to other GH13 enzymes
shows that it is most closely related to those enzymes active on -1,4 and -1,6 linked glucose
containing oligosaccharides. Analysis of its activity has confirmed that this enzyme is primarily
active against oligosaccharides of D P3 and longer. By comparison E ur21100
has a more
complex architecture with a signal sequence followed by five domains that resemble starch
specific carbohydrate binding modules (CBMs), a domain of unknown function, the catalytic
module and ending with a C-terminal putative cell wall anchoring motif. Its catalytic module as a
whole shows strongest similarity to type I pullulanases and indeed its domain architecture is
reminiscent of such enzymes. However, the amino acids in the conserved regions of the active
site exhibit a classic -amylase pattern and the activity profile of E ur21100 indicates that it is
indeed an -amylase, highly active against starch granules and soluble starch derived
polysaccharides. The function of the multiple domains of this protein is an ongoing study. Along
with E ur01860
and E ur21100, several ABC transporters have been found to be upregulated when
E . rec t al e is grown on starch. The solute binding proteins from these systems have been
characterized and found to have binding profiles that closely match the product profiles of the
hydrolytic enzymes of this system. Together these proteins allow for the efficient utilization of
starch by this important gut microbe.

62

36th Steenbock Symposium

May 22nd – 24th, 2014

A tructural and unctional Analysis of the Glycosyltransferase shA
he irst n yme of the acillithiol iosynthesis Pathway
Paul D. Cook*
Department of Chemistry, Grand Valley State University, Allendale, MI 49401
Bacillithiol is a glucosamine-based thiol involved in the maintenance of redox
homeostasis and detoxification of xenobiotic compounds in several Gram-positive
microorganisms including the pathogenic bacteria Bacillus anthracis and
Staphylococcus aureus. Recently, it was demonstrated that bacillithiol plays a key
role in resistance to the FDA-approved antibiotic fosfomycin. Bacillithiol
biosynthesis begins with the action of BshA, a glycosyltransferase enzyme that
replaces the UDP moiety on UDP-N-acetylglucosamine with L-malate. Two
additional enzymes, BshB, a deacetylase, and BshC, a putative cysteinyl ligase,
complete bacillithiol biosynthesis. Glycosyltransferase reactions like those
catalyzed by BshA are reported to proceed via an SNi-like mechanism in which
departure of the UDP and attack by the activated malate hydroxyl occur on the
same face close in time. Although this mechanism is supported by related
enzymes, little structural or functional evidence for this mechanism exists
specifically for the BshA enzyme. Here a 2.2 resolution -ray crystallographic
structure of the BshA enzyme from Bacillus subtilis complexed with its product,
N-acetylglucosamine-1-malate, is reported. The structure reveals that the -face of
the hexose product faces a large cavity with room to accommodate the UDP
moiety, suggesting that indeed leaving group departure and acceptor attack occur
on the same face of the sugar. Results from a site-directed mutagenic study are
also presented, and indicate the importance of some key active site amino acid
residues. Taken together, the results presented give insight into the critical
binding and catalytic features of the active site and further the understanding of
the BshA mechanism.

acillithiol
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Flavin Transfer in Alkanesulfonate Monooxygenase System: Dynamic shifts
in oligomeric states and role of protein-protein interactions
Paritosh V. Dayal*, Harsimran Singh† ,Laura Busenlehner† ,and Holly R. Ellis
Department of Chemistry and Biochemistry, Auburn University, Auburn,
Alabama, 36849, † Department of Chemistry, The University of Alabama,
Tuscaloosa, Alabama, 35487
Bacteria acquire sulfur through a sulfur assimilation pathway, but under sulfur
limiting conditions the ssu operon is induced under and is comprised of genes that
encode a flavin reductase (SsuE), and alkanesulfonate monooxygenase (SsuD)
(1,2). The SsuE enzyme reduces FMN with NADPH and reduced flavin is then
transferred to SsuD. The reduced flavin is a highly unstable molecule and it
readily reacts with dioxygen to form hydrogen peroxide and superoxide radicals.
The transfer of reduced can occur through either a channeling or free-diffusion
mechanisms. Current studies are focused on evaluating protein-protein
interactions between SsuE and SsuD and the role of these interactions in the
transfer of reduced flavin from SsuE to SsuD to carry out the desulfonation
mechanism.
Hydrogen/deuterium isotopic exchange–mass spectrometric (HDX-MS)
studies were performed to identify potential interaction sites. Results from HDXMS showed that a conserved α-helix on SsuD is involved in protein-protein
interactions. Three SsuD variants D250A, DDE(250/251/252)AAA, and ∆251261 SsuD that removes the α-helix, were generated. There were no interactions
identified in pull-down experiments with 6X-His tagged DDE(250/251/252)AAA
or ∆251-261 SsuD with SsuE. Results from spectrofluorimetric titration
experiments showed that the D250A SsuD variant had a Kd value similar to wild
type; however, the DDE(250/251/252)AAA and ∆251-261 SsuD variants did not
interact with SsuE and the Kd values for these variants could not be determined.
Although, the kcat/Km value of D250A SsuD was similar to wild-type,
DDE(250/251/252)AAA SsuD showed a 6-fold decrease in the kcat/Km value. The
∆251-261 SsuD deletion variant was inactive under standard steady-state kinetic
assay conditions, but partial activity was recovered with increasing flavin
concentrations. Resazurin dye was used to quantify the production of hydrogen
peroxide and superoxide anions by the SsuD variants. The ∆251-261 SsuD variant
was shown to produce elevated amounts of hydrogen peroxide and super oxide
anions. The increase in production of hydrogen peroxide and superoxide anions
by ∆251-261 SsuD suggested that the channeling mechanism was disrupted.
These studies define the importance of protein-protein interactions for the
efficient transfer of reduced flavin from SsuE to SsuD leading to efficient
desulfonation of alkanesulfonate.
1.Eichhorn, E., and van der Ploeg, J.R. (1999), J. Biol. Chem. 274, 26639-26646.
2.Abdurachim, K., Ellis, H.R. (2006), J. Bacteriol. 188, 8153-8159.
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M echanistic Stud ies for Drosophila Melanogaster A ryl alk yl amine
N- A cety ltransferase
D aniel R. D empsey*, J ason D . Bond, Anne-Marie Carpenter, Santiago Rodriguez
Ospina, and D avid J . Merkler
D epartment of Chemistry, U niversity of South Florida, Tampa, Florida, 33620,
U SA
Arylalkylamine N -acetyltransferase (AAN AT) is a member of the
GCN 5- related N -acetyltransferase (GN AT) family that catalyzes the penultimate
step in the biosynthesis of melatonin (1 - 2 ). This reaction proceeds from
acetyl-CoA and the corresponding arylalkylamine substrate to generate a
N -acetylarylalkylamide product. N -Acylation of biogenic amines is a critical step
in D ros ophi
l a m el anog
ast er for the biosynthesis of cell signaling lipids, amine
inactivation, cuticle sclerotization, and production of melatonin. The GN AT
family is known to have remarkable low primary sequence similarity when
compared to other enzymes in this family (2 ), which makes characterization of
these enzymes challenging. We have identified eight putative D ro so p h i l a
m el anogas
t er AAN ATL enzymes which are hypothesized to have an important
role in fatty acid amide biosynthesis. Our hypothesis is that these AAN ATs will
catalyze the formation of both short and long chain fatty acid amides.
Herein, we report one of these putative AAN ATL enzymes, AAN AT
variant A (AAN ATA), which we determined to catalyze the formation of
short-chain N -acylarylalkylamides, consisting of N -acetylserotonin and
N -acetyldopamine. E xtraordinarily, D . m el anogas
t er AAN ATA has a < 12%
sequence similarity to the mammalian ortholog and the catalytic core is not
conserved; however, the crystal structure shows a conserved fold in the
N -terminal region when compared to other GN AT enzymes. This suggests that
the AAN ATA-catalyzed reaction proceeds from different catalytic residues, but
the overall chemical mechanism is consistent with that proposed for other GN AT
enzymes. We have defined the kinetic mechanism, elucidated structure-function
relationships, and have generated data that has led to a proposed chemical
mechanism for D . m el anogas
t er AAN ATA.
1.
2.

D yda, F., et al . (200
) GCN 5- related N -acetyltransferases: a structural
overview, A nu. R
ev . B i ophy
s. B i om o l . St ruc t . 2 9 , 81- 103.
V etting, M. W., et al . (2005)
Structure and functions of the GN AT
superfamily of acetyltransferases, A rc h. B i oc he m . B i ophy
s. 4 3 3 , 212-226.
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Molecular basis for discrimination in RNA 3′-termini binding
Kevin K. Desai*1, Craig A. Bingman1, Chin L. Cheng1, George N. Phillips, Jr.1,2,
and Ronald T. Raines1
1

Department of Biochemistry, University of Wisconsin–Madison, Madison,
Wisconsin 53706, USA

2

Department of Biochemistry and Cell Biology and Department of Chemistry,
Rice University, Houston, Texas 77005, USA

RNA 2′,3′-cyclic phosphate termini play a significant role in RNA metabolism as
intermediates in the chemical or enzyme-catalyzed hydrolysis of the RNA
phosphodiester backbone, as substrates for the tRNA ligase RtcB, and as
recognition elements present on U6 snRNA. RNA 2′,3′-cyclic phosphate termini
can be synthesized from 3′-phosphate termini in an ATP-dependent reaction
catalyzed by RNA 3′-phosphate cyclase (RtcA), an enzyme conserved in bacteria,
archaea, and eukarya. RtcA and the tRNA ligase RtcB are the only known
enzymes that activate RNA 3′-phosphate termini, with each enzyme proceeding
through two similar reaction steps. The mechanism of nucleotidylation of histidine
residues in RtcA and RtcB has been elucidated; however, the location of the RNA
binding sites and the mechanism of RNA 3′-phosphate nucleotidylation remains
unknown for each enzyme. Moreover, how RtcA and RtcB avoid binding to the
abundant RNA 3′-OH termini in cellulo has remained an important unanswered
question. Here we present a crystal structure of RtcA in complex with a 3′phosphate terminated RNA and adenosine in the AMP-binding pocket. Our studies
reveal that RtcA discriminates against 3′-hydroxyl termini by ensuring that a
terminal 3′-phosphate makes a large contribution to RNA binding. Furthermore,
our work elucidates the mechanism of AMP transfer to an RNA 3′-p terminus and
reveals significant conformational changes upon RNA binding.
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Comparati e stren th of stac in interactions of su ars with electrondeficient and electron-rich indoles in esti ated by 1
M
Roger C. Diehl1,*, Gail Bartlett3, Kieran Hudson3, Dek Woolfson3, Laura L.
Kiessling1,2
Department of 1Biochemistry and 2Chemistry, University of Wisconsin-Madison,
Madison, WI, USA 53726 and 3School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK
Carbohydrate recognition by proteins is critical in many biological
processes, including stem cell differentiation, viral infection, and immune
activation1,2. While these recognition processes can be critical, few inhibitors of
protein–carbohydrate interactions are known. Inhibitor generation would be
facilitated by a fundamental understanding of the interactions that contribute to
binding affinity. Most carbohydrate binding sites are replete with aromatic side
chains, which presumably facilitate carbohydrate binding through favorable CH
interactions. The energetic drivers of binding have been attributed to electrostatic3
and dispersive interactions2 but the relative importance of each is disputed. We
are using NMR spectroscopy to investigate the effect on interaction strength of an
indole – monosaccharide interaction in solution. By changing the electrostatics of
the indole ring, the molecular basis for the indole – carbohydrate interaction can
be probed. Several methyl glycosides were used as models for the carbohydrate
partner in the interaction, with a focus on methyl -D-galactopyranoside. The
strength of the CH interaction is measured by the degree to which interacting
protons are shielded by the anisotropic effect of the aromatic ring.
References
1.

Smith, R. a a, Meade, K., Pickford, C. E., Holley, R. J. Merry, C. L. R.
Glycosaminoglycans as regulators of stem cell differentiation. Biochem.
Soc. Trans. 39, 383–7 (2011).

2.

Chen, W. et al. Structural and Energetic Basis of Carbohydrate Aromatic
Packing Interactions in Proteins. JACS 13 , 9877–9884 (2013).

3.

