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ABSTRACT

Understanding the sequence-structure-function paradigm remains an important
biological question. It is a question whose answer will change the way in which drugs are
produced, the environment is cleaned and new products are synthesized. Great steps are
being made towards understanding how a protein’s sequence determines its structure, which,
in turn, determines its function; however, there is still much to leam. In an effort to
understand this paradigm, two enzyme superfamilies have been investigated with
computational and experimental techniques.

Studies of the first superfamily, the phosphagen kinases, in Chapters 1-4 represent an
attempt to extract detailed information from available sequences and structures in order to
understand the specificity principles used by these enzymes. Human muscle creatine kinase
(CK) and its homologs were examined using a variety of computational techniques. These
experiments led to the investigation of the effects of two residues on the delivery of substrate
specificity, Ile 69 and Val 325. Mutations at these positions were evaluated experimentally.
Val 325 was identified as a “specificity switch,” and two mutations at this position, Val 325
to Ala and Val 325 to Glu, altered CK to prefer cyclocreatine or glycocyamine, respectively.

The ribulose-phosphate binding barrel proteins (RPBB), the second superfamily
investigated here in Chapter 5, in contrast to the phosphagen kinases, are a very diverse
superfamily, and members often share less than 10% sequence identity. RPBB members
possess the (B/a)s, (TIM-barrel) fold, and include the tryptophan and histidine biosynthesis
enzymes, D-ribulose-5-phosphate 3-epimerases, and the orotidine 5'-monophosphate and 3-

keto-L-gulonate 6-phosphate decarboxylases. It has been hypothesized that these (and many
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other TIM-barrels) have evolved from a common ancestor, yet, because of extremely low
sequence identities, the foundation for this assertion remains unclear. Our studies indicate
that many of the sequence links are achieved solely through similarities in the B7-8, or
phosphate binding, region and lack similarity in the B1-6 region. Our data also suggest that
these phosphate binding sites have evolved independently of the remainder of the barrel.
Further, we demonstrate that other small two-f strand units within the f1-6 region appear to
be circularly permuted within this superfamily.

Walter R. P. Novak
Doctoral Candidate

(0
Patricia C. Babbitt, Ph.D.
Thesis Advisor
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INTRODUCTION TO CHAPTER 1

When I began my rotation in Patsy’s lab, I did not know much more than I wanted to
work on a project that would involve both experimental and computational techniques. On
the experimental side, I studied under John Cantwell, a postdoc in the Babbitt lab. I began
learning the protein purification process and how to perform biochemical assays in order to
investigate the catalytic mechanisms of phosphagen kinases. Study of the phosphagen
kinases, particularly how substrate specificity is delivered in this system, makes up the bulk
of my thesis and is discussed in other chapters. However; in addition to learning protein
biochemistry, I was also encouraged to pursue my computational interests. Thus, I began my
long relationship with the UCSF Computer Graphics Laboratory (CGL).

I was introduced to Andrew Jewett, who was then developing MinRMS (Jewett, et al.,
2003), a program to produce a set of structural superpositions between a pair of enzymes. I
became an alpha tester for this program, and the software under development by the CGL to
view these superpositions, Chimera.

My greatest contributions to Chapter 1 are most likely those not explicitly expressed,
but rather are hidden in the text and took place in the form of constant conferences with the
developers. I learned a great deal about the development of software in this rotation, and I
hope that my suggestions and complaints to the many developers were as helpful to them. As
well as gaining exposure to the arena of software development, I learned a little about the
structural similarities between creatine kinase and glutamine synthetase. Creatine kinase is a
member of the phosphagen kinase enzyme superfamily, and, in contrast to the majority of

protein folds, this fold has been currently found to perform only one function, the reversible



transfer of the y-phosphate of ATP to a guanidino substrate. A distant structural similarity
between glutamine synthetase and creatine kinase was first noted by Kabsch and Fritz-Wolf
(1997), and provided the rationale for my investigations into the basis of this similarity. A
portion of these results were used as an example of the unique ability of the Chimera
software package (Pettersen, et al., 2004) to facilitate comparisons between sequence and

structure.

Jewett, A. I, C. C. Huang and T. E. Ferrin (2003). "MINRMS: an efficient algorithm for
determining protein structure similarity using root-mean-squared-distance." Bioinformatics

19(5): 625-34.

Kabsch, W. and K. Fritz-Wolf (1997). "Mitochondrial creatine kinase-a square protein."

Curr. Opin. Struct. Biol. 7(6): 811-818.

Pettersen, E. F., T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng and
T. E. Ferrin (2004). "UCSF Chimera-A visualization system for exploratory research and

analysis." J. Comput. Chem. 25(13): 1605-12.



CHAPTER 1

Integrated Tools for Structural and
Sequence Alignment and Analysis

Conrad C. Huang, Walter R. Novak, Patricia C. Babbitt, Andrew I. Jewett, Thomas E. Ferrin,
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ABSTRACT

We have developed new computational methods for displaying and analyzing
members of protein superfamilies. These methods (MinRMS, AlignPlot and MSFviewer)
integrate sequence and structural information and are implemented as separate but
cooperating programs to our Chimera molecular modeling system. Integration of multiple
sequence alignment information and three-dimensional structural representations enable
researchers to generate hypotheses about the sequence-structure relationship. Structural
superpositions can be generated and easily tuned to identify similarities around important
characteristics such as active sites or ligand binding sites. Information related to the release
of Chimera, MinRMS, AlignPlot and MSFviewer can be obtained at

http://www.cgl.ucsf.edu/chimera.



INTRODUCTION

By July of 1999, the number of non-redundant protein sequences in the Genbank
database had reached ~400,000 and included completed genome sequences for 23 organisms.
These data provide an opportunity to explore the evolution of functional diversity by probing
the entire repertoire of many organisms. One powerful approach to this study is the
comparative analyses of large numbers of protein structures and their associated functions
through primary sequence analysis and computer-assisted modeling of three-dimensional
structures.

For example, discovery of a large enzyme superfamily whose members represent a
surprising range of different chemical functions extended the insight that the evolution of
new functions is linked to chemical capabilities associated with a given tertiary fold. (/, 2)
Because it illuminates the constraints built into the evolution of protein structure, this focus
on chemistry is a crucial element for learning how new enzyme functions evolve from pre-
existing structural scaffolds. This observation provides the conceptual framework for
developing computational tools that integrate sequence and structure, and provides the basis
for formulating hypotheses about function. The function of an unknown reading frame is
rather easily deduced from sequence similarity when the function is the same as that of its
homologs. For more divergent proteins, the predictions can be much more difficult because
the function of each unknown enzyme may have no apparent relationship to that of its
homologs. In each case, the crucial clues are provided by hidden similarities in chemical
mechanisms that can be inferred from the structural comparisons. Because the most

interesting insights come from relationships among such highly dissimilar proteins, we have



developed methods to identify these distant sequence relationships (3) and to interpret them
using tools designed to integrate sequence and structural information.

Aspects of this problem have been solved by a number of investigators. There are
several examples of homology modeling packages such as the Swiss-Model (4) web server,
Molecular Applications Group’s LOOK (5) and Molecular Simulations Inc. (6) Homology
and Insight II. There are also tools such as DINAMO (7), CINEMA (8), and PROTALIGN
(90 and PROMUSE (10) which are useful in analyzing structure-sequence alignments.
However, these tools have limitations such as extensibility, interactive real-time three-

dimensional graphics display and analysis, and/or cost.