Nishio, M. The CH hydrogen bond in chemistry. Conformation,
supramolecules, optical resolution and interactions involving
carbohydrates. hys. Chem. Chem. hys. 13, 13873–900 (2011).
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An Old Cofactor in a New Light: Adenosylcobalamin in Light-dependent
Gene Regulation
Marco Jost1, S. Padmanabhan4, Montserrat Elias-Arnanz5, Catherine L.
Drennan1,2,3*
1
Departments of Chemistry and 2Biology, 3Howard Hughes Medical Institute,
Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139, U.S.A.
4
Instituto de Quimica Fisica “Rocasolano”, 28006 Madrid, Spain
5
Department of Genetics and Microbiology, Universidad de Murcia, 30100
Murcia, Spain
Living organisms sense and respond to light through a variety of
sophisticated mechanisms. In a recently discovered pathway in bacteria, a
derivative of vitamin B12, adenosylcobalamin (AdoCbl), is used as a light sensor
to effect light-dependent gene regulation (1). In this pathway, AdoCbl binds to the
transcription factor CarH to regulate expression of the carotenoid biosynthetic
cluster. Gene expression is only activated upon light exposure, leading to
production of carotenoids and protection of the cell from photooxidative stress.
This pathway represents an elegant response mechanism to light exposure and is
found in hundreds of bacterial species.
Here, we present our recent structure/function analyses of light-sensor
CarH. In the dark, AdoCbl mediates formation of a compact CarH tetramer that
positions two DNA-binding domains on the DNA recognition sites, blocking
transcription initiation. Exposure to light cleaves AdoCbl and triggers a
conformational change that causes tetramer disassembly and subsequent
dissociation from DNA, thus activating transcription. Our studies on CarH, which
combine in vitro DNA-binding with mutagenesis and crystallography, expand the
biological role of the essential human nutrient vitamin B12 and provide
fundamental insight into a new mode of light-dependent gene regulation.
(1) Ortiz-Guerrero, Padmanabhan, Elias-Arnanz, et al Proc. Natl. Acad. Sci. USA
2011, 108, 7565
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The Elucidation of Lipoxygenase Mechanism and Regulation via HydrogenDeuterium Exchange Mass Spectrometry
Kristin D. Droege*, Mary E. Keithly, and Richard N. Armstrong
Vanderbilt University, Nashville, TN 37235, U.S.A.
Leukotrienes and lipoxins are lipid mediators of inflammation that are formed by
arachidonic acid (AA) oxidation and have been associated with several chronic
inflammatory and cardiovascular diseases. 5-lipoxygenase (5-LOX) and 15lipoxygenase (15-LOX) are key enzymes in these lipids biosynthesis. Therefore,
these enzymes are identified as therapeutic targets, however, only one 5-LOX
inhibitor is currently marketed. Lipoxygenases are non-heme dioxygenases that
are regulated through several mechanism such as compartmentalization, metal
chelation, and 5-LOX requirement of 5-lipoxygenase activating protein (FLAP)
for optimal activity in intact cells. Comparison of crystal structures for the
mammalian lipoxygenases show that 5-LOX contains a hydrophobic channel that
is proposed to bind AA, however, it lacks an opening for the substrate entrance.
15-LOX and other mammalian superfamily members’ hydrophobic channels are
open and possibly allow substrate binding without conformational changes.
Lipoxygenases also require Ca2+ binding to a PLAT domain and membrane
association for optimal activity and the structures fail to elucidate these regulatory
mechanisms. Therefore, analysis of structural dynamics with hydrogen-deuterium
exchange mass spectrometry will provide evidence for conformational changes
required for lipoxygenase association to the membrane, and methods of substrate
binding, plus peptides involved in 5-LOX and FLAP complex formation. Progress
on this aim currently includes expression and purification of 15-LOX, 5-LOX,
and FLAP confirmed by gel electrophoresis and western blotting techniques, and
assessment of lipoxygenase activity through a UV-absorbance assay. Peptide
mapping via pepsin digest and separation with HPLC connected to ESI-MS/MS
has been completed. Currently 90% of 15-LOX, 91% of 5-LOX, and 61% of
FLAP has been identified. Nanodiscs suitable for 15-LOX membrane association
studies have been formed and purified, therefore, HDX-MS experiments will soon
be completed for this project.
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The I nvestigation of the C hemical M echanism and I nhibition of M icrosomal
P rostagland in E 2 Syn thase 1 ( M P G E S1)
Michael C. Goodman* and Richard N . Armstrong
V anderbilt U niversity, N ashville, TN 37235, U
.S.A.
Prostaglandins function as signaling molecules involved in pain, fever, and many
diseases associated with chronic inflammation. The most common therapeutic
treatment of inflammation involves the inhibition of the COX enzymes by
nonsteroidal anti-inflammatory drugs (N SAID s) or COX -2 selective inhibitors
(coxibs). The inhibition of the COX enzymes prevents the catalytic formation of
the intermediate endoperoxide compound, PGH2. With the inhibition of PGH2,
the production of other downstream prostaglandins is also inhibited. Therefore,
COX inhibition can result in adverse gastrointestinal and cardiovascular side
effects because of the subsequent low level of various prostanoids. Microsomal
Prostaglandin E 2 synthase 1 (MPGE S1), a member of the membrane-associated
proteins in eicosanoid and glutathione metabolism (MAPE G) superfamily, is the
most prominent PGE synthase expressed during inflammation and is the terminal
enzyme in the PGE 2 synthesis pathway. It is a promising therapeutic target for the
treatment of chronic inflammation and potential drug candidates have been
pursued by the pharmaceutical industry in recent years. However, little is known
about the actual chemical mechanism of the enzyme. Glutathione (GSH) appears
to participate as a cofactor in the reaction, though there hasn’ t been any evidence
to support this. In order to investigate GSH as a cofactor in the reaction, it is
necessary to detect the thiolate of GSH in the active site and determine its
exchange rate off of the enzyme surface. One equivalent of the thiolate is
observable by difference spectroscopy. However, simple difference spectroscopy
isn’ t possible since the enzyme is unstable in the absence of GSH. Therefore, a
solution of the enzyme in complex with GSH can be rapidly mixed with the serine
analog of GS
-L-glutamyl-L-serylglycine (GOH), and the kinetics of the loss
in absorbance from the replacement of GS- with GO- would confirm the presence
of the thiolate in the complex and its rate of dissociation from the enzyme can be
determined.
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Structural and Kinetic Studies on Formate Dehydrogenase
Qi Guo1,*, Lokesh Gakhar2, Kevin Francis1, Kyle Wickersham1, Christopher
Cheatum1 and Amnon Kohen1
1
Department of Chemistry, The University of Iowa, Iowa City, IA 52242, USA
2
Protein Crystallography Facility, Carver College of Medicine, The University of
Iowa, Iowa City, IA 52242, USA
A contemporary topic in enzymology is whether and how the fast protein
structural fluctuations affect the catalyzed chemistry in enzymes’ active site.
Formate dehydrogenase from Candida boidinii (CbFDH) was found to be a
unique model system to address this question. Our previous kinetic and 2DIR
studies identified possible coupling between femtosecond-picosecond dynamics
and the catalyzed H-tunneling step. Structural information is critical for
mutational studies that may reveal direct correlation between dynamics and the
catalyzed hydride transfer. Here, we report crystallization and structural studies of
both holo-CbFDH (with NAD+ and azide) and the apo-CbFDH. The activity of
this recombinant enzyme is identical to that of the commercial CbFDH used in ref
1. Surprisingly the apo-enzyme has also been crystallized under saturation of
NAD+ and azide, which means the majority of complexes in solution are excluded
during the crystallization step. The new CbFDH structures were compared to
those of Pseudomonas sp. 101 FDH (PsFDH), and the mutant holo-CbFDH. The
special alignment between CbFDH and PsFDH was excellent for both closed and
open conformations for holo- and apo-enzymes relatively. The intrinsic kinetic
isotope effects (KIEs) and their temperature dependency for the recombinant and
the commercial mixture was found to be very similar, which opens the door to
mutational studies of the recombinant enzyme in pursuit of correlation between
the fast dynamics and the nature of hydride transfer.
References
1. Bandaria, J. N.; Cheatum, C. M.; Kohen, A., J. Am. Chem. Soc. 2009, 131
(29), 10151-10155.
2. Lamzin, V. S.; Dauter, Z.; Popov, V. O.; Harutyunyan, E. H.; Wilson, K. S., J.
Mol. Biol. 1994, 236 (3), 759-85.
3. Schirwitz, K.; Schmidt, A.; Lamzin, V. S., Protein Sci. 2007, 16 (6), 1146-56.
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Isolation, Phosphonomethylation, and Crystallization of phosphono-CheY
from Thermotoga maritima
Matthew Beyersdorfa, Brian Craneb, Alexander Pavlovskyc, Alan Roebucka,
Ria Sircarb, and Christopher Halkides*a
The University of North Carolina, Wilmington, NC 28403, U.S.A.; bCornell
University, Ithaca, NY 14853, U.S.A; cThe University of Toledo, Toledo, OH
43606, U.S.A.
a

Isolation, chemical modification, purification, crystallization, and x-ray
diffraction of an analog of the active form of the signal transduction protein,
Thermotoga maritima CheY, are described. The instability of the phosphorylated,
active form of CheY makes defining its atomic structure difficult. Rendering the
signal transduction protein permanently stable by chemical modification is
accomplished by replacing the active site aspartyl residue with a cysteinyl residue
and reacting the protein with phosphonomethyltrifluoromethanesulfonate.
Purification is achieved using CEX-HPLC. Diffraction quality crystals of
phosphono-CheY (P-CheY) were grown under several conditions, including 1920% PEG 6000; 100 mM acetate pH 5.0-5.5; 350 μM Sc(ClO4)3; 0.02% azide;
150 mM sodium malonate. Crystals were also grown in the presence of 18% PEG
4000, 30 mM MgCl2, Tris pH 8.5, 10% iProOH. Binding between P-CheY and
the FliM peptide was studied by ITC and fluorescence polarization anisotropy,
both of which yielded dissociation constants in the low micromolar range.
	
  

72

36th Steenbock Symposium

May 22nd – 24th, 2014

E xperimental and C omputational A nalys es of C hanges in Transition State
Bond ing Due to Z n2 + C atalys is of R N A 2 ’ - O- Transphosphoryl ation in
Solution.
Michael E . Harris1*, Shuming Z hang1,*, Hong Gu1, E mily Strong1, D anni Liang1,
Q ing D ai2, V ernon E . Anderson1, D arrin Y ork4 , and J oseph A. Piccirilli2,3
1

D epartment of Biochemistry, Case Western Reserve U niversity School of
2
Medicine, Cleveland, OH 4106.
D epartment of Chemistry and 3D epartent of
Biochemistry and Molecular Biology, U niversity of Chicago, Chicago, IL 60637.
4
BioMaPs Institute, D epartment of Chemistry and Chemical Biology, Rutgers
U niversity, Piscataway, N J

Characterizing the effects of divalent metal ions catalysis on the transition states
of phosphoryl transfer reactions is important for understanding their roles as
cofactors in enzymes and for designing novel organometallic catalysts. Metal ion
catalytic modes are often proposed that can alter transition state charge
distribution, however, experimental tests of these proposals for solution and
enzyme reactions are few. To determine how metal ion catalytic modes affects
transition state bonding of RN A 2’ -O -transphosphorylation reactions we
compared the 18 O and solvent D 2O kinetic isotope effects on solution reactions
catalyzed by Z n2+ and by hydroxide (specific base catalysis). The primary 18 O
KIE on the 2’ O nucleophile (0 .986 ± 0.03)
and the 5’ O leaving group (1.015 ±
0.01)
for metal ion catalysis are more inverse compared to catalysis by
hydroxide alone (0 .997
± 0.01
and 1.034
± 0.0
3, respectively), while the
secondary 18 O-KIE on the non-bridging oxygens are near unity for both reactions.
Both reactions also show large solvent D 2O effects (k H2O/ k D 2O = 8 -12 fold) and
proton inventories consistent with two H/ D fractionation factors. Interpreted in
the context of previous KIE , structure-reactivity data and computational
modeling, this new information suggests that Z n2+ catalysis results in a more
associative transition state, and redistribution of negative charge due to
electrostatic or coordination interactions rather than acid/ base catalytic modes. A
systematic analysis of alternative metal ion catalytic modes using Q M
calculations is being used to investigate these and other alterative transition state
geometries. The results therefore further demonstrate the profound effect of metal
ion catalysis on the free energy landscape for phosphoryl transfer, provide a
framework for comparing analogous effects on metalloenzyme catalysis, and
establish key benchmarks for simulation.
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Carbonates are a new class of deubiquitinating enzyme inhibitors
Marcus J. C. Long, Ann Lawson, Ricky Baggio, Lior Rozhansky and Lizbeth Hedstrom*
Graduate Program in Biochemistry and Biophysics and Departments of Biology and Chemistry,
Brandeis University, Waltham MA 02453-9110 USA
Deubiquitinating enzymes (DUBs) have emerged as promising drug targets, but few small
molecule DUB inhibitors have been identified. Herein we introduce carbonates as a novel class
of mechanism-based DUB inhibitors. The most potent inhibitor, C17, has a preference for
USP9x and USP7. In K562 cells, these compounds cause the degradation of Bcr-Abl kinase, as
expected when USP9x is inhibited. In MCF7 cells, C17 causes the degradation of Mdm2 and
upregulation of P53, as expected when USP7 is inhibited. We believe that carbonates will be
useful tools for studying the ubiquitination pathways and provide a new strategy for the design of
cysteine protease inhibitors.
MJCL acknowledges a Howard Hughes Medical Institute International Student Fellowship and a
Brandeis Sprout grant. This work was supported by the National Institutes of Health R01
GM100921 to LH.
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Catalysis in Protein-Tyrosine Phosphatases is Regulated by Protein Loop
Dynamics
Sean K. Whittier,1 J. Patrick Loria,1 and Alvan C. Hengge2*
1
Department of Molecular Biophysics and Biochemistry, Yale University, 260
Whitney Avenue, New Haven, CT 06520, USA.
2
Department of Chemistry and Biochemistry, Utah State University, 0300 Old
Main Hill, Logan, UT 84322, USA.
Protein-tyrosine phosphatases (PTPs) were among the first phosphatases studied
using heavy-atom KIEs in the Cleland lab. PTPs catalyze the hydrolysis of
phosphorylated tyrosines by a 2-step mechanism involving nucleophilic attack by
cysteine and general acid catalysis by aspartic acid. In most PTPs the general acid
resides on a flexible protein loop, consisting of about a dozen residues, called the
WPD-loop. KIEs and other experiments show the mechanism and transition state
for the PTP-catalyzed reaction are invariant throughout the family. The
catalytically active, loop-closed conformations are highly superimposable. Yet,
PTP catalysis rates span several orders of magnitude. Differences in loop
dynamics and the potential connection to catalysis have been examined in two
PTPs, YopH and PTP1B. The YopH protein is encoded by the pathogenic
Yersinia bacteria and is essential for virulence. PTP-1B is a human enzyme whose
best-known biological substrate is the activation loop of the insulin receptor.
These two 36 kDa enzymes have active sites that superimpose to < 0.24 Å RMSD.
Corresponding mutations have different effects on WPD-loop motion in the two
enzymes. Pre-steady state kinetics give estimated rate constants for the first
chemical step of 700 to 1000 s-1 for YopH, compared to 15-30 s-1 for PTP1B at
20 °C and pH 6. These correlate well with the rates for WPD-loop closure
obtained by NMR, which are 1770 ± 240 s-1 for YopH and 30 ± 4 s-1 for PTP1B.
NMR dynamics measurements with and without a bound nonhydrolyzable
phosphopeptide analog show the major effect of substrate binding is a reduction
in kopen, with no significant effect on kclose.
These findings explain the different kinetics of two otherwise chemically and
mechanistically indistinguishable enzymes, and shows that differences in protein
dynamics can significantly mediate catalysis within an enzyme family. Slower
PTP1B loop motions likely reflect the physiological role of PTP1B as a tight
regulator of cellular processes, in which its turnover rate must meet the strict
growth requirements of the cell. In contrast, the faster loop motion and enzymatic
activity in YopH would be beneficial for the rapid disruption of normal cellular
pathways that facilitate Yersinia infection.
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The M olecular M echanism of Bacteriophage T4
R epair C omplex

R ad 5 0 /M re1 1

DN A

Timothy J . Herdendorf* and Scott W. N elson
D ept. of Biochemistry, Biophysics and Molecular Biology
Iowa State U niversity, Ames IA 5011
U SA
Spontaneous double-strand breaks (D SBs) are one of the most deleterious
forms of D N A damage. If not properly repaired, D SBs can cause gross
chromosomal rearrangements, leading to cellular dysfunction, tumorigenesis,
and the development of cancer. In eukaryotes, archaea, and some
bacteriophage, a complex made up of Mre11 and Rad50,
which are a
nuclease and ATPase, respectively, is involved in the initial processing of
D SBs. D ue to the lack of a tractable in vitro system, the biochemistry and
mechanism of the MR complex is poorly understood. We have recently
developed a robust in vitro system and our preliminary studies have indicated
that the bacteriophage T4 homologs of Mre11 and Rad50 make an ideal
model system for the mechanistic investigation of this complex. The wildtype complex has been functionally evaluated under steady state and presteady state conditions. The rate-limiting step for the ATPase reaction has
been determined for Rad50, Rad50 in the presence of Mre11 and the MR-D
complex. Rad50 active site residues have been mutated and evaluated to
determine their role in ATP binding, catalysis and allosteric communication
between Rad5 0 active sites and Mre11/ D N A.
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Understanding Epoxide Hydrolase Regiospecificity: Towards Discovery and
Design of Highly Selective Biocatalysts
Mark Aliwalas and Geoff P. Horsman*
Dept. of Chemistry, Wilfrid Laurier University, Waterloo, Canada
The ever-increasing quantity of genomic data continues to reveal a great deal about
microbial natural product biosynthesis and has enabled new molecule and biocatalyst
discovery. However, predicting chemical structures from gene sequences remains
challenging because even enzymes with high sequence similarity may catalyze
unexpectedly different reactions. This information gap between genes and chemical
structure can be narrowed by careful comparison of related biosynthetic enzymes. For
example, epoxide hydrolases (EHs) of very high sequence similarity from related
biosynthetic pathways can have different regiospecificities, resulting in opposite
stereochemical configuration in the products. Specifically, “inverting” EHs hydrolyze
an (S)-epoxide substrate to generate an (R)-vicinal diol while “retaining” EHs yield
an (S)-vicinal diol. Intriguingly, the inverting EHs possess only one of the two
canonical Tyr residues present in EHs. Biochemical characterization of several EH
mutants suggests that Tyr substitution may direct EH regiospecificity. We are now
using the Tyr substitution model to identify new EHs with predictable selectivities.
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TD- 1792,
M od e of A ction of a M ultivalent G lyc opeptid e- C ephalosporin
H eterod imer A ntibiotic
C.S. Lunde1, S.R. Lewis1, B.M. Benton1, M. Mammen2, J . Blais1 and J. Jan
Former employees of Theravance, Inc.
2
Theravance, Inc., S. San Francisco, CA, 9408,
U SA
1

c2,*

Back ground : TD -179 2 is a covalently-linked glycopeptide-cephalosporin
heterodimer antibiotic that exhibits substantially greater activity than its
component parts against Gram-positive bacteria. The aim of this study was to
elucidate the antibacterial mode of action of TD -1792.
M ethod s: MICs were determined by CLSI broth microdilution. Cell wall
inhibition assays measured the incorporation of [ 14 C] -GlcN Ac into S. aureus.
Macromolecular synthesis of protein, RN A, D N A and lipid was measured by the
incorporation of tritiated leucine, uridine, thymidine, and glycerol, respectively.
Models of TD -1792 bi nding were generated using PyMOL.
R esults: The antibacterial activity of TD -1792 ( MIC, 0.015
μg/ mL) was ≥ 64 -fold
superior to that of its individual components. Inhibition of cell wall synthesis by
TD -1792 was both potent and selective, and demonstrated that the enhanced MIC
potency derives from enhanced cell wall inhibition. N o inhibition of other
macromolecular pathways was observed. Antagonism by a D -Ala-D -Alacontaining ligand raised the MIC of TD -179 2 to that of the cephalosporin
component, and similarly shifted cell wall inhibition, indicating that the
glycopeptide component is essential. Comparing the cell wall inhibition profiles
of a β-lactam (transpeptidase inhibition) and a glycopeptide (transpeptidase and
transglycosylase inhibition), indicates that TD -1792
predominantly inhibits
transpeptidase-mediated crosslinking of peptidoglycan. A structural model
consistent with the antimicrobial and biochemical data is proposed, and shows the
multivalent binding interaction of TD -17 92 with the transpeptidase site of
S. aureus PBP2 and D -Ala-D -Ala of nascent peptidoglycan.
C onclusions: The potent antibacterial activity of TD -1792 is best explained by
its simultaneous binding to both PBP and peptidoglycan. This unique, multivalent
interaction with the cell wall machinery impairs peptidoglycan crosslinking,
similar to the action of β-lactams, but with substantially enhanced potency.
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O-GlcNAc Transferase Makes the Cut
Jiaoyang Jiang*1,2, Michael Lazarus2, Suzanne Walker2
1

Pharmaceutical Sciences Division, School of Pharmacy, University of
Wisconsin-Madison, Madison, WI 53705, USA
2
Department of Microbiology and Immunobiology, Harvard Medical School,
Boston, MA 02115, USA
Abstract: O-GlcNAc Transferase (OGT) is an essential human enzyme that
catalyzes the addition of a single N-acetylglucosamine to serine or threonine
residues of intracellular proteins. This unique post-translational modification
modulates a wide range of signaling pathways linked to glucose metabolism and
its abnormality has been linked to many human diseases. Recently, OGT has also
been suggested to participate in the proteolytic maturation of Host Cell Factor 1
(HCF-1) − an important regulator of the cell cycle. However, the role of OGT in
the proteolysis of HCF-1 remains largely unknown. This poster will present the
elucidation of this unique activity of OGT by using biochemistry, mass
spectrometry and X-ray crystallography. This study solves a long-standing
biological mystery, while expanding our knowledge of the already impressive
regulatory mechanisms of OGT in different life processes.
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Kinetic Analysis of two F420 Cofactor Dependent Enzymes
Kayunta Johnson-Winters*, Cuong Le, Mercy Oyugi, Ebenezer Joseph, Toan
Nguyen
University of Texas at Arlington, Arlington, Texas 76017
F420 Cofactor, (7,8-didemethyl-8-hydroxy-5-deazariboflavin) is an
NAD(P) analog whose structure is reminiscent of 5-deazaflavin. This cofactor has
significance in bioenergy such as carbon cycling, biofuel production, as well as
the biosynthesis of antibiotics, and the treatment of tuberculosis (TB). The focus
of this talk will be on two separate F420-Cofactor dependent enzymes, F420:
NADP+ Oxidoreductase (Fno) and F420 Cofactor Dependent Glucose-6-Phosphate
Dehydrogenase (FGD).
Found in methanogenic organisms, Fno catalyzes the reduction of NADP+
through the transfer of a hydride from the reduced F420 Cofactor (equation 1). Fno
has a conserved Isoleucine (I135) within its active-site that interacts with NADP+,
anchoring this cofactor into the optimal position for hydride transfer. To gain
more insight into the functionality of I135, we have mutated it to a glycine,
alanine and valine. The steady-state kinetic data revealed that a consistent
decrease in the length of the side chain increases kcat, while decreasing the Km for
FO Cofactor.

FGD is a separate F420 Cofactor dependent enzyme found in
Mycobacterium tuberculosis, the causative agent of TB. FGD catalyzes the
conversion of glucose-6-phosphate to 6-phosophogluconolactone (equation 2).
Based upon crystallographic data, it is believed that Histidine 40 (H40) acts as an
active site base, abstracting a proton from glucose-6-phosphate, facilitating the
hydride transfer from the substrate to the F420 Cofactor. We have mutated H40
into an alanine (H40A) to probe the functionality this residue. The steady-state
kinetic data revealed that the kcat value of H40A FGD was similar to wtFGD.
Based upon this data, it is reasonable to suggest that the H40A variant may not
serve as the active site base within FGD. Therefore, we have studied H260,
which is found within the FGD active site. Here, we will discuss kinetic
characterization of recombinant wtFGD, wtFno and their mutant forms using
steady-state kinetic methods.
Equation 2:
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Using GlfT2 point mutants to interrogate galactan chain length in
Mycobacterium smegmatis
Alexander Justen1,*, Darryl Wesener1, and Laura L. Kiessling1, 2
Department of Biochemistry, University of Wisconsin – Madison, 433 Babcock
Drive, Madison, Wisconsin 53706-1544, United States
2
Department of Chemistry, University of Wisconsin – Madison, 1101 University
Avenue, Madison, Wisconsin 53706-1322, United States
1

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is a disease that has
afflicted humanity for over 17,000 years, but only in the last 70 years has it
become curable. The advent of MDR (multi-drug-resistant) TB has necessitated
more research into developing novel tuberculosis therapeutics. In the past, one
strategy that has paid dividends has been to target the enzymes necessary for the
construction of the complex, mycobacterial cell wall. Better understanding this
cell wall could provide valuable insight into devising new treatments for
tuberculosis. One of the integral components of this cell wall is the galactan, a
polymer of repeating galactofuranose monosaccharides. Though the usual length
of the galactan is between 35-40 residues, the only known function of this
polymer is to create three arabinofuranose branch points within the first 12
galactofuranose residues. Our goal is to better understand how altering galactan
chain length affects mycobacteria in vivo. GlfT2 is the mycobacterial
galactofuranosyl transferase responsible for the construction of this chain. In vitro
studies have revealed point mutants which result in shorter polymer products. We
propose these point mutants have reduced affinity for the UDP-galactofuranose
donor, ultimately resulting in shorter chain length. Through genetic recombination
and CRISPR-mediated genome editing, we seek to investigate galactan chain
length in M. smegmatis.
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Manganese Superoxide Dismutase and Manganese Oxalate Decarboxylase:
Roles of Tryptophan
Whitney F Kellett*ϕ, Anne-Frances Miller♯ and Nigel GJ Richardsϕ
ϕChemistry and Chemical Biology, Indiana University Purdue University
Indianapolis (IUPUI), Indianapolis, IN, 46202, USA
♯
Department of Chemistry, University of Kentucky, Lexington, KY, 40506, USA
Oxalate Decarboxylase (OxDc) and Manganese Superoxide Dismutase (MnSOD)
are Manganese dependent enzymes with segregated tryptophan and tyrosine
networks. Each of these enzymes also contain a tryptophan residue that is
hydrogen bonding to a metal-binding aspartate or glutamate residue. We report
the importance of tryptophan residues to the fine structure properties and
reactivity of Manganese via electron paramagnetic resonance (EPR), as well to
the proper folding and oligomerization of the respective proteins via filtration and
circular dichroism (CD) experiments. We report an experiment to model
tryptophan into an “inactive” site, in order to “tune” the metal and render the site
active. Finally, we report the design of aromatic amino acid auxotrophic bacteria
for the expression of MnSOD and OxDc, and the effect of fluorinated aromatic
amino acid incorporation on the activity and stability of both enzymes.
Interestingly, fluorinated OxDcs maintain at least 10% activity compared to
wildtype enzyme, with substantial metal-incorporation, while fluorinated MnSOD
suffers from serious instability (possibly as a result of poor folding and therefore
poor metal incorporation).
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Transmembrane domains of bacterial cell division proteins FtsB and FtsL
form a stable 1:1 higher-order oligomer – a FRET study
Ambalika S. Khadria* and Alessandro Senes
Department of Biochemistry, University of Wisconsin-madison, Madison, WI –
53706, USA
FtsB and FtsL are two essential integral membrane proteins of the bacterial
division complex or 'divisome', both characterized by a single transmembrane
helix and a juxta-membrane coiled coil domain. The two domains are important
for the association of FtsB and FtsL, a key event for their recruitment to the
divisome that in turn enables recruitment of the late divisomal components and
subsequent completion of the division process. We have previously established
that the transmembrane domain of FtsB self-associates in Escherichia coli
membranes using a biological assay in vivo . We hypothesized that the FtsB dimer
forms a core for the lateral association of FtsL, leading to the the assembly of a
higher-order oligomeric FtsB-FtsL complex. Here we present a biophysical
analysis performed in vitro that supports this hypothesis. Using FRET, we have
measured the association of fluorophore-labeled transmembrane domains of FtsB
and FtsL in both detergent and lipid. Our findings demonstrate that these helices
form a very stable higher-order 1:1 oligomeric complex in isolation. The data also
suggest that the transmembrane component is likely to be a major contributor to
the stability of the FtsB-FtsL complex.
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Virtual screening for competitive UDP-galactopyranose mutase ligands
identifies novel class of antimycobacterial agents
Virginia A. Kincaid,1,* Nir London,2 Darryl A. Wesener,1 Kittikhun Wangkanont,3
Katrina T. Forest,4 Brian K. Shoichet,2,5 and Laura L. Kiessling1,3
Department of Biochemistry, University of Wisconsin—Madison, Madison, WI
53706, United States
2
Department of Pharmaceutical Chemistry, University of California, San
Francisco, San Francisco, CA, United States
3
Department of Chemistry, University of Wisconsin—Madison, Madison, WI
53706, United States
4
Department of Bacteriology, University of Wisconsin—Madison, Madison, WI
53706, United States
5
Faculty of Pharmacy, Donnelly Centre, University of Toronto, Toronto, Canada
M5S 3E1
1