NEW COMPUTATIONAL AND ANALYSIS TOOLS

The set of tools, MinRMS (11), AlignPlot and MSFviewer were developed for
sequence and structural alignment and analysis. These methods were easily integrated with
Chimera (12) using Python (13), Wrappy (14), the Object Technology Framework (15), C
and C ++. MinRMS, written in C ++, generates a family of structural alignments, allowing
the user to explore the similarities between two proteins, including highly divergent
structures (Figure 1). The unique ability to examine the optimum RMSD (Root Mean Square
Distance) superpositions generated from the a-carbons of the structures being compared
provides a much richer environment for exploring structural similarities than methods that
produce a single pairwise alignment (/6, /7). Details of MinRMS and Chimera are published

elsewhere (11, 12).



The focus of this paper is on new tools for structural and sequence analysis and
visualization. AlignPlot, written in C ++ and Python, provides a graphical representation of
the RMSD values for each alignment in the set, allowing the user to quickly identify the
regions of two structures that are most similar. Particularly important, it provides a user-
friendly way to display specific alignments on the screen and navigate among them.
MSFviewer, written in Python, provides an integrated link to sequence space, displaying
multiple alignments of related sequences on the screen and providing for interactive
highlighting of a selected structural alignment and the associated multiple sequence
alignment.

MinRMS. Holm and Sander (/6), Godzik (/7), Fenz and Sippl (/8), and Orengo et al.
(19) have suggested that determining the single best structural alignment may not be
possible. Given two proteins with experimentally-determined or modeled three-dimensional
coordinates, MinRMS (11) solves this issue by generating multiple structural alignments and
their corresponding sequence alignments. The MinRMS algorithm performs an exhaustive
analysis of all plausible shape similarities between two proteins using RMSD between
aligned a-carbon atoms. This method generates alignments containing all possible amino
acid residues in a single pass without the need of parameters.

MinRMS uses intermolecular RMSD as the metric for comparing protein structures.
The appropriateness of RMSD as a metric for comparing protein structures has been
discussed elsewhere (20-22). The main advantage of the RMSD in that it is easy to interpret.
The MinRMS algorithm is a two-step process: (1) Two proteins are rotated and translated to
bring similarly shaped regions into close proximity; and, (2) With the two proteins fixed at a

particular relative position, corresponding residues are chosen between the two proteins



which minimize RMSD. Candidate superpositions are generated by selecting every fragment
of 4 consecutive residues for each of the proteins and superimposing them by least-squared
distance between a-carbons using the method described by Diamond (23). Given the relative
positions of the two structures, we developed a new dynamic programming algorithm to
choose the matching residues between the proteins that minimizes RMSD. Similar to the
Needleman and Wunsch (24) algorithm, our algorithm is recursive and blind to
“nontopological” similarities (25). For each candidate superposition, the algorithm generates
multiple alignments containing different numbers of corresponding residues which minimize
the intermolecular RMSD (/7). The dynamic programming algorithm is applied to all
candidate superpositions between the proteins with small local regions well matched. Typical
execution time for aligning two proteins with an average length of 300 residues is less than 1
hour on an SGI Onyx 2.

The output of MinRMS is a large table of data that contains, for each structural
alignment, the number of matched residues for the two proteins, the RMSD for the
alignment, and the longest distance between any pair of matched residues. For comparison
purposes, the - Jog(P) is calculated where P is the probability that a better alignment is found
between two unrelated proteins occurring in the SCOP 26 database as described by Levitt
and Gerstein (22). Structural alignment is presented in sequence alignment form as MSF
(Multiple Sequence Format) files (Table 1). Relative positions are stored as comments in the
MSF file. The program Chimera, in cooperation with AlignPlot and MSFViewer, is used to
view the volumes of data produced from MinRMS .

Chimera. Chimera is a molecular visualization graphics package developed at the

UCSF Computer Graphics Laboratory. Chimera is written in the Python programming



language with C ++ extensions and uses standard multi-platform libraries such as the Tk
toolkit for it’s graphical user interface and OpenGL for three-dimensional graphics
primitives. Chimera also uses the Object Technology Framework object class library for
manipulating molecular data.

A major design goal for Chimera is program extensibility. By choosing Python as the
Chimera command language, users can create complex command “scripts” (e.g., with
iterative loop and conditional execution) which in turn allow for sophisticated operations to
be performed on multiple molecular models. Python has an extensive library (/3) that include
interfaces to Tk. This means that users are easily able to create their own custom graphical
user interface (GUI) elements such as menus and dialog boxes as part of their extensions.
Chimera itself is implemented with a small set of core functionalities, including graphical
display, Protein Data Bank (PDB) input, and basic user interface elements (menu bars, tool
bar, command line, reply window and status line). More advanced features are constructed on
top of the core using Python extension modules. This results in a program architecture in
which new functionality is easily added when needed. The separate applications AlignPlot
and MSFviewer are example extensions of Chimera.

AlignPlot. AlignPlot displays three different representations that summarize the data
from MinRMS. The bottom graph (Figure 1: RMSD vs. N ) displays three numerical
quantities as a function of matched residue pairs (N): RMSD, - log(P) of Levitt and Gerstein
(22) and the longest pairwise distance between matched residues. MinRMS and Levitt and
Gerstein scores are displayed to provide multiple evaluation criteria. Levitt and Gerstein
favor matching more residues over better geometric fit. Thus, their method is less distance

sensitive than MinRMS. The user can easily select a particular alignment by point and click



with the mouse in the graph. The corresponding three-dimensional superposition is visualized
in Chimera. Matched residues closer than one angstrom are denoted by a small sphere.
Matched residues with a distance greater than one angstrom have a line drawn between them.
This plot allows the user to discern patterns over the entire set of solutions.

The middle representation (Figure 1: Orientation Clusters) in AlignPlot uses a genetic
algorithm (GA) to condense the data from MinRMS by selecting a small set of orientations to
represent the entire data set. For any given set of representative orientations, a structure in a
non-representative orientation contributes a penalty proportional to the RMSD from the most
similar representative orientation. The GA “fitness” metric is the sum of penalties of all non-
representative orientations. The GA uses the fitness metric to find a good representative set,
which is then used to divide the data set into clusters. The clustering results are displayed as a
table where the columns represent alignments and the rows represent clusters. The cells of
the table are color-coded and the brightness of each cell is proportional to RMSD from the
representative of that cluster. The cluster plot classifies the solutions into a small number of
groups which reduce the amount of information that the user needs to process.

The top representation (Figure 1: Sequence vs. Sequence) is a two-dimensional
histogram of residue pairs. Each cell of the histogram represents a pair of residues, one from
each structure. The value of the cell is the number of MinRMS alignments that match the two
residues. The value is converted to color. The color scale is blue to red representing values
that range from 1 to the maximum cell value. If there is no match, the cell is colored like the
background. Information displayed in this manner provides easy identification of matching

patterns (e.g., secondary structure matches appear as diagonal runs).
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Using these three tools together, one can identify structural alignments of interest.
The orientation cluster plot reduces hundreds of alignments into tens of alignments. The
RMSD vs. N plot illustrates the trade-off between the number of matched residues and
closeness of global superpositioning. Lastly, the Sequence vs. Sequence plot typically
identifies secondary structural elements important to the alignment. These tools used in
combination facilitates the analysis of a large data set.

MSFviewer. MSFviewer was developed independently of AlignPlot to view multiple
sequence alignment in MSF format (e.g., an output option of commonly used multiple
alignment programs). Fragments of the sequence can be selected and highlighted on the
structure, allowing the user to focus on secondary structure elements, active site residues,
monitoring of residues of interest and filtering of data (Figure 1). The alignment can be
edited interactively, saved in MSF format or printed for presentation purposes (Figure 2).

MSFviewer cooperates with AlignPlot through Chimera for the selection and mapping
of sequences to their structures. Selecting a specific alignment in AlignPlot will highlight the
matched residues in MSFviewer. Upon selecting specific residues in MSFviewer, AlignPlot
displays the matching statistics of these residues for each alignment. Chimera serves as the

data repository and communication channel between AlignPlot and MSFviewer.