Uridine 5’-diphosphate (UDP) galactopyranose mutase (UGM) catalyzes the
formation of UDP-galactofuranose, the nucleotide activated precursor for
incorporation of galactofuranose into cell surface glycoconjugates of several
pathogens. UGM is essential for viability of the human pathogen M. tuberculosis,
making it an attractive therapeutic target for treatment of tuberculosis. Previous
attempts to identify UGM inhibitors using high throughput screening (HTS) have
met limited success. As an alternative to the confined chemical libraries and
stringency of HTS, we turned to virtual screening. Small molecule UGM ligands
were predicted in silico and top-ranking molecules were tested empirically.
Utilizing this approach, we have identified a novel series of competitive UGM
inhibitors that display potent inhibition of UGM in vitro and exude
antimycobacterial activity. In addition, we have determined the first UGM-small
molecule co-crystal structure, guiding further optimization of this inhibitor series.
This new class of UGM inhibitors represents a promising starting point for
designing therapeutics against a very challenging target.
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Translational I nvestigation of R ibonucleotid e R ed uctase
Andrew Knappenberger1*, Faiz Ahmad2, Chris D ealwis2, Michael Harris1
D epar t m en t of B i oc he m i st ry , 2 D epar t m ent of P har m ac ol ogy , Sc hol
of M edi c i ne ,
C ase W est ern R eserv e U n i v ersi t y , C l ev el and, O
H 4106, U
ni t ed St at es
Ribonucleotide reductase (RR) converts RN A nucleotides to D N A nucleotides,
and is an attractive chemotherapy target, but present drugs are largely nucleotide
analogs which target the enzyme’ s active site1. The nature of these compounds
predisposes them to causing deleterious off-target effects2,3. A demand therefore
exists for RR inhibitors which are not nucleotide analogs. Our group seeks to
identify such compounds by a combination of in vivo and in vitro drug screens for
compounds which disrupt pools of dN TPs in vivo, and which alter the relative
V / K values for RR’ s four substrates in vitro. This disruption of dN TP pools will
interfere with D N A replication and repair, slowing tumor growth and potentiating
radiation therapy4 ,5 . The normal balanced pool of dN TPs is generated via an
elegant crosstalk system between the active site and an allosteric site where dN TP
effectors bind and modulate RR’ s preferences among its substrates6. D isrupting
this allosteric transfer of information is vital for the desired perturbation of dN TP
pools. We will observe relative rates of formation for each of the four dN D P
products in vitro using HPLC. Alternative substrate kinetics theory dictates that
this information is sufficient for the determination of relative V / Ks7 . We will use
this assay to interrogate the effects of newly screened compounds with
cytotoxicity in human cell lines. These data will provide insight into the
mechanisms of action for the screened compounds, which will lead to iterative
rational design of progressively more effective chemotherapeutic agents.
R eferences:
1. Wij erathna, S.R.; Ahmad, M.F.; X u, H.; Fairman, J .W.; Z hang, A.; Kaushal,
P.S.; Wan, Q .; Kiser, J .; D ealwis, C.G. Pharmaceuticals 2011, 4, 13281354.
2. Burstein, Harold J . J ournal of Clinical Oncology 18.3 ( 200
): 693- 693.
3. Galmarini, Carlos M., J ohn R. Mackey, and Charles D umontet. The lancet
oncology 3.7 (2002) : 41 5 -424.
4. S hewach, D onna S., and Theodore S. Lawrence. Investigational new drugs 14.3
(1996) : 25 7- 263.
5. O liver, F. J ., M. K. L. Collins, and A. Lopez-Rivas. E xperientia 52.10- 11
(1996) : 9 5- 100.
6. X u, Hai, et al. Proceedings of the N ational Academy of Sciences of the U nited
States of America 103.11 (2006) : 4022- 4027.
7. C ornish-Bowden, Athel. J ournal of theoretical biology 108.3 ( 1984) : 45 1-457.
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Structural Organization of the FtsB/FtsL Transmembrane Subcomplex of the
Bacterial Divisome.
Loren LaPointe*, Keenan Taylor, Ambalika Khadria, Sabareesh Subramaniam,
Ivan Rayment, and Alessandro Senes
Cell division represents a fundamental process in the life cycle of bacteria. The bacterial
divisome is a complex of membrane associated proteins that are required for the cell
division. Here we show that both the transmembrane (TM) and the coiled coil (CC)
domain of the divisomal protein FtsB can promote self association. We have produced a
structural model of the transmembrane region of the FtsB dimer based on mutagenesis
data, revealing that the association is dependent on a hydrogen-bonding polar residue
(Gln 16). We have also solved the crystal structure of the coiled coil domain at a 2.3A
resolution. Computational modeling reveals structural flexibility in the linker region
between the TM domain and the CC domain, corresponding to an evolutionarily
conserved glycine rich region. Our data indicates that FtsB may exist in a homooligomeric state prior to its association with FtsL, which may be required for stabilization
of the overall complex, and it is believed that this stabilization is required for competent
binding to other divisome proteins and proper cell division.
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N ext- generation tools for R N A enzy mology : Determination of rate and
eq uilibrium constants for large populations of R N A substrate variants using
high throughput seq uencing.
Hsuan-Chun Lin*, U lf-Peter Guenther, Courtney N iland, V ernon Anderson,
E ckhard J ankowsky and Michael Harris
D epartment of Biochemistry, School of Medicine, Case Western Reserve
U niversity, Cleveland, OH 4 4 10 6, U SA
RN A processing enzymes and catalytic RN As perform essential roles
throughout biology and are often the targets of therapeutic intervention for treating
human disease. Structure-function studies of RN A binding and RN A-processing
reactions, in which the effects of specific variations in sequence on specific reaction
parameters such as binding kinetics, equilibrium binding affinity and catalytic rate,
have provided deep insights into biological function to be gained. N onetheless, our
perspective is severely limited by the relatively small number of sequence variants
that can be analyzed. U sing RN ase P processing of pre-tRN A as an experimental
system are developing a set of tools based on high-throughput sequencing and
competitive substrate kinetic analysis to accurately and simultaneously determine
kinetic and equilibrium binding constants for large RN A substrate. N ext generation
sequencing is used to follow the distribution of sequences in substrate and product
populations as a function of reaction progress. Competitive substrate kinetic
analyses are used to calculate rate constants for all members of the substrate
population from these data. For RN ase P the resulting high-density structurefunction data sets are providing unique insights into patterns of molecular
recognition and the nature of specificity in RN A-protein interactions. Although
powerful, an inherent limitation of competitive multiple turnover kinetics is that
product inhibition, inactive substrate populations and multiphasic kinetics can limit
precision. U sing single turnover reactions which conform more directly to simple
exponential kinetics should allow high resolution data sets to be gained for both
binding kinetics and effects on catalysis. A similar approach is being developed
to determine equilibrium binding constants by analyzing the distribution of
sequences in free and bound populations analyzed using simple competitive
binding models. Here, free and bound populations are separated and purified by
native gel electrophoresis. In combination these approaches are providing a
comprehensive understanding of how substrate sequence and structure affect
binding affinity, association kinetics and catalysis.
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Intermediate Channeling in Urea Amidolyase, a Biotin-Dependent Multi-Functional
Enzyme
Yi Lin* and Martin St. Maurice
Department of Biological Sciences, Marquette University, Milwaukee, WI, 53201, USA.
Urea amidolyase (UAL) is a multi-functional biotin-dependent enzyme that
contributes to the virulence of several pathogenic microbes1. UAL catalyzes the hydrolysis of
urea through a combination of two separate enzyme activities: first, the urea is carboxylated
into allophanate through urea carboxylase (UC), by coordination of the biotin carboxylase
(BC) domain, the carboxyltransferase (CT) domain and the biotin carboxyl carrier protein
(BCCP) domain. Next, the allophanate is hydrolyzed into NH3 and CO2 by allophanate
hydrolase (AH)2. UAL is unique compared to other biotin-dependent enzymes in that it
incorporates four domains on a single polypeptide chain. However, little is known about the
inter-domain coordination within UAL.
First, the mechanism of intermediate transfer between UC and AH was studied. In
bacteria, UC and AH exist as two physically separate enzymes, while in yeast, UC and AH
are located on a single polypeptide chain3. However, it is not known whether UC and AH
physically associate nor is it known whether allophanate is channeled between the active sites.
To investigate this, UC and AH from Pseudomonas syringae were separately overexpressed
in E. coli. Size exclusion chromatography and co-purification studies were done to detect
formation of stable complex between UC and AH. Substrate channeling assays were
performed in vitro to detect transient interactions between UC and AH. No strong coupling
was detected between UC and AH.
What’s more, the coupling efficiency among four domains of UAL was studied using
steady-state kinetics. The results showed that the coupling efficiency between the individual
catalytic domains in UC is low, indicating that an as yet undiscovered activator may serve to
facilitate the coordination among the three catalytic domains of UC. Studies on UAL broaden
our understanding of catalysis in multi-domain, biotin-dependent enzymes and offer insights
into enzyme evolution.
1. Ghosh, S., Navarathna, D. H., Roberts, D. D., Cooper, J. T., Atkin, A. L., Petro, T. M.,
and Nickerson, K. W. (2009). Infect. Immun. 77, 1596-1605.
2. Roon, R. J., Hampshire, J., and Levenberg, B. (1972). J. Biol. Chem. 247, 7539-7545.
3. Strope, P. K., Nickerson, K. W., Harris, S. D., and Moriyama, E. N. (2011). BMC
Evol. Biol. 11, 80.
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Cory J. Knoot, Thomas M. Makris, Carrie M. Wilmot, and John D. Lipscomb*
Department of Biochemistry, Molecular Biology and Biophysics, University of
Minnesota, Minneapolis, Minnesota 55455 USA
Natural product antibiotics are often biosynthesized via NRPS-based systems.1
Tailoring reactions such as -hydroxylation shape the final antibiotic. In past
studies, we described a previously unrecognized type of NRPS-associated hydroxylase that utilizes a diiron cluster as found in oxygenases such as methane
monooxygenase (MMO).2,3 The archetypal enzyme, CmlA, catalyzes -hydroxylation of L-p-amino-phenylalanine, the precursor of chloramphenicol. Recently,
we solved the 2.17
-ray crystal structure of CmlA.4 The structure shows that
the enzyme has an N-terminal domain with a novel fold and a diiron clusterbinding C-terminal domain with a metallo--lactamase fold (Fig. 1). No other
diiron monooxygenase utilizes this fold. The diiron cluster is in a cavity that
extends 10 down from a long crease formed by the interface of the N- and Cterminal domains. The cluster in CmlA is bound by 3 His and 3 Asp Glu ligands.
One iron is coordinated by a solvent in an unusual location away from the open
substrate cavity (Fig. 2). In contrast, MMO has 2 His and 4 carboxylate ligands,
and the sites away from the substrate cavity are occupied by protein ligands. We
speculate that there is a correlation between the carboxylate His ratio and the
strength of the CH bond that can be broken; CmlA may be tuned to break the
relatively weak -carbon bond. Reduced CmlA will not bind O2 or react with its
substrate unless the latter is covalently bound to the phosphopantetheine arm of
the thiolation domain of the NRPS, CmlP. Computational docking of this domain
to CmlA shows that it binds in the interdomain crease. The covalent arm bearing
the L-p-amino-phenylalanine extends into the active site channel and places the carbon of the substrate immediately over the cluster. The lack of activity of CmlA
in the absence of substrate-loaded CmlP is mysterious. However, the structure
reveals a Glu residue ad acent to the CmlP binding site which is poised near the
unusual solvent-occupied site on the cluster. It is possible that complex formation
with CmlP shifts this residue into the ligation, thereby providing the MMO-like
4th carboxylate to potentiate O2 activation (Fig. 3). Supported by NIH GM100943
(1) Fischbach, M. A.; Walsh, C. T. Chem. ev. 200 , 10 , 3468.
(2) Makris, T. M.; Chakrabarti, M.; M nck, E.; Lipscomb, J. D. roc. Natl.
Aca . Sci. . S. A. 2010, 107, 15391.
(3) Vu, V. V.; Makris, T. M.; Lipscomb, J. D.; ue, L. JACS 2011, 133, 6938.
(4) Makris, T. M.; Knoot, C. J.; Wilmot, C. M.; Lipscomb, J. D. Biochemistry
2013, , 6662.
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Beta-Hydroxylation in Natural Product Biosynthesis:
A New Activity and a New Protein Fold for Diiron Cluster Oxygenases
Cory J. Knoot, Thomas M. Makris, Carrie M. Wilmot, and John D. Lipscomb*
continued

Figure 1. CmlA overall fold

Figure 2. CmlA diiron cluster
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Figure 3. Proposed role of E430
in triggering O2 activation

Trehalose-6-phosphate Phosphatase: Targeting the HAD Phosphatase Active Site
with Modular Inhibitors
Chunliang Liu1, Tyrel Bryan1, Jeremiah Farelli2, Karen N. Allen2 Patrick S. Mariano1 and
Debra Dunaway-Mariano1
1

Department of Chemistry and Chemical Biology, University of New Mexico,
Albuquerque, NM; 2Department of Chemistry, Boston University, 590 Commonwealth
Avenue, Boston, MA
Despite the high potential for a grand payoff, the HAD superfamily (HADSF) of
phosphatases has yet to be mined for the development medical therapeutics. Over the
course of the past decade and a half, our research has focused on defining structure,
function and mechanism for a wide variety of HADSF phosphatases. Recently, we turned
our attention to inhibitor design. The HADSF phosphatase active site is formed by
substrate-induced association of a mobile cap domain with the catalytic site of the
Rossmann-fold catalytic domain. For phosphatase-specific targeting, one end of the
inhibitor is to be optimized for complementation of the catalytic site common to each
phosphatase, and the other end optimized to complement the interfaced region of the cap
domain, unique to each phosphatase. The phosphatase selected for inhibitor development
is trehalose-6-phosphate phosphatase (T6PP), an enzyme essential to a wide range of
pathogenic bacteria and parasitic nematodes. Phosphate-like functional groups were
screened for binding affinity to the catalytic site by using trehalose as the carrier; the
sulfate group proved to be most effective. The ability of trehalose-6-sulfate to induce cap
closure was examined by SAXS, and shown to occur in the bacterial T6PP, but not in the
nematode T6PP. The X-ray structure determined for the nematode T6PP is consistent
with restricted cap movement. Organic groups, attached to glucose-6-sulfate, were then
screened for binding affinity towards the cap domain, with promising results for future
lead inhibitor development. This work was supported by NIH grant R21-AI103484.

Enzyme Structure and Function

91

Biochemical and Spectroscopic Characterization of the B12-dependent, Ironsulfur Cluster Containing Epoxyqueuosine Reductase
Zachary D. Miles*1, William Myers2, David Britt2, Carsten Krebs3
and Vahe Bandarian1
1
Department of Chemistry and Biochemistry, University of Arizona,
Tucson, AZ 85721, USA.
2
Department of Chemistry, University of California-Davis,
Davis, CA 95616, USA.
3
Department of Biochemistry and Molecular Biology and Department of
Chemistry, The Pennsylvania State University,
University Park, PA 16802, USA.
Queuosine is a hypermodified nucleoside present in tRNA with a 3′-GUN-5′
sequence in their anticodon loops (His, Asp, Asn, and Tyr)(1). Queuosine
contains a unique 7-deazapurine core structure and is synthesized de novo in
prokaryotes from guanosine-5ʹ-triphosphate in a series of eight sequential
enzymatic transformations, the final 3 of which occur on tRNA. Despite its
presence in organisms throughout all domains of life, the role queuosine plays
within biological systems is still unclear (2). Previous work in the Bandarian
laboratory has led to the in vitro reconstitution of the first four steps in the
biosynthetic pathway to the small molecule preQ0, while recent studies have led to
the identification of the enzyme that catalyzes the final step in queuosine
biosynthesis (3). It has now been confirmed that this enzyme, epoxyqueuosine
reductase (QueG), requires cobalamin and iron-sulfur clusters as cofactors for
catalysis. This presentation will summarize current progress towards functional
and spectroscopic characterization of the enzyme QueG.
1.
2.
3.
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Nishimura, S. (1983) Structure, biosynthesis, and function of queuosine in
transfer RNA. Prog Nucleic Acid Res Mol Biol 28, 49-73
Katze, J. R., Basile, B., and McCloskey, J. A. (1982) Queuine, a modified
base incorporated posttranscriptionally into eukaryotic transfer RNA: wide
distribution in nature. Science 216, 55-56
Miles, Z. D., McCarty, R. M., Molnar, G., and Bandarian, V. (2011)
Discovery of epoxyqueuosine (oQ) reductase reveals parallels between
halorespiration and tRNA modification. Proc Natl Acad Sci U S A 108,
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A Role for Protein Conformational Entropy in Enzyme Catalysis?
Brian G. Miller*
Department of Chemistry and Biochemistry, Florida State University, Tallahassee FL,
USA, 32306-4390
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X-ray Crystallography and High-Throughput Assay to Identify Inhibitors of
the Plasmodium falciparum Apicoplast DNA Polymerase.
Morgan E. Miller*, Eric E. Parrot, Risham Singh, and Scott W. Nelson
Department of Biochemistry, Biophysics, and Molecular Biology, Iowa Statue
University, Ames, IA 50011, USA
Infection by the parasite Plasmodium falciparum is the leading cause of malaria in
humans. The parasite houses a plastid-like organelle called the apicoplast, which
is essential for isoprenoid synthesis. Similar to the mitochondria and chloroplast,
the apicoplast maintains its own genome that must undergo replication and repair.
POM1 has been identified as the putative apicoplast replicative DNA polymerase.
As there are no direct orthologs to mammalian polymerases, P. falciparum POM1
is an attractive anti-malarial drug target. We have developed a fluorescence-based
high-throughput DNA polymerase assay to screen for compounds that inhibit
POM1 activity. An analysis of validation experiments indicates that the assay is
statistically robust with a signal window of 7.90 and a Z’ factor of 0.71. A pilot
screen of a 2880 compound library identified 62 possible inhibitors that cause at
least 50% inhibition of polymerase activity. To aid in the characterization of
identified inhibitors, X-ray crystallography is being used to determine the high
resolution structure of POM1. Currently no structure is available for the
apicoplast polymerase and the closest homologous protein shares less than 30%
sequence identity. Early crystallization screens have resulted in 5 to 10 µm
crystals that diffract on average to 3.5 Å and have a P622 space group with a unit
cell of a=b=139, c=145, ==90, and =120. This robust high-throughput assay
and efforts in x-ray crystallography provide a solid starting point for identifying
potential inhibitors and understanding their interactions with the apicoplast
polymerase. This, in turn, could lead to the identification of small molecules that
could serve as lead compounds in the efforts to discover and produce anti-malaria
drugs.
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Stable Mercury Isotope Fractionation by Mercuric Ion Reductase
Rachel Callaway#, Laura Sherman+, Joel Blum+, Susan M. Miller#*
#