EXAMPLE: STRUCTURAL COMPARISONS OF GLUTAMINE SYNTHETASE WITH

CREATINE KINASE AND OTHER GUANIDINO KINASES

The study of structure-function relationships is important to the understanding of

proteins and provides guidance for protein engineering. We have attempted to better

11



understand structure-function relationships through the structural comparison of glutamine
synthetase (GS) with creatine kinase (CK) and other guanidino kinases. While GS and CK
have no significant sequence similarity, they both have multimeric forms, have been
proposed to have similar tertiary structures (Figure 3) (27), and catalyze similar reactions. GS
catalyzes the reaction of glutamate and ammonia to form glutamine through a phosphorylated

intermediate, while CK catalyzes the transfer of a phosphate group from ATP to creatine to

yield phosphocreatine.
-O—j‘-
DR\ | Je— . A A "
¢ L2
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Liaw and Eisenberg (28) solved a series of crystal structures of GS to elucidate the
mechanism of glutamine synthesis and to identify residues possibly involved in ATP binding
and in transfer of the y-phosphate. This structure of GS was superimposed with an available
CK structure (29) using MinRMS. A family of several hundred structural superpositions
resulted reflecting many possible orientations of GS and CK (Figure 1). Simultaneous
viewing of the three-dimensional and sequence alignments and interactive editing of the
sequence alignments allowed for comparison of catalytic residues and binding domains using
all of the sequence and structural information available (Figures 4 and 5). These tools
allowed us to examine the ATP-binding residues of GS and CK using sequence alignments
informed by the structural superpositions. While crystal structures of CK bound with MgATP
or substrate are not available, our studies indicate that many of the ATP binding residues in
GS have potential homologs in CK.

The information gained from this analysis supports the previous suggestion that a
similar scaffold is used in both GS and CK (27). The analyses of this work suggest that this
scaffold also utilizes potentially homologous residues to bind ATP and assist in the transfer
of the y-phosphate group. Use of the tools described here have provided a useful model to
continue the study of structure-function relationships in the guanidino kinases. Prior to using

these tools, it was difficult to obtain a useful structural alignment.

CONCLUDING REMARKS

Superfamily analysis frequently involves proteins whose sequence similarities may

fall below the level of statistical significance but whose relationships are nonetheless

13



biologically significant. MinRMS, AlignPlot, MSFviewer along with Shotgun (3), in
cooperation with Chimera, provide a set of tools for generating and testing hypotheses about
sequence, structure and functional relationships of such proteins.

Initial testing of this software has suggested additional functionalities to allow users
to choose the subsets of alignments that provide the best overlap over specific residues such
as active site residues. More extensive editing capabilities will be added to facilitate
correcting the registration between (1) sub-group multiple alignments of very distantly
related sequénces based on the structural alignments; and (2) very distantly related sequences
based on the structural alignments of representative sub-group members. Lastly, we are
exploring non-distance methods for comparing more than two proteins at one time.

Information on the availability of the software tools described here can be found at

http://www.cgl.ucsf.edu/chimera.
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magenta and creatine kinase is in cyan. Matched residue pairs are highlighted by red spheres

and lines. See sections 2.3 & 2.4 for detail descriptions.

19



L
T igve gus

GeerFegen Fut Predos

[ Snde Megen Catem  Inggen
'x: L 20 L] < “ A ) 0 L2

1zed pib
e 3

|5

Figure 2. Graphical user interface elements of MSFviewer are displayed.

20



Figure 3. Ribbon representations of glutamine synthetase (magenta) and creatine kinase

(cyan) prior to alignment with MinRMS.
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Figure 4. Ribbon representations of glutamine synthetase (magenta) and creatine kinase
(cyan) post alignment with MinRMS. Matched regions are highlighted (yellow). The

associated sequence alignment is seen in Figure 5.
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Chimera minimal RMSD structural alignment with 120 eguivalences.
RMSD = 1.988821

Transform Matrix to apply tc molecule: 2gle.pdb

0.580381 -0.537281 -0.611953 -9.842606

-0.744292 -0.654900 -0.130905 57.874092

-0.330435 0.531447 -0.779985 15.317198

Name: lcrk.pdb Len: 380 Check: 0 Weight: 1.00
Name: 2gls.pdb Len: 468 Check: 0 Weight: 1.00

lcrk.pdb TVHBKRKLFP PSADYPDLRK HNNCMAECLT PAIYAKLRDK LTPNGYSLDQ CIQTGVDNPG
2 - T < T | -

lcrk.pdb HPFIKTVGMV AGDEESYEVF AEIFDPVIKA RHNGYDPRTM KHHTDL.... ..........

2 - T« | - SAEH VLTMLNEHEV
lerk.pdb .......... DA . L e e e e e e e e e
2gls.pdb KFVDLRFTDT KG!( .BQHVT IPAHQVNAEF FEEGKMFDGS SIGGWKGINE SDMVLMPDAS
lerk.pdb . ... .. ... e e e KI...T..HGQP....... . .DERYVLS.
2gls.pdb TAVIDPFFAD STLIIRCDIL EPGTLQGYDR DP. RSIAIGU; .B.DYLRATG IADT..... v
lcrk. pdb LSL....... (..., ... ....PPACSR
2gls.pdb EG.AWNSSTK YBGGNKGHRP GVKGG.....
lcrk.pdb SGKYYSLTNM SERDQQQLID DHFLFDKPVS
2gls.pdb YPPVHPVD.S ACDIRSBE.MC L. VMBQ.MGL .......... .......0i0 tiuerannns
lcrk.pdb PLLTCAGMAR DWPDARGIW. HNNDKTFLV. WINBBD.... ..HTRVIS.. MBKG
2gla.pdb .......... ......... VV...... E.A HHH. .EVATA GQNE.VA.TR FN. . .|
lerk.pdb EBRPCRGLKE VERLIKERGW BWNBRLG. .YVLTCPSNL GT........ .BPLRAG
2glse.pdb BIQIYKYV VHNVAHRFGK TA.J ..... T PM........ P.KPMPGDNG SGMHCHMS .
lerk.pdb ....... K.. ........ LP RLSKDPRFPK I..... L..BNLRL...... ..........
2gls.pdb AKNG‘INLPSG DKYAGLSEQ. .......... .ALYYIGGVI KHA.KAINAL ANPTTNSYKR
lerk.pdb .......... ..o, .QKRGTGGVD .TAAVADVY. ..... DI.SN LD.RMGRS..
2gls.pdb LVPGYEAPVM LAYSARNRSA SI.RIPV... VA....... S PKARRI.BV. ..RF....PD
lcrk.pdb

2gle.pdb

lcrk.pdb ........ Q. ....FGR... ... . it it e s Koo i
2gls.pdb EAKBIPQVAG SLEEA..LNA LDLDREFLKA GGVFTDEAID AYIALRRBBD DRVRMTPHFV

lerk.pdb ........
2gls.pdb EFBLYYSV

Figure 5. MSF output from MinRMS of the sequence alignment for glutamine synthetase and
creatine kinase. This structure alignment corresponding to this sequence alignment is

displayed in Figure 4.
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INTRODUCTION TO CHAPTER 2

Chapter 2 describes work spearheaded by John Cantwell, a former postdoctoral
researcher in the Babbitt lab, and published in Biochemistry. This work sought to investigate
the roles of two acidic residues in the catalytic mechanism of creatine kinase (CK).
Dissecting the important catalytic residues in CK has remained a difficult task to this day. It
largely appears that the precise positioning of the substrates is as important to catalysis as
proton abstraction though there is much debate on the relative contributions. While several
unliganded CK structures were available, at the time of this work, a thorough understanding
of the catalytic mechanism was hindered by the lack of a CK crystal structure with a bound
transition state analog complex. However, a crystal structure of the CK homolog, arginine
kinase (AK), had recently been solved, and we set out to extract as much data as we could
through sequence and structure analyses in order to guide the mutagenesis studies.