Dept. Pharmaceutical Chemistry, University of California San Francisco, San
Francisco, CA 94158-2517, USA
+
Dept. of Earth and Environmental Sciences, Biogeochemistry and Environmental
Isotope Geochemistry Lab, University of Michigan, Ann Arbor, MI 48109 USA
Geochemists have long used measurements of variations in natural abundance
stable isotopes to trace environmental changes in biotic and abiotic processes.
Measurement of extremely small isotope effects (fractionation) involving very
heavy elements such as Hg is now possible with highly sensitive, dedicated multicollector inductively coupled plasma mass spectrometers (MC-ICP-MS).1 Thus,
Hg stable isotope fractionation is now an important tool for analysis of mercury in
environmental samples with goals of identifying sources and distribution
mechanisms for elemental, ionic and organic mercury.2 Successful modeling of
sources and movement requires an understanding of the magnitudes of
fractionation resulting from both biotic and abiotic processes. With its seven
stable isotopes distributed among both odd and even masses, Hg has been shown
to undergo both mass-dependent (MDF) and mass-independent isotope
fractionation (MIF). In particular, photochemical processes exhibit large MIF,3
while microbial transformations, including Hg(II) methylation, demethylation and
reduction to Hg(0), have been found to exhibit only MDF.4-6 Demethylation and
reduction are key reactions catalyzed by enzymes of the widespread bacterial Hg
resistance mer operon.7 Previous studies of Hg isotope fractionation in microbial
cells expressing a narrow spectrum mer operon encodeing only Hg(II) reduction
activity led to the postulate that enzymatic reduction by mercuric ion reductase
(MerA) was the most likely process responsible for the observed whole cell
isotope fractionation.8 Here we report results from the first in vitro studies of Hg
isotope fractionation by purified mercuric ion reductase.
1. JD Blum & BA Bergquist (2007) Anal Bioanal Chem 388, 353.
2. JD Blum (2011) Handbook of Environmental Isotope Geochemistry, Springer,
229.
3. BA Bergquist & JD Blum (2007) Science 318, 417.
4. K Kritee, et al. (2007) Environ Sci Tech 41, 1889.
5. K Kritee, et al. (2009) Geochim Cosmochim Acta 73, 1285.
6. P Rodriguez-Gonzalez, et al. (2009) Environ Sci Tech 43, 9183.
7. T Barkay, SM Miller, AO Summers (2003) FEMS Microbiol Rev 27, 355.
8. K Kritee, JD Blum, T Barkay (2008) Environ Sci Tech 42, 9171.
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Mechanistic tudies of a o el Antimicrobial ar et
Tatiana V. Mishanina*, John M. Corcoran and Amnon Kohen
Department of Chemistry, University of Iowa, Iowa City IA 52242, United States
Thymidylate is a critical DNA building block that has to be synthesized in cells
by all organisms. Flavin-dependent thymidylate synthase (FDTS) catalyzes the
final step in this e novo production of thymidylate in many human pathogens,
but is absent in humans. FDTS reaction proceeds via chemical route that is
different from its human enzyme analogue,1 making FDTS a potential
antimicrobial target. The chemical mechanism of FDTS is still not understood,
and the two most recently proposed mechanisms involve reaction intermediates
unusual to pyrimidine biosynthesis and biology in general (Scheme 1).2 Here we
test these mechanisms via chemical trapping of reaction intermediates, stoppedflow and substrate hydrogen isotope exchange techniques. The base-trapped
intermediate contains an unexpected flavin-nucleotide adduct that has not been
proposed in any mechanism. Efforts toward identification of this trapped species
are presented.
Scheme 1 Mechanisms of human thymidylate synthase (A) and FDTS ( , C).

(1)
(2)
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Flavin- ind uced Oligomeric C hanges in the A lk anesulfonate M onooxyge nase
Flavin R ed uctase
J onathan Musila* and Holly R. E llis.
D epartment of Chemistry and Biochemistry, Auburn U niversity, Auburn, AL
36849. U
SA.
In sulfur limiting conditions, the alkanesulfonate monooxygenase system
is induced in bacterial systems to catalyze the desulfonation of alkanesulfonates
as an alternative pathway for sulfur acquisition. This is a two component system
comprised of an FMN reductase (SsuE ) that reduces flavin using N AD PH as the
electron donor, and the reduced flavin is then transferred to the monooxygenase
enzyme (SsuD ). The SsuD enzyme in the presence of dioxygen and reduced
flavin cleaves the C-S bond of alkanesulfonates to generate sulfite and the
corresponding aldehyde (1 ).
D ifferent oligomeric states have been reported for SsuE . The flavin-free
SsuE enzyme was shown to exist as a homodimer in solution, while flavin-bound
SsuE was shown to be homotetramer in three-dimensional structural studies (1 ).
These findings suggested that an oligomeric switch exists in SsuE that is
dependent on the presence or absence of flavin. Results from analytical
ultracentrifugation studies showed that flavin-free SsuE is a homotetramer with a
molecular weight 73 ± 6 kD a, while flavin-bound SsuE is a homodimer with a
molecular weight of 39 ± 1 kD a. These findings imply that SsuE changes from a
tetramer to dimer with the binding of flavin, and the oligomeric shift may be
dependent on the enzyme concentration.
In the three-dimensional structure, SsuE exists as a dimer of dimers and
has a flavodoxin fold containing five parallel β-strands at the center, that are
flanked by α-helices. A π-helix is located in the dimer interface of SsuE that
contains conserved Tyr118. The hydroxyl group of Tyr118 forms a hydrogen
bond with Ala78 across the interface. A Y 118 A SsuE variant was generated to
evaluate the role of Tyr118 in catalysis. Protein expression and purification of the
Y 118A SsuE variant resulted in flavin-bound SsuE . There was no observable
activity in coupled assays with flavin-bound Y 118A SsuE monitoring SsuD
desulfonation. D eflavination was performed to generate flavin-free Y 118 A SsuE
to measure both flavin reductase and desulfonation activity, and the affinity of
Y 118A SsuE for flavin was determined by spectrofluorimetric titrations. The
results suggest that flavin-free Y 118 A SsuE has an increased binding affinity for
flavin compared to wild type SsuE . These studies provide new insights on flavininduced oligomerization and the structural regulation of flavin transfer by SsuE .
1.

E ichhorn, E . et al . (199

) J . B i ol . C h em . 274

, 26639- 26646.
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Proton Transfer and Short Hydrogen Bond Formation Induced by Ligand
Binding in Serine β-lactamase Catalysis
Derek Nichols*, Yu Chen
University of South Florida College of Medicine, Dept of Molecular
Medicine,12901 Bruce B. Downs Blvd, MDC 3522, Tampa, FL 33612
Ligand binding can change the pKa of protein residues and influence enzyme
catalysis. Here we report three sub-Angstrom resolution X-ray crystal structures
of CTX-M β-lactamase, representing three stages of the enzymatic pathway, apo
protein (0.80 Å), pre-covalent complex (0.89 Å) and acylation transition state
analog (0.85 Å). The binding of a non-covalent ligand induces a proton transfer
from the catalytic Ser70 to the general base Glu166, and the formation of a lowbarrier hydrogen bond (LBHB) between Ser70 and Lys73. This LBHB is absent
in the other two structures. Our data represent the first evidence of a direct and
transient LBHB stabilizing a nucleophilic serine, as hypothesized by Cleland and
Kreevoy. These results have important implications for enzyme mechanisms and
modeling of protein-inhibitor interactions.
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High-Throughput Sequencing Kinetics (HTS-Kin) Reveals Properties Of
Shared Molecular Recognition of Pre-tRNAs By RNase P
Courtney N. Niland*1, Ulf-Peter Guenter 1,2, David R. Anderson3, Eckhard
Jankowsky 1,2, Michael E. Harris 1.
1

Department of Biochemistry, Case Western Reserve University, Cleveland, OH,
2
Center for RNA Molecular Biology, Case Western Reserve University,
Cleveland, OH, 3 School of Business, CUNY Baruch College, New York, NY

In vivo, essential ribonucleoprotein enzymes recognize multiple RNA
substrates, yet it is not well understood how their individual RNA and protein
subunits cooperate to achieve molecular recognition. Ribonuclease P, RNase P, is
a ribonucleoprotein enzyme that removes 5’ leader sequences from all pre-tRNAs
despite variation in their sequence and structure. The catalytic RNA subunit of
this enzyme contains the active site, while the protein is essential for substrate
binding. Work from our lab and others reveals that both the protein and RNA
subunits of RNase P make sequence-specific contacts to the 5’ leader of pretRNA. We are investigating how variation in 5’ leader sequence affects RNase P
binding and how contacts with the RNA and protein subunits are
thermodynamically coupled. We developed a new method, High-Throughput
Sequencing Kinetics (HTS-Kin), that allows us to measure the reaction rate of
thousands of substrate sequence variants simultaneously. We randomized
nucleotides in the 5’ leader contacting the protein subunit (-3 to -8) or those
contacting protein and RNA sites (-1 to -6). HTS-KIN analyses of both
populations were obtained for RNase P holoenzyme and the RNA subunit alone
and provided reaction rate constants for nearly all of the 4096 different sequence
variants in both substrate populations. Comparison of the ribozyme and
holoenzyme results reveals changes in sequence affinity and preference in regions
of RNA-RNA and protein-RNA contact. Remarkably, the presence of protein
interactions in the 5’ leader appears to override the specificity of contacts between
the 5’ leader and the P RNA active site. Analyses of individual sequence variants
are being used to confirm and investigate further the basis for this strong
thermodynamic coupling between RNA-protein and RNA-RNA interactions. This
information will reveal how RNase P achieves specificity and provide deeper
insight into molecular recognition by multi-substrate ribonucleoprotein enzymes.
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Biochemical and Structural Characterization of a 5-Methylcytosine
Dioxygenase from Naegleria gruberi
June E. Pais*, Nan Dai, Romualdas Vaisvila, Hideharu Hashimoto, Xiaodong
Cheng, Richard J. Roberts, Yu Zheng, and Lana Saleh
New England Biolabs, Ipswich, MA, 01938, USA
DNA methylation plays an important role in the epigenetic regulation of
mammalian gene expression. The TET family of proteins is implicated in a
variety of epigenetic mechanisms involving 5-methylcytosine (5mC) and 5hydroxymethylcytosine (5hmC). TET enzymes catalyze the conversion of
5mC to 5hmC, and subsequently to 5-formylcytosine (5fC) and 5carboxycytosine (5caC) in a reaction utilizing Fe(II) and α-ketoglutarate. 5fC
and 5caC can be excised by thymine DNA glycosylase and repaired, providing
a potential route of demethylation through oxidation. To better understand this
family of proteins, we describe the structural and biochemical characterization
of a TET-like enzyme in Naegleria gruberi, termed NgTet1, which oxidizes
both 5mC and thymine. The crystal structure of NgTet1 in complex with
DNA reveals a base-flipping mechanism to accommodate 5mC in the active
site. NgTet1 utilizes a variety of substrates, though it exhibits a preference for
DNA methylated in a CpG context. A structural basis for this sequence
specificity is discussed, and site-directed mutagenesis studies reveal key
interactions between NgTet1 and the substrate DNA. A comparison of NgTet1
with the mammalian TET proteins sheds light on this important class of
enzymes, as well as providing insight into how TET enzymes have emerged
and evolved.
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MICAL, the Flavin-dependent Enzyme that Controls Cell Biology
Claudia A. Mc Donald, Ying Yi Liu, Liliya V. Mancour, & Bruce A. Palfey*
Department of Biological Chemistry, University of Michigan Medical School, 1150 W.
Medical Center Dr., Ann Arbor, MI 48109-0606
Flavin-dependent monooxygenases synthesize the flavin C4a-hydroperoxide, a
versatile oxygenating reagent, from reduced flavin and molecular oxygen. Dozens of
flavin-dependent monooxygenases have been studied in great detail, especially the
aromatic hydroxylases. The catalytic cycles of aromatic hydroxylases follow a
common outline. Catalysis is usually controlled by the rate of flavin reduction, which
is stimulated markedly by the presence of the aromatic substrate, even though it has
no chemical role in flavin reduction. Once reduced, the flavin reacts rapidly with
molecular oxygen and then transfers the terminal oxygen in an electrophilic aromatic
substitution to the aromatic substrate ortho- or para- to an electron-donating group.
The structures of flavin-dependent aromatic hydroxylases are similar. Importantly,
the flavin moves like a pendulum between at least two positions in order to perform
its diverse reactions. All aromatic hydroxylases appear to use this wavin' flavin;
conversely, this type of flavin conformational change has not been observed in other
types of flavoenzymes.
MICALs - molecule interacting with CasL - are large proteins that have N-terminal
domains with sequences and structures that strongly resemble flavin-dependent
aromatic hydroxylases, including the signature flavin conformational change. The
other domains resemble known protein-protein interaction domains. A mounting
body of cell biology research is showing that MICALs transmit extra-cellular signals
that cause the actin cytoskeleton to depolymerize. This is especially well-studied in
neurobiology, where MICAL has been shown to cause axons to stop growing, but
MICAL is involved in other cellular processes that cause cells to change shape or
move. MICAL is likely to be an attractive target in many therapies.
The enzymology of MICAL is still in its infancy. Our kinetic and spectroscopic data
are showing that the monooxygenase domain of mouse MICAL-2 (monoMICAL-2)
acts like an aromatic hydroxylase. For instance, its flavin is reduced slowly without
actin but is stimulated in the presence of actin; there is evidence for conformational
changes during reduction. The expected flavin-oxygen intermediates were detected
when reduced monoMICAL-2 reacted with O2 in the presence of actin. Electron
microscopy showed that this reaction is accompanied by the depolymerization of
actin. Actin has been reported to be oxygenated by MICAL at the sulfur of a
methionine - a reaction type never seen before by an aromatic hydroxylase. Thus,
MICAL appears to be an aromatic hydroxylase recruited by evolution to perform an
oxygenation normally performed by other types of enzymes.
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The N aturally- Occurring V 25M
V ariant of the V itamin K - Depend ent
C arboxyl ase E xhibits N ormal C atalys is but I mpaired P rocessivity
Mark Rishavy*, Kevin Hallgren and Kathleen Berkner
D epartment of Molecular Cardiology, Lerner Research Institute, Cleveland Clinic
Foundation, Cleveland, Ohio, 4 4195,
U SA.
The vitamin K-dependent carboxylase employs oxygenation of vitamin K
hydroquinone to drive carboxylation of multiple glutamates in a family of vitamin
K-dependent proteins in the E R during secretion. Carboxylation of several
glutamates is required for activity of vitamin K-dependent proteins in
physiologies such as hemostasis, calcium homeostasis, and others. Thus, the
mechanism by which the carboxylase ensures extensive carboxylation of each
individual protein is as important as the mechanism of catalysis. Carboxylation is
processive, so that each protein is completely carboxylated as a result of one
binding event, but how this is accomplished is unknown. An understanding of
processivity is especially crucial in light of efforts to overproduce vitamin Kdependent proteins such as factor V II and factor IX for therapeutic use.
D issociation of carboxylated proteins from the carboxylase must be controlled to
maintain processivity, and is suggested to limit the rate of carboxylated protein
production in cells. Modulation of the carboxylase to optimize dissociation while
maintaining processivity could thus result in improved protein production. We
now report studies of the naturally-occurring V 255M carboxylase mutant that can
begin to define how the carboxylase achieves processivity. While most naturallyoccurring carboxylase mutants have been discovered in patients suffering from
impaired hemostasis, the V 25 5 M mutant was found in a patient whose primary
phenotype was abnormal tissue calcification and folding of the skin, likely due to
defective function of the vitamin K-dependent matrix Gla protein. Additionally,
the patient exhibited compound heterozygosity, so that the S300F carboxylase
variant was also present. Biochemical analysis indicated that the S300F mutant
was incapable of glutamate carboxylation, so that all protein carboxylation in the
patient was effected by the V 255M mutant. While V 255M is fully competent for
catalysis of protein carboxylation, processivity of factor IX carboxylation was
impaired, so that dissociation takes place prior to completion of protein
carboxylation. D ifferential effects on processive protein carboxylation between
matrix Gla protein and other vitamin K-dependent proteins could potentially
explain the predominant tissue calcification phenotype that was observed.
Interestingly, carboxylation of model peptides by V 255M is strikingly similar to
that reported previously for a number of carboxylase mutants, which could
potentially lead to a further definition of maintenance of processivity.
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Mechanistic and tructural Analysis of
N-acyltransferase

Polyamine

Santiago Rodriguez-Ospina*, Daniel R. Dempsey*,
Anne-Marie Carpenter, and David J. Merkler
Department of Chemistry, University of South Florida, Tampa, Florida, 33620
USA
Fatty acid amides are an emerging family of lipids involved in the inactivation
of neurotransmitters, as cell signaling lipids, insect cuticle sclerotization, and in the
biosynthesis of melatonin. These fatty acid amides consist of short and long-chain
N-acyl amino acids, N-acylethanolamines, N-arylalkylamides, and the
N-monoacylpolyamides. Dysregulation of polyamine biosynthesis has been
associated with different diseases including cancer, Snyder-Robinson syndrome,
and has been shown to have antinociceptive, anticonvulsant, and anti-depressant
bioactivity1. One biosynthetic step in the catabolism of the polyamines is the
enzyme-catalyzed formation of N-monoacylpolyamines, which is catalyzed by a
polyamine N-acyltransferase (PNAT).
PNAT from D. melanogaster is a member of the Gcn5-related
N-acetyltransferases family which catalyzes the N-acylation of polyamines from
the corresponding acyl-CoA2,3. We evaluated PNAT using pH rate profiling,
which yielded data suggesting an acid base chemical mechanism, followed by
site-directed mutagenesis of residues proposed to be involved in catalysis.
Herein, we report the evaluation of structure-function relationships and data
suggesting a chemical mechanism for enzyme-catalyzed formation of
N-monoacylpolyamines for D. melanogaster PNAT.

1.

Ramani, D. et al. (2014) Aliphatic polyamines in physiology and diseases,
Clin. Nutr. 33, 14-22.

2.

Dyda, F., et al. (2000) GCN5-related N-acetyltransferases a structural
overview, Annu. ev. Biophy.s Biomol Struct. , 81-103.
Vetting, M. W., et al. (2005) Structure and functions of the GNAT
superfamily of acetyltransferases, Arch. Biochem. Biophys. 433, 212-226.

3.
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Computational Studies of Ligand Binding in Wild-Type Alkaline Phosphatase
Daniel Roston,*1 Fanny Sunden,2 Daniel Herschlag,2 and Qiang Cui1
1

Department of Chemistry and Theoretical Chemistry Institute, University of WisconsinMadison, Madison, WI

2

Department of Biochemistry, Stanford University, Stanford, CA

Alkaline phosphatase is one of the most proficient enzymes known, accelerating its
reaction by a factor of 1027. Recent experimental work has suggested that ground state
destabilization may play an important role in allowing the enzyme to achieve this feat. In
order to explore the role of ground state destabilization, we have examined the ground
state binding modes of some active site ligands using a variety of computational methods,
including ab initio calculations of small active site models, as well as hybrid QM/MM
simulations of the solvated enzyme that use an approximate DFT method (DFTB3) for
the QM region. We will present preliminary results that indicate active site structure and
dynamics with and without bound ligands, including the importance of flexibility of
active site residues and solvation of the active site. These results will inform continued
studies into the catalytic power of this enzyme.
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Biosynthesis of a rare deoxysugar from Yersinia enterocolitica
Ari J. Salinger, Haley A. Brown, James B. Thoden, and Hazel M. Holden
Department of Biochemistry, University of Wisconsin, Madison WI 53706
Yersinia enterocolitica is a Gram-negative bacterium responsible for the
development of the gastrointestinal disease, yersiniosis. This bacterium has been
isolated from a wide variety of vertebrates including humans, livestock, and
avifauna.
Gram-negative bacteria, such as Y. enterocolitica, contain complex
glycoconjugates referred to as lipopolysaccharides. These entities consist of three
components: the lipid A, which serves to anchor the complex glycoconjugate into
the outer bacterial membrane, a core polysaccharide, and a distal O-antigen. The
O-antigen is home to an incredibly diverse array of unusual deoxysugars
including 6-deoxy-D-gulose. To date, 6-deoxy-D-gulose has only been found in
the O-antigens of Y. enterocolitica O6, 31, and O8. For our studies, we are
characterizing the 6-deoxy-D-gulose biosynthetic pathway from Y. enterocolitica
O8, which is the most prevalent subspecies found in the United States.
The enzymes that catalyze the final two chemical transformations in the
biosynthetic pathway for 6-deoxy-D-gulose are WbcA, a proposed C-3' epimerase,
and WbcB, a C-4' ketoreductase. WbcA caught the attention of our laboratory in
that
a
primary
HO
O
O
sequence
BLAST
O
O
O
!"#&%
!"#$%
analysis showed an
HO
'$()*%
OH OCDP
OH OCDP
OH OCDP
OH
OH
interesting difference
CDP-4-keto-6-deoxyglucose% CDP-4-keto-6-deoxyallose% CDP-6-deoxygulose%
between it and other CScheme 1!
3' epimerases: namely
the replacement of a catalytic tyrosine with a cysteine residue. Strikingly, our
structural results demonstrate that Tyr 50 from a nearby β-strand is located in the
active site cleft and that the cysteine residue probably plays no mechanistic role.
In addition, our in vitro sugar synthesis assays indicate that WbcA and/or WbcB
are promiscuous enzymes. The goal of our research is to better characterize the
biological roles of WbcA and WbcB. Specifically, we are determining whether
WbcA functions as a C-3' or C-5' monoepimerase, and whether the product of the
WbcB reaction has the C-4' hydroxyl in the axial or equatorial position.
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Steenbock R evisited : U V B- Depend ent K inetics of V itamin D3 *
J ohn V . Schloss*, D epartment of Pharmaceutical Science and Research, Marshall
U niversity School of Pharmacy, Huntington, West V irginia 25701

D

3

* (relative)

Harry Steenbock is credited with discovering that food irradiated by U V -light could
prevent rickets (U S Patent N umber 1,680,818)
. At the time of Steenbock’ s
discovery, the only assay available for monitoring the U V B-dependent production
of the ‘ antirachitic factor’ was the increase in ash weight of bones from rats fed
irradiated food. To determine the kinetics of 7- dehydrocholesterol (7 D C)
photochemistry under conditions that mimic mid-day sun exposure (2.5 W/ m2 at
312 nm), a rapid method (5 minutes), based on LC-MS/ MS, has been devised to
concurrently measure 7 D C, pre-vitamin D 3 (D 3*), D 3, and other photoproducts of
7 D C irradiation. U nder these
2
conditions, maximum levels of
D 3* are obtained after 10
1.5
minutes of U V B irradiation.
Stepwise fitting of a doubleexponential
equation
for
1
production and subsequent
degradation of D 3*, gave first
0.5
order rate constants of 0 .34 ±
0.01 min-1 (half time = 2.0 min)
0
and 0.011 ± 0.03
min-1 (half
1
10
100
time = 63 min), respectively. In
Irradiation Time (min)
addition to rickets, vitamin D
deficiency has been reported to play an important role in treating or preventing a
wide range of disorders that include cancer. The role of vitamin D in cancer
prevention is of special significance, since the action spectra for mutation and
cancer risk match the wavelength dependence for converting 7 D C to D 3* (300- 320
nm) and is discrete from the action spectrum for thymine dimer formation (265 -270
nm). Calcitriol has been shown to act as an antimutagen and promote the
expression of D N A repair genes. Light-generated vitamin D may mitigate cancer
risk associated with moderate sun exposure, but lose this protective effect after
excessive sun exposure, due to photochemical depletion of D 3*.
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Partition Analysis as an Approach to Understand and
i hly ptimi ed Irre ersible Inhibitors

aluate the Potency of

Phillip A. Schwartz*, John G. uinn, and Mark S. Hixon
Enzymology and Biophysical Chemistry, Takeda California, Inc., San Diego, CA
92121, USA
Within the US formulary, 30 of known enzyme targets are inhibited by drugs
acting irreversibly (Biochemistry 200 , 44 5561-5571). While many of the earlier
drugs have effective therapeutic windows, their general reactivity would preclude
their development today. More recently, kinases containing susceptible active site
cysteine nucleophiles have become the target of a new generation of irreversible
inhibitors. One such example is EGFR targeted by Afatinib. These late generation
inhibitors contain weakly-reactive warheads and have dissociation rates so slow
that irreversible chemistry competes with or dominates the outcome of any
binding event. Such agents defy description by the classical irreversible inhibition
model. Significantly, the steady state approximation breaks down and textbookbased analysis will lead to incorrect conclusions about affinity and dosing.
Successfully driving a drug discovery program involving highly optimized
irreversible inhibitors requires a new paradigm.
This work presents an approach to understand and evaluate optimized
irreversible inhibitor potency. By the method of net rate constants we arrive at a
simple partition analysis revealing how the microscopic rate constants contribute
to potency for two-step irreversible inhibitors. The well known specificity
parameter ( inact I) is expressed in terms of the underlying microscopic rate
constants arranged as on* inact ( inact
off) . From this perspective, we see that
the inhibition process is driven by the rate of enzyme-inhibitor association
multiplied by the fraction of the subsequent enzyme-inhibitor complex that
partitions to covalently inactivated enzyme; a type of forward commitment we
call commitment to covalency . In the classic model, this process is assumed to
be uncommitted, i.e., inhibitor exchange occurs at much higher frequency than
inactivation. In contrast, our current generation of inhibitors tends toward high
commitment. When such highly optimized inhibitors are analyzed by a re-plot
method, the apparent binding affinity paradoxically appears weaker as the
commitment increases, leading to an underestimation of the true potency. This
effectively handicaps the medicinal chemist from accurately tracking the
improvements in potency and leads to erroneous SAR.
The practical considerations that arise from highly committed inhibitors
are discussed. Among these are methods to determine commitment, SAR
optimization strategies and the impact on pharmacokinetics pharmacodynamics.
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Sw it4 2 5 9 , an E nzy me of U nk now n Function from Sphingomonas wittichii
R W1, h
as in vitro H y d ratase/A ld olase A ctivity
D epar t m en t of

Z ahra Mashhadi, N icholas R. Silvaggi
C he m i st ry and B
i oc he m i st ry , U ni v ersi t y of W i sc ons