Thus, my contribution to this chapter of my thesis centered on the computational
comparisons of the sequences and structures of CK and AK. From the AK structure, two
glutamic acid residues (E225 and E314) were implicated in the catalytic mechanism. The
first of these, E225, is strictly conserved in all phosphagen kinases, while the second, E314 is
strictly conserved in all phosphagen kinases except CKs. In CKs the homologous residue to
E225 is E232, and E314 appeared to be homologous to D326, one position to the C-terminus
in sequence alignments. E225 is positioned in towards the center of the enzyme, while E314
is located on a C-terminal flexible loop region.

Although the mutagenesis work focused on the human muscle isoform of CK, for the

structural comparisons we chose to use the structure of the ubiquitous mitochondrial isoform
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(uMtCK) over the available human muscle form. The motivation for this selection was
dependent on the completeness of the available crystal structures. The human muscle CK
structure was missing the C-terminal flexible loop region, and this was a primary region of
focus in this work. Structural superpositions were performed between uMtCK (PDB 1CRK)
and AK (PDB 1BGO) using MinRMS. The superposition we selected superimposed 236 of
the ~380 a-carbons with an RMSD of 1.25 A, and revealed significant differences in the
locations of the C-terminal flexible loop. From the computational studies we further
hypothesized that differences in the substrate specificities of these enzymes would be present
on the C-terminal loop region.

This study found that mutations at E232 affected catalysis more than mutations at
D326 in CK, implicating E232 as the catalytic base for proton abstraction. It was later
discovered, with the advent of a CK structure with a transition state analog complex bound,
that D326 is not homologous to AK E314. A hydrophobic binding pocket is formed in CK by
the interaction of V325 (from the C-terminal loop) and 169 (from the N-terminal loop), and
this hydrophobic pocket appears to serve the same role as E314 in AK. The roles of V325
and 169 in specificity and catalysis are the focus of Chapter 4. The work leading to the first
crystal structure of CK bound with a transition state analog complex is the focus of Chapter

3.
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ABSTRACT

Creatine kinase (CK) catalyzes the reversible phosphorylation of the guanidine
substrate, creatine, by MgATP. Although several X-ray crystal structures of various isoforms
of creatine kinase have been published, the detailed catalytic mechanism remains unresolved.
A crystal structure of the CK homologue, arginine kinase (AK), complexed with the
transition-state analogue (arginine-nitrate-ADP), has revealed two carboxylate amino acid
residues (Glu225 and Glu314) within 2.8 A of the proposed transphosphorylation site. These
two residues are the putative catalytic groups that may promote nucleophilic attack by the
guanidine amino group on the -phosphate of ATP. From primary sequence alignments of
arginine kinases and creatine kinases, we have identified two homologous creatine kinase
acidic amino acid residues (Glu232 and Asp326), and these were targeted for examination of
their potential roles in the CK mechanism. Using site-directed mutagenesis, we have made
several substitutions at these two positions. The results indicate that of these two residues the
Glu232 is the likely catalytic residue while Asp326 likely performs a role in properly

aligning substrates for catalysis.

27



Abbreviations: CK, creatine kinase; HMCK, human muscle creatine kinase; AK, arginine
kinase; TSAC, transition-state analogue complex; RMCK, rabbit muscle creatine kinase;
MtCK, mitochondrial creatine kinase; sMtCK, sarcomeric mitochondrial creatine kinase;
uMtCK, ubiquitous mitochondrial creatine kinase; LB medium, Luria-Bertani medium,;
CyCr, cyclocreatine; ORF, open reading frame; EDTA, ethylenediaminetetraacetic acid,;
PMSF, phenylmethanesulfonyl fluoride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide

gel electrophoresis.
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INTRODCUTION

Creatine kinase (CK (7); EC 2.7.3.2) is responsible for the production and
maintenance of a "high-energy" phosphate intermediate, phosphocreatine (PCr), that can be
converted to ATP in cells requiring short, rapid bursts of energy. The isoforms of CK are
named for the tissues and organelles with high-energy demands in which they were originally
and predominantly found, namely the muscle [M-type (/)], brain [B-type (2)], and
mitochondrial [Mt-type (3)] CK isozymes. Because of its central importance in cellular
metabolism, cellular, CK concentrations and/or activity are perturbed in a wide range of
human disease states, including cardiac infarct (4), cancer (5-7), muscular dystrophies (§),
and neurodegenerative diseases (9, 10).

CK has been a topic of active research efforts for over 50 years and serious
investigations of its mechanism have spanned at least the last 30. The advances in
understanding of the mechanism have coincided with the advent of new techniques. Cross-
linking and affinity labeling studies have implicated a reactive cysteine [Cys283, HMCK
numbering (11, 12)], as well as lysine (/3, /4) and arginine residues (/5) that interact with
negatively charged phosphates of the substrates. In addition to cross-linking studies (16, 17),
NMR investigations (/8) have suggested a reactive histidine, while pH profile  data have
suggested the presence of a catalytic histidine residue together with an assisting carboxylate
(19).

Nearly two decades later, site-directed mutagenesis has been employed to confirm,
modify, or reject the suspected mechanistic importance of some of these residues. For

example, mutagenesis studies of the so-called "essential" cysteine (Cys283) show that
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significant activity can be retained even after amino acid substitution (20, 2/). In other cases,
little or no activity is observed when this residue is replaced (/7). However, despite these
many investigations, the precise catalytic role of the cysteine remains to be determined. More
readily interpreted results confirm that both arginine (27) and tryptophan (22-24) residues
function as nucleotide-binding groups. Finally, mutagenesis of all five highly conserved
histidine residues have excluded a centrally important catalytic function for any of them (25).
This result strongly suggests that the long-held model of the chemical mechanism, which
involves a histidine residue acting as a potential general base, must now be reevaluated.

The recent solution of several crystal structures of CK, including ubiquitous
mitochondrial CK from chicken heart [uMtCK (26)], rabbit muscle CK [RMCK (27)],
chicken brain b-form CK (28), and human ubiquitous mitochondrial CK (3), provides
evidence confirming the roles of many residues previously implicated in substrate-binding or
dimer and tetramer formation and/or stabilization. Unfortunately, however, no crystal
structure of CK bound to either substrate or product analogues is yet available. Thus, the
primary players in the CK mechanism, the catalytic residues (and therefore the details of the
CK mechanism) remain largely unidentified. To some extent, this problem has been
ameliorated by the recent publication of an arginine kinase structure (AK-TSAC) complexed
with a transition-state analogue, arginine-nitrate-ADP (29). Arginine kinase (AK; EC 2.7.3.3)
and CK are structurally similar members of the guanidino-kinase family, exhibit ~40%
identity in their amino acid sequences, and show high levels of sequence conservation for all
residues/motifs known to be functionally important. The structure of this liganded AK is
superimposable upon the unliganded structure of RMCK at an RMSD of 1.25 A over 236 of

381 total -carbons. Given these similarities, the AK-TSAC structure can be used as an
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approximate model of the CK active site. As described by Zhou et al. (29), two arginine
kinase carboxylate residues, Glu 225 and Glu 314, are located in an ideal position to facilitate
proton donation and/or abstraction from the N1 and N2 amine groups of arginine. In human
muscle CK, the analogous carboxylates are Glu232 and Asp326, respectively. To provide
insight concerning how the cytosolic CKs function at the molecular level, we have chosen to
examine the human muscle variant of CK, both because it is important to human health and
because it is highly similar (96% identity) to the enzyme from rabbit muscle (RMCK), the
form on which most of the previous mechanistic work has been done. In this paper, we
describe the replacement of each of these carboxylates with residues that are either
functionally or structurally homologous. The results of these substitutions are compared with
those from a nonconservative substitution, also generated for each of these carboxylates.
Using this system, we can evaluate the roles of the carboxylates in both substrate binding and

catalysis.

MATERIALS AND METHODS

Materials. Unless otherwise stated, chemicals and reagents were purchased from
either Fisher Scientific or Aldrich-Sigma Chemicals. Restriction enzymes were purchased
from New England Biolabs.

Bacterial Strains and Vectors. HMCK wild-type construct was created as previously
described (30). HMCK mutant plasmid DNA was transformed.into DHS5a cells (Gibco BRL)

for mutant construction, propagation, and sequencing.
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Site-Directed Mutagenesis. Amino acid substitutions were created using the
QuikChange kit (Stratagene), with mutagenic primers containing unique restriction site
identifiers. Plasmids were purified using the NucleoSpin Plus Miniprep kit (Clontech), and
mutant clones were identified by restriction site analysis. Sequence confirmation and
oligonucleotide primer synthesis were performed by the Biomolecular Resource Center
(BRC, University of California, San Francisco).

Growth and Overexpression. Plasmids containing the HMCK gene were transformed
into BL21(DE3)pLysS cells (Stratagene) and spread onto LB agar plates containing
carbenicillin (50 g/mL) and chloramphenicol (34 g/mL). Single colonies were used to
inoculate 1-2 L of LB medium containing the appropriate antibiotics. Cells were grown in an
incubator/shaker at 37 °C to an absorbance reading (A4¢00) of 0.8-1.0 at which point IPTG (0.4
mM) was added and the flasks were cooled to 20 °C for overnight growth (~15 h). Cells were
harvested by centrifugation (15 min at 5000g), the cell pellet (~2.5-5 g/L) was washed with
25 mM Tris buffer, pH 7.5, collected and stored at -20 °C.

Purification. Cells were lysed in 25 mM Tris, 50 mM NaCl, 5 mM EDTA, and 0.1
mM PMSF by lysozyme treatment (0.3 mg/mL), three freeze-thaw cycles, and sonication.
The cell lysate was centrifuged (30 min at 100000g), and the supernatant passed over a Q-
Sepharose (Amersham-Pharmacia) anion-exchange column equilibrated with 25 mM Tris
buffer, pH 7.0. CK eluted with the flow-through fraction. This fraction was then applied to a
Blue Sepharose (Amersham-Pharmacia) dye affinity column which had been equilibrated in
20 mM MOPS buffer, pH 7.0. A 50 to 500 mM NaCl gradient was applied, and CK eluted
between 200 and 300 mM NaCl. Fractions containing CK were combined and concentrated

using an Amicon concentrator fitted with 30K molecular weight cutoff membrane.
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Protein Concentration and Determination of Purity. Protein concentration was
determined by the Bradford assay (3/) with bovine serum albumin as the protein standard.
Purity was determined by SDS-PAGE. NuPAGE 10% Bis-Tris precast gels (Invitrogen-
Novex) were used with MOPS, pH 7.0, running buffer per manufacturer's instructions. CK-
bands at 43 kDa represented 95% of the total protein per lane as determined by densitometry.
Native gels were used to verify dimerization and charge shift of mutant CKs. NuPAGE 7%
Tris-acetate precast gels were run with Tris-glycine native running and sample buffer per
manufacturer's instructions.

Enzyme Assays. Creatine kinase activity was determined at 30 °C in the forward
direction (PCr formation) by the NADH-linked assay method (32). The reverse direction
(ATP production) was measured by the NADP-linked assay method (33). Vnax and K, values
were calculated using Hyper.exe, a hyperbolic regression analysis program (version 1.0,
copyright J. S. Easterby, 1992). Cyclocreatine, synthesized as previously described (34), was
a kind gift of Dr Liangren Zhang.

Structural Superpositions. Structural superpositions were generated using MinRMS
(35). The superpositions of creatine kinase (1ICRK, A chain only) and arginine kinase
(1BGO) were visualized using Chimera and the Chimera extension, AlignPlot (35). The
superposition aligns 236 a-carbons with an average RMSD of 1.25 A. The graphic shown in

Figure 2 was created using MidasPlus (36).
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RESULTS

Sequence Homology. Figure 1 presents the primary sequence alignments of several
species and isoforms of CK and AK in the regions of interest. The first region, residues 223-
243 (numbered using the HMCK sequence), shows high sequence similarity among all
known guanidino kinases, and includes a region we have designated the "NEED-box". This
region is highlighted in Figure 1. A second region, HMCK residues 316-338 in Figure 1, has
been identified in several of the guanidino kinase superfamily structure studies as containing
an active-site flexible loop. This flexible loop, also highlighted in Figures 1 and 2 (HMCK
residues 323-330), has been associated with a conformational change that occurs upon
substrate binding (37). Two putative bacterial guanidino-kinase ORFs (Bacillus subtilis and
Listeria monocytogenes) have been included in the alignments in order to contrast the
relative homology between and within species and isozymes for AKs and CKs. The NEED-
box represents a highly conserved motif across all of these sequences with ~80% identity for
each pairwise comparison in this region. The highlighted NEED-box region has only one
amino acid difference among all of the sequences shown, including the very distantly related
bacterial ORFs. By contrast, the flexible loop exhibits much more variability across the
alignment, with all CKs highly similar to each other, all AKs highly similar to each other, but
with only 38% identity between CKs and AKs. Within a core of eight residues that surround
the AK Glu314 or CK Asp326 position there is a distinct variation of side-chain properties
for four of the eight residues. In CK there is a predominance of small nonpolar groups
(Gly323, Val325, Ala328, and Val330), whereas the corresponding AK residues are charged

(Arg312, His315, Glu317, and Glu319).
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Purification. Wild-type and mutant HMCKs display nearly identical elution profiles
from Blue-Sepharose. SDS-PAGE analysis reveals similar levels of yield, purity and subunit
migration distances (data not shown). In a native gel, the E232D and D326E mutants
comigrate with wild-type HMCK, while the E232Q and E232A also comigrate with each
other, but at a slower rate than wild-type HMCK. Finally, the D326N and D326A variants
have identical (to each other) but even slower migration behavior. Conspicubus differences
in these native gel migration patterns of the purified mutant and wild-type HMCKs
presumably are attributable to charge differences.

Kinetics. Functionally-, structurally-, and nonconservative amino acid substitutions,
generated at each of the two residues, E232 and D326, led to large differences in their
respective Vmax values (Table 1). A functionally conservative substitution at the Glu232
position (E232D) results in a 500-fold loss of activity, while the comparable mutation at
Asp326 (D326E) results in only a 3-fold loss in activity. Structurally conservative
substitution results in a nearly 100000-fold decrease in activity for E232Q, while the D326N
construct produces only a 20-fold decrease in catalytic rate. Last, the nonconservative E232A
substitution completely eliminates detectable enzymatic activity, while the analogous variant,
D326A, retains 0.1% of wild-type activity. In agreement with previously published values
(38), the reverse reaction activity rates are 2-3 times higher than the forward reaction rates.
The sole exception is the D326A mutant, which has 10-fold greater activity in the reverse
direction than in the forward direction.

The Michaelis constants (K, values), shown in Table 1, show only relatively minor
changes from wild-type. In the forward reaction, no significant differences in K, were

observed for E232D (Table 1). Only D326A had any noticeable increase in both K ,(ATP)
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and Kn(Cr); about 3- and 4-fold, respectively. For the reverse reaction, D326A again
possessed the most conspicuous increase in K,(PCr), about 6-fold, while the E232D mutant
had a 2.5-fold increase in K,(PCr). From these values, it would seem that neither of these
residues has a major impact on substrate interactions.