i n- M i l w auk ee,

The Gram-negative bacterium Sphi ngom
onas w i t t i c hi i RW1 is notable for its
ability to metabolize a variety of aromatic hydrocarbons (AH). N ot surprisingly,
the S. w i t t i c h i i genome contains a number of putative AH degradation gene
clusters. One of these includes an enzyme of unknown function, Swit4259,
with
significant sequence identity to acetoacetate decarboxylase, placing it in the
acetoacetate decarboxylase-like superfamily (AD CSF). The AD CSF is a poorlycharacterized group of enzymes whose reaction and substrate specificities are not
well known, though differences in active site residues among AD CSF members
suggest that there is significant diversity in both substrate and reaction
specificities. Swit4 25 9 is a small (28 .8 kD a), tetrameric AD CSF enzyme that,
unlike the prototypical members of the superfamily, does not have acetoacetate
decarboxylase activity. Our structural characterization shows that the tertiary
structure of Swit4259
is nearly identical to the true decarboxylases, but there are
important differences in the fine structure of the Swit4259 a ctive site that lead to a
divergence in function. Our preliminary steady state kinetics data show that, while
it is clearly not the biologically-relevant substrate, Swit4259
catalyzes the
hydration and retro-aldol cleavage of 2-oxo-3-hexenedioate to yield pyruvate and
malonate semialdehyde. The enzyme does not appear to catalyze the aldol
condensation of pyruvate and succinic semialdehyde or other aliphatic and
aromatic aldehydes tested. These data, along with the genomic context, suggest
that Swit4259
is a hydratase-aldolase with a role in the metabolism of an
unknown aromatic hydrocarbon. While this chemistry is common in bacterial
catechol meta-cleavage pathways, this AD CSF enzyme essentially does the work
of two enzymes: MhpD and MhpE . Our structural and preliminary kinetic
characterization of Swit4259
also point to structural features that may control the
preferred direction of the reaction in AD CSF aldolases. These data have
implications for engineering bioremediation pathways to degrade specific
pollutants, as well as structure-function relationships within the AD CSF in
general.
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Structural and M echanistic Stud ies of N A D K inase: a Seq uential K inetic
M echanism and I d entification of an I nhibitor that Bind s to the N A D- Bind ing
Site
William E . Karsten, V y H. Trinh, Travis W. Bates, Candace Palmer, and Paul A.
Sims*
D epartment of Chemistry and Biochemistry, U niversity of Oklahoma, N orman,
Oklahoma, 73019,
U . S. A.
N AD kinase catalyzes the ATP-dependent phosphorylation of the oxidized form
of nicotinamide adenine dinucleotide (N AD + ) to produce N AD P+ . This reaction is
an essential reaction and one for which no known bypass reactions occur;
accordingly, this enzyme is potentially a good target for antibiotic development,
provided that selective inhibitors can be found. Toward this end, a series of
structural, steady-state, and inhibition studies have been undertaken provide the
foundation for subsequent antibiotic discovery efforts. The preliminary results of
a steady-state kinetic analysis suggest an ordered addition of free metal ion M
(either Mg2+ ion or Mn2+ ion), followed by MATP, and then by N AD + .
Intriguingly, one of the products of the coupled assay (N AD PH) shows nonlinear
inhibition in a double-reciprocal plot of 1/ v vs. 1/ [ N AD + ] ; this observation
suggests that N AD PH possibly binds to multiple sites on N AD kinase. Thus, the
activity of N AD kinase may be under allosteric control. Concurrent screening of a
compound library from ChemBridge revealed a few “ hits” , one of which, when
characterized further, showed competitive inhibition with N AD and
uncompetitive inhibition with MgATP. When the inhibitor was computationally
docked to the structure of the L i st eri a form of N AD kinase (PD B: 2I2F), the
inhibitor preferentially “ bound” to the N AD -binding site. The inhibitor was cocrystallized with N AD kinase in an attempt to determine the structure of the
enzymeinhibitor complex, but efforts to solve the structure were thus far
unsuccessful. Preliminary inhibition studies with human N AD kinase indicated
some selectivity (i.e., the human version was not inhibited to the same extent as
the bacterial enzyme).
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Nitric Oxide Synthase Molecular Architecture and Domain Interfaces
Regulate Electron Transfer and Calmodulin Activation
Brian Smith*a†, Melody Campbellb, Eric Underbakkea, Daniel Kulpc, William
Schiefc, Clinton Potterb, Bridget Carragherb, and Michael Marlettaa
Departments of aChemistry, bIntegrative Structural and Computational Biology,
and cImmunology and Microbial Science, The Scripps Research Institute, La
Jolla, CA 92037, USA. †Current address: Department of Biochemistry, Medical
College of Wisconsin, Milwaukee, WI 53226, USA.
Nitric oxide (NO) has several essential functions in mammalian physiology. NO
produced by the neuronal and endothelial nitric oxide synthase isoforms (nNOS
and eNOS) initiates diverse signaling processes including vasodilation and
neurotransmission. The inducible NOS isoform (iNOS) produces NO as a
cytotoxin at sites of infection. Mammalian NOS isoforms are homodimers
composed of two domains connected by an intervening calmodulin-binding
region (see Figure). The N-terminal oxidase domain binds heme and
tetrahydrobiopterin and the arginine substrate. The C-terminal reductase domain
is further divided into the FMN-binding and FAD/NADPH-binding subdomains.
Although several structures of individual NOS domains have been reported, a
structure of the entire NOS holoenzyme has been elusive. Determination of the
NOS structure and higher-order domain architecture is essential to understand the
molecular details governing NO formation. In particular, the pathway of electron
transfer from NADPH, through the flavin cofactors, and eventually to heme, as
well as the mechanisms through which calmodulin binding activates this electron
transfer, have remained largely unknown. Here, we combined high-throughput
single-particle electron microscopy (EM) and hydrogen–deuterium exchange
mass spectrometry (HDX-MS) to obtain structures of all three NOS holoenzymes
and map critical NOS interaction surfaces. The structures of iNOS, eNOS, and
nNOS are similar consisting of a dimerized oxidase domain flanked by two
separated reductase domains. We observed many conformations of each NOS
isoform that represent snapshots of the continuous electron transfer pathway from
the reductase domain to the oxidase domain. The formation of interfaces between
the oxidase domain, FMN subdomain, and calmodulin observed by EM were
confirmed using HDX-MS and kinetic studies of interface mutants. Integration of
these results with computational docking revealed a pathway for electron transfer
from NADPH to heme and the mechanisms through which calmodulin activates
this electron transfer. Direct visualization of the conformational changes induced
during electron transfer provides significant insight into the molecular
underpinnings governing NO formation.
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Nitric Oxide Synthase Molecular Architecture and Domain Interfaces
Regulate Electron Transfer and Calmodulin Activation
Brian Smith*a†, Melody Campbellb, Eric Underbakkea, Daniel Kulpc, William
Schiefc, Clinton Potterb, Bridget Carragherb, and Michael Marlettaa
continued
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Mechanistic Studies of Nicotinate Degrading Enzymes and the Identification
of a Novel nic Cluster in Bacillus niacini.
Mark J. Snider*1, Zachary Harvey,1 Helena Kondow,1 Pailin Chiaranunt,1 and
Mark Anderson2
1
2

Department of Chemistry, The College of Wooster, Wooster, OH 44691 USA
Enzyme Institute, University of Wisconsin, Madison, WI 53726 USA

Nicotinate (vitamin B3) is a key intermediate in NADH/NADPH biosynthesis but
can also be used as a source of carbon, nitrogen and energy in a number of soildwelling bacteria. The catabolism of nicotinate can occur by multiple routes
depending on oxygen availability, in which 6-hydroxynicotinate is the common
first intermediate. Bacterial degradation of nicotinate is considered a model
pathway for enzymatic degradation of N-heterocyclic aromatic compounds in the
environment. Gene clusters that code these degradation enzymes have recently
been identified in bacteria that inhabit corn rhizospheres (e.g. Pseudomonas),
pathogenic bacteria that inhabit the lungs (Bordetella) and anaerobic bacteria
(Eubacterium), allowing for novel mechanistic and structural studies of the
enzymes in these pathways. Here we present results from recent kinetic studies
on 6-hydroxynicotinate monooxygenase (NicC) and maleamate amidohydrolase
(NicF), enzymes in the aerobic pathway from Bordetella bronchiseptica. Using a
genomics approach, we have also recently identified a novel gene cluster in
Bacillus niacini that we are currently examining for nicotinate catabolism and will
present mass spectrometry evidence of the pathway intermediates and functional
annotations of the key enzymes involved.
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A conformational change regulates the activity of MbsG, a flavindependent N6-lysine monooxygenase
Pablo Sobrado*, Reeder Robinson, and Pedro Rodriguez, Department of
Biochemistry, Virginia Tech, Blacksburg, VA 24061 USA
	
  
The mechanism of Mycobacterium smegmatis G (MbsG), a flavin-dependent Llysine monooxygenase, was investigated under steady-state and rapid reaction
conditions using primary and solvent kinetic isotope effects, substrate analogs, pH
and solvent viscosity effects as mechanistic probes. The results suggest that Llysine binds before NAD(P)H, which leads to a decrease in the rate constant for
flavin reduction. L-lysine binding has no effect on the rate of flavin oxidation,
which occurs in a one-step process without the observation of a C4ahydroperoxyflavin intermediate. Similar effects were determined with several
substrate analogs. Flavin oxidation is pH independent while the kcat/Km and kred/KD
pH profiles for NAD(P)H exhibit single pKa value of ~6.0, with increasing
activity as the pH decrease. At lower pH, the enzyme becomes more uncoupled,
producing more hydrogen peroxide and superoxide. Hydride transfer is partially
rate-limiting at neutral pH and becomes more rate-limiting at low pH. An inverse
solvent viscosity effect on kcat/Km for NAD(P)H was observed at neutral pH
whereas a normal solvent viscosity effect was observed at lower pH. Together, the
results indicate a unique mechanism where a rate-limiting and pH-sensitive
conformational change occurs in the reductive half-reaction, which affects the
efficiency of lysine hydroxylation.
MbsG
Lys

Fl ox

NAD(P)H
Fl oxLys

O2
*FloxLysNAD(P)H

Fl redLysNAD(P) +

Fl OOHLysNAD(P) +

Fl OHNAD(P) +LysOH

Fl ox
NAD(P) +,
LysOH, H 2O

Scheme 1. Kinetic mechanism of MbsG. In this mechanism, lysine binding slows
a rate-limiting conformational change, which in turn decreases the flavin
reduction step and the production of reactive oxygen species.
This work was supported by a grant from the National Science Foundation (MCB
1021384)
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The Unusual Structure of Aspergillus nidulans Pyruvate Carboxylase
Provides Novel Insights into Allosteric Activation
Adam Lietzan, Taylor Stevens and Martin St. Maurice*
Department of Biological Sciences, Marquette University, Milwaukee, WI, 53233
Pyruvate Carboxylase (PC) is a multifunctional biotin-dependent enzyme. To
effect catalysis, the biotin carboxyl carrier protein (BCCP) domain must
translocate from the biotin carboxylase (BC) to the carboxyltransferase (CT)
domain, catalyzing the transfer of a carboxyl group from bicarbonate to pyruvate,
generating oxaloacetate. In PC enzymes isolated from most species, the reaction
is subject to allosteric regulation by the non-essential activator, acetyl-CoA. PC
from Aspergillus nidulans, however, is not subject to allosteric activation in the
overall reaction, despite maintaining all of the amino acid residues known to be
critical for binding acetyl-CoA. We describe new kinetic and structural studies on
A. nidulans PC that reveal unexpected insights into allosteric activation and interdomain interactions in PC. Through detailed kinetic analyses of A. nidulans PC,
chimeric enzymes and mixed tetramers, we have determined that A. nidulans PC
is subject to allosteric activation, but in a manner that is unique compared with
other PC enzymes. In addition, the X-ray crystal structure of A. nidulans PC to 3.0
Å resolution reveals a surprising plasticity in the movement of the swinging arm
domain that may be correlated with this enzyme’s unusual allosteric activation.
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Structure and Function of the Conserved “Skip Residues” in Light
Meromyosin
  
a
b
Keenan  C.  Taylor *,  Nihal  Korkmaz ,  Massimo  Buvolic,  Ada  Buvolic,  Nathan  T.  
Heinza,  Qiang  Cuib,  Leslie  A.  Leinwandc,  and  Ivan  Raymenta*  
  
Affiliations
aDepartment  of  Biochemistry,  University  of  Wisconsin,  433  Babcock  Drive,  
Madison,  WI  53706,  USA  
bDepartment  of  Chemistry  and  Theoretical  Chemistry  Institute,  University  of  
Wisconsin,  Madison,  WI  53706,  USA  
cDepartment  of  Molecular,  Cellular,  and  Developmental  Biology  and  Biofrontiers  
Institute,  University  of  Colorado,  Boulder,  CO  80309,  USA  
Muscle  contraction  is  driven  by  the  interaction  between  myosin  and  actin  and  the  
associated  hydrolysis  of  ATP,  but  the  long  range  transmission  of  force  resides  in  
the  fundamental  ability  of  myosin  and  actin  to  self  assemble  into  organized  thick  
and  thin  filaments  respectively.  For  myosin,  this  property  of  assembly  is  derived  
from   an   extensive   C-‐‑terminal   coiled-‐‑coil   region   known   as   light   meromyosin  
(LMM).  1  
LMM   is   highly   conserved   and   shows   a   remarkable   28   amino   acid   repeat   that  
itself  exhibits  an  alternating  pattern  of  positively  and  negatively  charged  amino  
acids   suggestive   of   a   staggered   interaction   between   adjacent   molecules   in   the  
thick   filament.   Interestingly,   the   repeating   28   amino   acid   motif   is   disrupted   at  
four  locations  in  skeletal  and  cardiac  myosin  by  the  presence  of  additional  “skip”  
residues.  2    
At   this   time   the   molecular   organization   of   myosin   in   the   thick   filament   is   still  
unresolved.   To   gain   insight   into   specific   role   of   the   “skip”   residues   a   three-‐‑
pronged  investigation  has  been  conducted.  Structures  of  the  region  surrounding  
the   four   “skip”   residues   have   been   determined.   A   computational   approach   has  
been   used   to   gain   insight   into   the   molecular   dynamics.   Lastly,   an   in-‐‑vivo  
assembly  assay  examined  the  functional  importance  of  each  “skip”  residue.    
1.  Lowey,  S.,  Slayter,  H.  S.,  Weeds,  A.  G.,  and  Baker,  H.  (1969)  Substructure  of  the  
myosin  molecule.  I.  Subfragments  of  myosin  by  enzymic  degradation,  J.  
Mol.  Biol.  42,  1-‐‑29.  
2.  McLachlan,  A.  D.,  and  Karn,  J.  (1982)  Periodic  charge  distributions  in  the  
myosin  rod  amino  acid  sequence  match  cross-‐‑bridge  spacings  in  muscle,  
Nature  299,  226-‐‑231.  
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Structure and function of an N-formyltransferase from Campylobacter jejuni
James B. Thoden1,*, Marie-France Goneau2, Michel Gilbert2, and
Hazel M. Holden1
1

Department of Biochemistry, University of Wisconsin, Madison WI 53706
Human Health Therapeutics, National Research Council, Ottawa, Canada

2

Campylobacter jejuni is a Gram-negative bacterium responsible for the
development of human gastroenteritis worldwide. It has also been implicated in
the development of Guillain-Barré syndrome, an acquired autoimmune disease
resulting in temporary paralysis. Indeed, it is now believed that President Franklin
Delano Roosevelt suffered from Guillain-Barré syndrome rather than
poliomyelitis. Unlike most other bacteria, C. jejuni harbors an N-linked protein
glycosylation system.
Gram-negative bacteria, such as C. jejuni, contain complex glycoconjugates
referred to as lipopolysaccharides. These entities consist of three components: the
lipid A, which serves to anchor the complex glycoconjugate into the outer
bacterial membrane, a core polysaccharide, and an O-antigen, that extends
farthest from the bacterium. Many pathogenic bacteria, including C. jejuni,
Francisella tularensis, Providencia alcalifaciens, and Brucella melitensis, contain
unusual N-formylated sugars in their O-antigens.
We recently conducted a structural and functional investigation on an Nformyltransferase from C. jejuni 81116, which catalyzes the last step in the
production
of
dTDP-3,6dideoxy-3-formamido-D-glucose
or dTDP-Qui3NFo (Scheme 1).
For this investigation, seven X	
  
ray structures of the enzyme, in
Scheme 1
complexes with various dTDPlinked sugars and cofactors, were determined to resolutions of 1.9 Å or better.
One of the models, with bound N10-formyltetrahydrofolate and dTDP, represents
the first glimpse of an N-formyltransferase with its natural cofactor. On the basis
of these structures, site-directed mutant proteins were constructed, their kinetic
parameters measured, and a catalytic mechanism proposed. In addition, enzymatic
assays demonstrated that the enzyme is also capable of utilizing dTDP-3,6dideoxy-3-amino-D-galactose (dTDP-Fuc3N) as a substrate as well, albeit at a
much reduced catalytic efficiency. The research described herein serves as a
paradigm for bacterial N-formyltransferases in general.
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The Structure-Function Map of the Hotdog-fold Enzyme Superfamily: The Official
Trailer
1
2
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The	
  hotdog-‐fold	
  superfamily	
  is	
  a	
  functionally	
  diverse	
  family	
  of	
  evolutionarily	
  related	
  
enzymes,	
   which	
   share	
   a	
   common	
   α + β-‐fold.	
   The	
   founding	
   member	
   of	
   this	
  
superfamily	
   is	
   the	
   E.	
   coli	
   β-‐hydroxydecanoyl-‐holo	
   acyl	
   carrier	
   protein	
   (ACP)	
  
dehydrase/isomerase.	
   Janet	
   Smith	
   and	
   her	
   co-‐workers	
   coined	
   the	
   name	
   “hotdog-‐
fold”	
   to	
   represent	
   the	
   observed	
   tertiary	
   structure	
   consisting	
   of	
   a	
   5-‐turn	
   α-‐helix	
  
cradled	
   by	
   a	
   curved,	
   7-‐stranded	
   antiparallel	
   β-‐sheet.	
   The	
   functional	
   unit	
   was	
  
reported	
   as	
   a	
   dimer,	
   with	
   the	
   subunit	
   interface	
   joining	
   the	
   two	
   β-‐sheets	
   into	
   a	
  
continuous	
  14-‐stranded	
  sheet.	
  The	
  two	
  active	
  sites	
  are	
  located	
  at	
  opposite	
  ends	
  of	
  
the	
  interfaced	
  sheets.	
  The	
  high	
  plasticity	
  of	
  the	
  hotdog-‐fold	
  is	
  inferred	
  from	
  the	
  large	
  
degree	
  of	
  sequence	
  variation	
  observed	
  between	
  orthologs,	
  and	
  the	
  trait	
  of	
  high-‐level	
  
functional	
  evolvability	
  that	
  has	
  been	
   discovered	
  through	
  high-‐resolution	
  analysis	
  of	
  
structure-‐function	
   in	
   targeted	
   paralogs.	
   The	
   rapid	
   adaptation	
   of	
   the	
   hotdog-‐fold	
  
enzyme	
  to	
  a	
  novel	
  substrate	
  is	
  attributed	
  to	
  an	
  active	
  site	
  platform	
  that	
  supports	
  the	
  
participation	
  of	
  conserved	
  catalytic	
  residues	
  in	
  different	
  spatial	
  configurations	
  and	
  
in	
   different	
   roles.	
   The	
   known	
   functions	
   center	
   on	
   holo-‐ACP	
   and	
   CoA	
   thioester	
  
substrates,	
   and	
   include	
   hydrolysis	
   at	
   the	
   thioester	
   moiety	
   as	
   well	
   as	
   a	
   variety	
   of	
  
elimination	
  or	
  addition	
  reactions	
  that	
  typically	
  involve	
  a	
  βC-‐X	
  function	
  (X	
  =	
  OH,	
  NH3,	
  