Reaction with Cyclocreatine. Of the available creatine analogues, cyclocreatine
(CyCr) exhibits the most reactivity with CK (34). In cyclocreatine, the positions of the atoms
and the bond angles fixed by the ring structure are expected to be very close to those adopted
by creatine in the enzyme-substrate complex (39). However, the addition of a methylene
bridge to form cyclocreatine fixes the stereochemistry of the two possible phosphorylation
sites, which makes it possible to orient this site on the substrate relative to residues in the
active-site cleft of CK (Figure 3). We studied the reaction of wild type and variant CKs with
cyclocreatine with the expectation that CyCr might provide additional discrimination
between the functions of the two carboxyl residues. Because phosphocyclocreatine (1-
carboxymethyl-2-imino-3-phospho-4-imidazoline) is a much poorer substrate for CK than
phosphocreatine (40), the reaction with cyclocreatine was studied only in the forward
reaction. Table 2 shows that for wild-type CK the Km for cyclocreatine is about 20 mM, i.e.,
about 2-fold higher than that for creatine. Substitutions with the two noncharged amino acid
5ubstitutions, D326N, and D326A, result in the phosphorylation of CyCr at equal or higher
rates than those measured for the phosphorylation of Cr. In contrast, the wild-type and
negatively charged CK variants, E232D and D326E, phosphorylate CyCr at only 30% of

their respective Cr phosphorylation rates.
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223 243 316 ‘ 338
MCK human KSFL SMEKG RLQKRG GRDT 2 GSVFDVSN
MCK rabbit KSFLVWVNEEDHLRVISMEKG i m ’H GSVFDISN
MCK mouse KSFLVWVNEEDHLRVISMEKG i n‘ H VFDISN
T. californica CK KTPLVWVNEEDHLRVISNQKG i "‘ AVGSIYDISN
sMtCK human KSPLIWVNEEDHTRVISMEKG i " DISN
uMtCK chicken KTFLIWINEEDHTRVISMEKG - "‘ : ; DISN
uMtCK human KTFLIWINEEDHTRVISMEKG | DT . DISN
AK horseshoe crab KTFLVWVNEEDHLRIISMQKG ,_ T H DISN
AK grasshopper KTFLVWCNEEDHLRIISMQMNG - T B GGIYDISN
AK honeybee KTFLVWCNEEDHLRI ISMQMG GE!| T ANGGIYDISN
AK Drosophila KTFLVWCNEEDHLRIISMQQG E| Tl H GGSYDISN
AK lobster KTFLVWCNEEDHLRIISNQPG ERT A DISN
Lombricine Kinase KTFLIWINEEDQVRIIAMQHG HTEAYODVYDISN
Glycocyamine Kinase KNFLVWINEEDHIRIISMQKG RLGKRG [DSTYDISN
B. subtilis EEVSVMLNEEDHIRIQCLFPG cnmomrqrsu

L. monocytogenes

ENVSIMLNEEDHLRIQCMTPG GPWRGI!TQABNIYQVBN

Figure 1. Multiple sequence alignment of important regions of several guanidino-kinases
proposed to contain active-site residues. Alignments were generated using ClustalW (46).
Regions of interest as described in the text are highlighted in yellow, and conserved carboxyl
residues, based on structural alignments, are marked with arrows. Residue numbering is
based on the HMCK sequence. For the flexible loop region, residues specific to CK specific
are in blue and residues specific to AK are in magenta. MCK human, gi125305; MCK rabbit,
gi1125307; MCK mouse, gi125306; T. californica CK, gi125309; BCK human, gil125294;
BCK mouse, gi417208; sMtCK human, gi125312; uMtCK chicken, gi2497494; uMtCK
human, gil25315; AK horseshoe crab, gil708613; AK grasshopper, gil688218; AK
honeybee, gi7434587; AK Drosophila, gil346366; AK lobster, gi585342; Lombricine
Kinase, gi3183058; Glycocyamine Kinase, gil730042; B. subtilis, gi2127054; L.

monocytogenes, gil314296.
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UCSF MidasPlus

Figure 2. Structural superposition of uMtCK and AK. uMtCK a-carbon trace is in blue,
while AK is in yellow. The CK flexible loop is in purple, the AK loop is in green. Glu225 of

the AK structure is colored orange while the CK Glu 232 is in red.
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Figure 3. Schematic drawing of proposed interaction between HMCK and creatine or
cyclocreatine. Hashed bonds represent potential hydrogen bonds. Red bonds represent the

additional methylene bridge of cyclocreatine.
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Table 1: Maximum Specific Activity” and Michaelis Constants® for Wild-Type and Recombinant HMCKs

Protein V("“:;if‘s’/’l‘;;d ‘:muﬁi::/::)e KnCr)  KaATP)  Ku(PCH)  Kn(ADP)
Wild-type 114+ 74 304 £ 6.0 10.3+2.4 0.504 £ 0.11 0.714 £0.061  0.0484 +0.0027
E232D 0.204 £0.012 0.591+£0.016 169+24  0.492 £ 0.045 1.80 £ 0.15 0.0757 = 0.0051
E232Q 0.0015 £ 0.0005 0.0035 £ 0.001 nd* nd‘ nd.* nd*
E232A nd‘ nd‘ nd* nd* nd‘ nd‘ o
D326E 322116 116 £2.8 18.0+5.3 1.03+0.12 0.932 £ 0.088  0.0387 £ 0.0031 o
D326N 5.72+0.16 16.0 £0.31 140£5.5 0.838 £0.062 1.48 £0.051 0.0210+0.0015 i
D326A 0.0776 + 0.0020 0.834+0.014 47411 1.37 £ 0.082 4.270.16 0.0458 + 0.0048 o
? Reaction conditions: Forward, pH 9.1, saturating ATP and creatine. Reverse, pH 7.0, saturating ADP and A LART
phosphocreatine. ® Units are in millimolar. © Not detected.
Table 2: Kinetic Parameters for Wild-Type and Recombinant HMCKs Using Cyclocreatine as Substrate LA
Protein ke (s™) K (mM) ke K (s M) kea(Cycr)/keu(Cr)
Wild-type 384+£2.7 228128 1680 0.31
E232D 0.0462 + 0.0061 25.0+2.6 1.85 0.23
D326E 10.4 £ 0.75 19427 536 0.32
D326N 6.23 £0.84 279+6.4 223 1.1
D326A 0.308 £ 0.055 39411 7.82 2.6

“ k.o for forward reaction.
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DISCUSSION

Evidence for a difference in function for the two carboxylates under investigation is
provided in part by primary sequence alignments. The NEED-box region (residues 223-243
in Figure 1), in which E232 is located, is highly conserved across all members of the
guanidino-kinase family for the 20 residue stretch shown in Figure 1. Conversely, the
flexible loop (HMCK residues 316-338 in Figure 1), which contains D326, is only ~40%
identical for all pairwise comparisons within the CK family. Moreover, this region is clearly
and consistently different between the CK and AK families. The importance of this flexible
loop to the overall function of all superfamily members is suggested by measurements using
small-angle X-ray scattering (37). These show that, notwithstanding their primary structure
differences, CK and AK seem to behave similarly with respect to the movement of the
flexible loops upon substrate binding.