COO).	
   The	
   present	
   study	
   was	
   undertaken	
   to	
   generate	
   an	
   up-‐to-‐date	
   sequence	
  
similarity	
   network	
   for	
   the	
   hotdog-‐fold	
   family	
   and	
   to	
   annotate	
   this	
   network	
   with	
  
demonstrated	
   (1)	
   in	
   vitro	
   function	
   (chemical	
   reaction	
   and	
   substrate	
   range)	
   and	
  
biological	
   function	
   (physiological	
   substrate	
   and	
   biological	
   context),	
   (2)	
   biological	
  
range,	
   and	
   (3)	
   catalytic	
   residue	
   configuration	
   and	
   role.	
   We	
   use	
   bioinformatic	
  
methods	
   to	
   mine	
   protein	
   sequence	
   and	
   three-‐dimensional	
   structure	
   databases.	
  
Function	
   annotation	
   is	
   based	
   on	
   published,	
   and	
   in-‐house,	
   experimental	
   substrate	
  
activity	
   determinations	
   coupled	
   with	
   bioinformatic-‐based	
   ortholog	
   tracking.	
   Even	
  
though	
  this	
  analysis	
  is	
  a	
  “work-‐in-‐progress”	
  the	
  initial	
  findings	
  suggest	
  a	
  highly	
  fluid	
  
landscape	
   for	
   the	
   evolution	
   of	
   structure	
   and	
   function	
   that	
   contains	
   elements	
   of	
  
convergent	
  as	
  well	
  as	
  divergent	
  evolution.	
  This	
  work	
  was	
  supported	
  in	
  part	
  by	
  NIH	
  
General	
   Medical	
   Sciences	
   Grant	
   R01-‐GM28688	
   (D.D.-‐M.,	
   K.N.A.)	
   and	
   Grant	
   U54	
  
GM074945	
  (S.C.A).	
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Crystal Structures of UDP-Galactopyranose Mutase from Corynebacterium
diphtheriae
Kittikhun Wangkanonta*, Katrina T. Forestb, Laura L. Kiesslinga,c
a

Department of Chemistry, bDepartment of Bacteriology, cDepartment of
Biochemistry, University of Wisconsin-Madison, Madison, WI 53706
Carbohydrate residues are crucial building blocks of microbial cells and
virulence factors. In particular, galactofuranose is found in numerous pathogenic
bacteria such as Mycobacterium tuberculosis and Corynebacterium diphtheriae.
However, this carbohydrate residue is absent in mammalian systems, making its
biosynthetic enzymes prime targets for drug development. Our research group has
been actively investigating the structure and enzymatic mechanism of UDPgalactopyranose mutase (UGM), an enzyme which isomerizes UDPgalactopyranose to generate UDP-galactofuranose using FAD as a cofactor. Here
we present crystal structures of UGM from Corynebacterium diphtheriae in
complex with UDP-galactopyranose. In contrast to previously reported structures,
the substrate-bound enzyme is in an open conformation. Upon reduction of FAD,
asymmetry is observed in the dimeric enzyme. These structures represent an
important step toward understanding substrate selectivity and conformational
change required for catalysis. Moreover, these structure will aid in designing
UGM inhibitors for development of antimicrobial agents.

118 36th Steenbock Symposium

May 22nd – 24th, 2014

Recognition of Non-Mammalian Glycan Epitopes by Human Intelectin
Darryl A. Wesener1*, Matthew B. Kraft2, Rebecca A. Splain2, Lucas C. Zarling1,
Kittikhun Wangkanont2 and Laura L. Kiessling1,2
1

Biochemistry Department 2Chemistry Department University of Wisconsin—
Madison, Madison, WI USA.
Differences in cell surface glycans can serve as markers of a cell’s identity—its
origin, its developmental state, or whether it is self- or non-self. Specific
recognition of these surface glycoconjugates is paramount for biological
processes ranging from reproduction to immune function. To discriminate selffrom non-self cells, humans utilize proteinaceous carbohydrate-binding proteins,
or lectins. For example, soluble lectins of the innate immune system are among
the first host-derived biomolecules to recognize microbes. We found that human
intelectin (hIntL) binds the non-human monosaccharide β-D-galactofuranose
(Galf) with high affinity and selectivity. Intriguingly, glycan array screening
technology revealed that hIntL fails to bind mammalian carbohydrate epitopes. To
investigate this furanoside specificity, we are currently pursuing structural studies.
Our results indicate hIntL is the first human lectin found to be specific for
nonhuman glycan epitopes. Moreover, its ability to serve as a furanoside-selective
lectin suggests it will be a valuable tool for detecting and diagnosing pathogens
that display galactofuranose-containing glycans.
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N-Acylsulfonamide Inhibitors of UDP-Galactopyranose Mutase Act as
Carboxylate Mimics and Disrupt Mycobacterial Growth
Valerie J. Winton*1, Nir London2, Brian K. Shoichet2, and Laura L. Kiessling1,3
Departments of Chemistry1 and Biochemistry3, University of Wisconsin-Madison,
Madison, WI, 53706 USA
Department of Chemistry2, University of Toronto, Toronto, ON, M5R 0A3
Canada
Mycobacterium tuberculosis is the causative agent of tuberculosis, an infectious
disease responsible for over one million deaths per year.1 Mycobacteria are
intrinsically resistant to antibiotic treatment due to their thick, hydrophobic cell
wall, which constitutes a near-impermeable barrier between drugs and their
targets. This unique structure contains a highly branched arabinogalactan
polysaccharide which provides a covalent attachment point for an exterior layer of
mycolic acids.2 The cell wall complex is crucial for mycobacterial viability and
pathogenesis, and therefore is an attractive target for potential antibacterial agents.
UDP-galactopyranose mutase (UGM) provides the activated galactofuranose
sugar donor essential for construction of the arabinogalactan.3 A class of 2aminothiazoles, developed in the Kiessling laboratory to target UGM, have been
found to inhibit mycobacterial growth.4 These compounds include a carboxylate
moiety which is crucial for binding. However, carboxylates can be metabolized to
toxic by-products5 and are believed to impart unfavorable membrane permeation
characteristics.6 In this work, we designed a series of N-acylsulfonamide variants
as carboxylate mimics. We anticipated that this modification would preserve
required binding interactions and would afford greater permeation of the cell
envelope while minimizing toxicity to mammalian cells. The N-acylsulfonamide
analogues were shown to be effective carboxylate mimics, and they exhibit in
vitro UGM inhibition comparable to their predecessors. In addition, several Nacylsulfonamide derivatives induce superior growth inhibition of Mycobacterium
smegmatis in both liquid and solid media cultures.
1. WHO and Global Tuberculosis Programme. Global Tuberculosis Report 2012.
2. Brennan, P. J. Tuberculosis. 2003, 83, 91-97
3. Pan, F.; Jackson, M.; Ma, Y.F.; McNeil, M. J. Bacteriol. 2001, 183, 3991–3998
4. Dykhuizen, E. C.; May, J. F.; Tongpenyai, A.; Kiessling, L.L. J. Am. Chem.
Soc. 2008, 130, 6706-6707
5. Skonberg, C., et. al. Expert Opin. Drug Metab. Toxicol. 2008, 4, 425–438
6. Klemm, A. R., et. al. BBA-Biomembranes. 1998, 1373, 17-26.
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C TD C od e: a C ombinatorial C od e for E uk aryot ic Transcription
Y an J essie Z hang*, Mengmeng Z hang, Y onghua Luo, Sollepura D
Y ogesha and J oshua E . Mayfield
D epartment of Molecular Biosciences and Institute for Cellular and
Molecular Biology, U niversity of Texas at Austin, Austin, TX 7812
In eukaryotes, the C-terminal domain of RN A polymerase II (CTD )
orchestrates the temporal and spatial control of transcription and is involved in the
epigenetic regulation of gene expression. E rrors in CTD regulation can result in
cell death, cancer and severe developmental defects. The CTD executes its
function as transcription modulator through various post-translational
modifications on its heptad repeat sequences. Recently, novel modifications on
new regulatory sites of CTD have been identified, setting the stage for the
possibility of combinatorial mechanisms for transcription regulation. We focused
on two well-characterized modification of CTD , namely serine phosphorylation
and prolyl isomerization, and discuss the interplay between the enzymes
regulating these modification states. Our results established that the selectivity of
prolyl isomerization state of CTD on phosphatases can lead to differentiated
outcome for the CTD phosphorylation state and therefore, transcription. To
further investigate the prolyl selectivity, we developed chemical compounds that
can be used to probe such subtle structural variation in the CTD binding proteins.
These compounds closely mimic the cis or trans proline state and can be
effectively recognized by CTD phosphatases. The application of such chemical
probes can help us understand the molecular mechanism of the interplay between
phosphorylation and prolyl isomerization state and how that affect the
conformational status of CTD in transcription temporally and spatially.
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E xploration of the M echanism of Oxalate Decarboxyl ase by H
K inetic I sotope E ffects

eavy A tom

Wen Z hu,‡* Laurie A. Reinhardt,§ Whitney F. Kellett,‡ and N igel G. J . Richards‡
‡ D epartment of Chemistry and Chemical Biology, Indiana U niversity-Purdue
U niversity Indianapolis, Indianapolis, IN 46202 U
.S.A.
§ Institute for E nzyme Research and D epartment of Biochemistry, U niversity of
Wisconsin-Madison, Madison, WI 53726 U .S.A.

Oxalate decarboxylase (OxD c) is a Mn-dependent protein which catalyzes the
decarboxylation of oxalate to yield formate and carbon dioxide in the presence of
O2. [ 1] Heavy atom kinetic isotope effects (KIE s) study has been successfully
employed in probing the mechanism of wild type (WT) OxD c. KIE s
measurements represented a detailed information of the catalytic mechanism of
WT OxD c, which the decarboxylation of enzyme bound oxalate involves
heterolytic cleavage of C-C bond and consistent with the proton-coupled electron
transfer mechanism. [ 2] Moreover, the results of KIE s for several site-specific
mutations of OxD c, including the R92K , W132F, R270K , E 333D , T165V , and
SE N S161-4 D ASN variants, were able to provide more detail on the functional
role of these conserved residues in OxD c. [ 3,4 ] This poster will present a review of
the KIE s study on OxD c and show how these results help us to explain the
mechanism of OxD c.
[ 1] Svedruzic, D .; J onsson, S.; Toyota, C. G.; Reinhardt, L. A.; Ricagno, S.;
Lindqvist, Y .; Richards, N . G. J . A rc h . B i oc he m . B i ophy
s. 205
43,
176- 192.
[ 2] Reinhardt, L. A.; Svedruzic, D .; Chang, C. H.; Cleland, W. W.; Richards, N .
G. J . J . A m . C he m . Soc . 2 03
125,
1244- 1252.
[ 3] Svedruzic, D .; Liu, Y .; Reinhardt, L. A.; Wroclawska, E .; Cleland, W. W.;
Richards, N . G. J . A rc h. B i oc h em . B i ophy
s. 207
46,
36-47.
[ 4] Saylor, B. T.; Reinhardt, L. A.; Lu, Z .; Shukla, M. S.; N guyen, L.; Cleland, W. W.;
51,
2911- 2920.
Angerhofer, A.; Allen, K. N .; Richards, N . G. J . B i o c h em i st ry 201
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Target Selection for Killing Lethal Opportunistic Bacterial Pathogens
in Cystic Fibrosis Patients
Lucas Zimney*, Rachel Gomez, Kaila Matthews and Debra Dunaway-Mariano
Department of Chemistry and Chemical Biology, University of New Mexico,
Albuquerque, NM 87131, USA

Pseudomonas aeruginosa is an opportunistic pathogen that causes chronic
bacterial infections in cystic fibrosis patients. Through the formation of thick
biofilm and the extensive use of quorum sensing, the bacterium quickly gains
antibiotic resistance, making infections extremely difficult to treat. In fact,
Pseudomonas aeruginosa infections are a leading cause of morbidity and
mortality in individuals with cystic fibrosis. Lipids such as phosphatidylcholine
make up a large percentage of lung surfactant and are available as a carbon source
to the bacterium. These lipids are broken down into free fatty acids that are
activated for further degradation by acyl-CoA synthetases. To better understand
the role of acyl-CoA synthetases in the bacterium’s pathogenicity and adaptation
to the host environment, recombinant protein for nine previously uncharacterized
acyl-CoA synthetases was purified and their catalytic efficiencies evaluated
through a coupled enzymatic assay. In addition, a high-throughput screening
assay was developed to qualitatively evaluate the acyl-CoA synthetases’ substrate
ranges. The results of the high-throughput screen and steady-state kinetics
indicate that many of the acyl-CoA synthetases display overlapping and
promiscuous specificities, while others display distinct, specific activity. A better
understanding of the specific roles of acyl-CoA synthetases in Pseudomonas
aeruginosa could help guide rational inhibitor design and drug targeting in an
effort to more effectively treat Pseudomonas aeruginosa infections.
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