The strikingly different levels of activity loss associated with substitutions generated
at these two residues also suggest different catalytic roles for each. Glu232 is intolerant of
any change; even a conservative substitution (E232D), which retains the functional group but
shortens the carbon chain by a single methylene unit, results in 500-fold loss of activity.
Replacement of the carboxyl group by substitution with the structurally similar but
uncharged glutamine nearly eliminates activity. Consistent with these results, the
nonconservative replacement of Glu232 with Ala results in complete loss of activity, within
the limits of detection (>10-6 units/mg). This trend of loss in activity is characteristic of the
removal of a critical catalytic residue. Further, the log V. vs pH and log Viax/Km vs pH

profiles for wild-type and E232D variants are very similar (data not shown). Consequently,

41

BE cth



the possibility that the activity observed for E232D is due to contamination by revertants to
wild-type cannot be ruled out. In contrast, Asp326 is much more tolerant of amino acid
replacement than Glu232. The conservative mutation (D326E) retains a significant
proportion of the wild-type enzymatic activity. Exchange of a charged for an uncharged
residue causes a significant drop (20-fold) in catalysis (D326N), while complete removal of
the carboxylate group (D326A), produces an approximately 3 orders of magnitude loss of
activity. Taken together these data suggest that, although Asp326 is required for optimal
activity, CK can still function at a reasonable rate without it.

Assuming that the TSAC-AK structure is a suitable model for the analogous
substrate-bound CK, then the flexible loop in CK should contribute to catalysis by folding
from an open to a closed position, thus completing the active-site pocket and bringing into
proximity residues that might contribute to catalysis (Figure 2). In the AK structure, the
flexible loop residue Glu314, the putative homologue of CK Asp326, comes into proximity
with the transphosphorylation site. Here it could coordinate either the guanidine or
phosphoguanidine groups, thereby providing optimal alignment for in-line attack (47/). Data
from our kinetic experiments with CyCr support this concept; a decrease in k., resulting from
a charged-to-nonpolar residue substitution (D326A) may be partially alleviated by a
compensatory change in the substrate, i.e., the addition of the methylene bridge in CyCr
(Figure 3). On the basis of these observations, we propose that in the CK mechanism,
Asp326 may have a role in properly aligning the substrate by virtue of its residence on the
flexible loop and the subsequent positioning of this loop proximal to the creatine or
phosphocreatine molecule prior to transphosphorylation. We suggest that the differences in

loop design, i.e., small nonpolar amino acids in the CK loop (HMCK residues 323-330)
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versus the largely negatively charged residues of the homologous AK loop (residues 312-319
in Figure 1), are likely to account for differences in substrate specificity between CK and
AK.

Although the relative importance of both Glu232 and Asp326 in the HMCK
mechanism have been confirmed, the details of their contributions remain unresolved.
However, it is informative to view the current data in terms of earlier models of CK action.
Nearly 20 years ago Cook et al. (/9) proposed that, for RMCK, a group with a pKa of 7 must
be unprotonated in the forward reaction and protonated in the reverse reaction, thereby acting
as an acid-base catalyst. On the basis of a pKa value of 7 and an observed decrease in that
pKa during solvent perturbation experiments, this acid-base catalyst was originally proposed
to be a histidine. This putative active-site histidine was proposed to facilitate catalysis by
accepting a proton from or donating a proton to the N2 of creatine and phosphbcreatine,
either helping to create a good nucleophile or making the phosphate on PCr a better leaving
group. However, in a later study, Chen et al. (25) carried out a mutagenic analysis of all the
conserved histidine residues in RMCK, concluding that none was essential for catalysis.

On the basis of the results described here, we now propose that Glu232 may perform
the role of the acid-base catalyst that was assigned to a histidine in the earlier model (/9).
This residue was first suggested by Zhou et al. (29) as being a contributing feature in the AK
reaction. One major concern with this hypothesis is that the pKa of Glu232 would need to be
shifted from 4 to a value of nearly 7 in order to facilitate reversible proton transfer. However,
studies of other enzymes provide a precedent for the elevation of the pKa of glutamate or
aspartate residues, generally as a result of acidic or hydrophobic residues in the vicinity of

the ionizable group. These include human lysozyme (42, 43) and the phospholipase C
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reaction (44). On the basis of the structure of RMCK, which has 96% sequence identity with
HMCK, the residues Glu231, Asp233, Prol43, Thr281, and Leu202, are potential
contributors to such an elevation in pKa for Glu232. Further, some of the substrates also
carry acidic groups (ADP, ATP, or PCr) that could, upon binding, contribute to an elevated
pKa.

A complex picture of the CK reaction is now emerging from recent mutagenic and
structural research. The mechanism must explain the participation of reactive glutamic acid
and cysteine residues, the involvement of the flexible loop, as well as nucleotide and
guanidinium binding residues, in both the forward and reverse reactions. Clearly, there must
be several contributors to the overall mechanism (45). The AK structure provides a detailed
view of a guanidino-kinase active site at the midpoint in the phosphoryl transfer reaction,
which can be used to infer some mechanistic properties of other superfamily members, e.g.,
CKs, and guided our selection of two conserved carboxylates, Glu232 and Asp326, for amino
acid replacement. Finally, between Glu232 and Asp326, our results have identified Glu232

as the acidic residue more vital for catalysis.
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INTRODUCTION TO CHAPTER 3

Chapter 3 takes the form of a manuscript published in Protein Expression and
Purification. The focus of this work is on the marked improvement of the expression and
purification of the creatine kinase isoform from Torpedo californica (TcCK). My advisor,
Patsy Babbitt, initially subcloned, expressed and purified TcCK as a portion of her thesis
work (Babbitt, et al., 1988). Unfortunately, the gene product expressed at low levels, never
expressed solubly and retained only very low activity after refolding. Initially, we wanted to
perform mutagenesis studies on the “essential” cysteine in TcCK, and therefore we set out to
increase the solubility and activity of this enzyme.

I made significant contributions to this manuscript. The TcCK gene was first
subcloned into the pET17b expression vector. Although this vector had been successfully
used in the lab to solubly express the human muscle and brain isoforms of creatine kinase,
TcCK still expressed in inclusion bodies. However, there was a large improvement in the
protein expression level. I tested several refolding and purification protocols, and assayed the
refolded enzyme. I initially had nucleation problems causing the refolded protein to slowly
precipitate. John Cantwell suggested running the refolded protein over a Blue Sepharose
column, which he tested, eliminating the precipitation problem. The TcCK project ended at
this point in our lab. There was some difficulty obtaining the mutants we wished to examine,
and my thesis project had become well focused on substrate specificity.

Michael McLeish and my advisor, Patsy Babbitt, hypothesized that this CK isoform
may be able to yield an X-ray crystal structure with a bound transition state analog. This was

reasoned from the fact that the only phosphagen kinase crystallized in this manner, arginine
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kinase, was purified from inclusion bodies. Thus we sent the pETTcCK clone and our
purification protocols to George Kenyon'’s lab at the University of Michigan, where Michael
McLeish and Pan-Fen Wang fine-tuned the expression and purification procedures.

This work resulted in large increases in both the amount of purified protein and TcCK
activity. Purified TcCK was increased from less than 1 mg/L in the original expression
system to 54 mg/L in the new system. The specific activity of TcCK was increased from 5.6
U/mg to 76.5 U/mg. Finally, this work resulted in crystals with a bound transition state
analog complex. This structure was ultimately solved by Karen Allen’s lab at Boston

University (Lahin, et al., 2002).

Babbitt, P. C., B. L. West, I. D. Kuntz and G. L. Kenyon (1988). "Purification of the
Insoluble Aggregate Obtained from the Expression of Creatine Kinase in E. coli Yields

Greatly Improved Specific Activity in the Refolded Protein." Biochemistry 27: 3093.

Lahin, S. D., P. F. Wang, P. C. Babbitt, M. J. McLeish, G. L. Kenyon and K. N. Allen
(2002). "The 2.1 A structure of Torpedo californica creatine kinase complexed with the
ADP-Mg(2+)-NO(3)(-)-creatine transition-state analogue complex." Biochemistry 41(47):

13861-7.
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ABSTRACT

The pET17 expression vector was used to express creatine kinase from the electric
organ of Torpedo californica as inclusion bodies in Escherichia coli BL21(DE3) cells. The
insoluble aggregate was dissolved in 8 M urea and, following extraction with Triton X-100,
the enzyme was refolded by dialysis against Tris buffer (pH 8.0) containing 0.2 M NaCl.
After two buffer changes, chromatography on Blue Sepharose was used as a final step in the
purification procedure. Approximately 54 mg active protein was recovered from a 1 L culture
and the refolded enzyme had a specific activity of 75 U/mg. The molecular mass of the
purified protein was consistent with that predicted from the amino acid sequence and the CD
spectrum of the refolded enzyme was essentially identical to that of creatine kinase from
human muscle (HMCK). The K, values of ATP and ADP were also similar to those of
HMCK, while the K, values for both phosphocreatine and creatine were approximately 5-
10-fold higher. The purification described here is in marked contrast with earlier attempts at
purification of this isozyme where, in a process yielding less than 1 mg/L culture, enzyme

with a specific activity of ca. S U/mg was obtained.
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INTRODUCTION

Creatine kinase (CK, EC 2.7.3.2) is found in all vertebrates and catalyzes the
reversible phosphorylation of creatine (Cr). The product, phosphocreatine (PCr), is
considered to be a reservoir of "high-energy phosphate," which is able to supply ATP, the
primary energy source in bioenergetics, on demand. As a consequence, creatine kinase plays
a significant role in energy homeostasis of cells, particularly those requiring short, rapid burst
of energy, such as neurons and both skeletal and cardiac muscles (7, 2). The major isozymes
of CK are named for the tissues and organelles from which they were originally isolated.
These include the M-type, isolated from muscle (3), the B-type, isolated from brain (4), and
the mitochondrial (Mt) isozymes (5). There is, in addition, a heterodimeric MB isozyme and
elevated levels of this isozyme are used as a marker for myocardial infarction (6). In fact,
changes in cellular CK concentrations or activities have been linked to a wide range of
disease states including cancer (7, 8), Alzheimer's disease (9), and muscular dystrophies (/0).

Commensurate with the cellular importance of creatine kinase, considerable effort has
been expended in trying to understand the structural and functional aspects of the CK
mechanism. In addition to the early mechanistic studies generally carried out on the rabbit
muscle isozyme (/7), cDNAs encoding creatine kinase from a wide range of species have
been cloned and sequenced. Considerable homology has been observed, especially within the
individual isozyme classes (/2, 13). Each cDNA encodes a protein of about 40 kDa and X-
ray structures are now available for all three major isozymes (3, /4, 15). Unfortunately, there
are no structures of CK bound to either substrates, products or analog and, consequently,

much of the detail of the CK molecular mechanism is yet to be elucidated. The structure of
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arginine kinase (AK), a guanidino kinase with ~40% sequence identity similar to those of
most creatine kinases, complexed with transition-state analog, arginine—nitrate—ADP, has
recently been solved (/6). This structure shows that there is considerable movement of
residues following substrate binding, notably those of a flexible active-site loop (/6, /7). In
CK, too, this flexible loop has been associated with a conformational change upon substrate
binding (/8) and it appears that this loop may account for some of the different substrate
specificities between CK and AK (/9). These structural differences emphasize the prominent
part a liganded structure of CK will play in ultimately understanding the role of individual
residues in the mechanism of creatine kinase.

We have recently overexpressed, in soluble form, both the human muscle and human
brain CK isozymes (20). Attempts have been made to crystallize the two proteins under a
variety of conditions, both with and without ligand, again, with little or no success. This is
possibly due to microheterogeneity problems similar to those observed previously for
recombinant rabbit muscle CK (2/). As with the rabbit muscle enzyme, both human muscle
and human brain CK show significant heterogeneity on isoelectric focusing gels (20). It has
been suggested that the problem lies in the purification (27), although deamidation cannot be
ruled out (22). Accordingly, we have looked for an alternative isoform of CK, one that
requires a significantly different purification scheme, that may provide a more homogeneous
product, and, ultimately, a crystalline CK-transition state analog complex.

It was noted that the enzyme used to obtain the X-ray structure of the transition state
analog complex (TSAC) of arginine kinase was purified from inclusion bodies (26). Several
years ago, the DNA sequence (GenBank M36427) of creatine kinase from the electric organ

of Torpedo californica (TcCK) was reported (23). CK is prevalent in this tissue, presumably
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as a result of the high-energy requirements of the electric discharge. The sequence showed
considerable similarity (nearly 90%) to the sequences of both rabbit and human muscles.
Unfortunately, attempts to express TcCK in Escherichia coli led to an inactive, insoluble
aggregate and, while it was possible to refold the protein and restore activity, the yield of
active TcCK was considerably less than 1 mg/L culture (24, 25). However, the possibility
that TcCK, purified from inclusion bodies, may also provide a crystalline TSAC suggested
that another attempt be made to obtain this isozyme. Here, we describe an improved
procedure for both expressing and purifying T. californica creatine kinase, one that permits
the isolation of tens of milligrams of active enzyme per liter of culture, and which has

allowed us to carry out large-scale crystallization studies.

MATERIALS AND METHODS

Creatine, phosphocreatine, ATP, ADP, NADH, NADP, and phosphoenolpyruvate
were purchased from Sigma Chemical. The coupling enzymes, pyruvate kinase, lactic
dehydrogenase, hexokinase, and glucose-6-phosphate dehydrogenase, were also purchased
from Sigma. 3-(1-Pyridino)-1-propanesulfonate (NDSB-201) was purchased from
Calbiochem. Human muscle creatine kinase (HMCK) was available from a previous study
(27). Buffer salts and other reagents were of the highest quality available. The following
buffer solutions were used in the protein preparation.

Buffer A: 25 mM Tris, 0.1 mM PMSF, 5 mM EDTA, and 50 mM NaCl, pH 7.5.

Buffer B: Buffer A containing 8 M urea and 50 mM DTT.

Buffer C: 25 mM Tris, 20 mM NaCl, 1 mM DTT, and pH 7.0.
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Buffer D: 25 mM Tris, 0.2 M NaCl, 1 mM DTT, 1 M NDSB-201, and pH 7.0.

Construction of a TcCK expression vector. Plasmid pK TCK3F, containing the TcCK
gene, was available from a previous study (25). To obtain better yields of protein, we placed
the TcCK gene into pET17b (Novagen), which uses the strong T7 promoter for high-level
expression. This was achieved by engineering a Sal/l restriction site into pKTCK3F,
downstream of the C-terminus of TcCK. The mutagenesis was carried out using the
QuikChange mutagenesis kit (Stratagene) employing the following primers (the Sall site is
underlined):

5'-GCCTTGAAATATCACAGAACTTtGAACTTTCCC-3';

5'-GGGAAAGTTCAAAGTTCTGTGATATTTCAAGGC-3".
Following mutagenesis, the template DNA was removed by treatment with Dpnl and the
PCR products were transformed into E. coli strain DHS (Gibco-BRL). Single colonies were
picked and their isolated DNA was screened for the presence of the new Sall site. The
presence of the Sall site and the fidelity of the PCR amplification of the cloned TcCK gene
were confirmed by sequencing. The mutated pKTCK3F vector, now containing both Ndel
and Sall sites, was digested with these enzymes and the fragment containing the TcCK gene
was purified from an agarose gel using the Geneclean Spin kit (Biol01). The purified
fragment was ligated into the vector pET17b, which had been digested with both Ndel and
Sall. The resulting construct, designated pETTcCK, was then transformed into E. coli
BL21(DE3)pLysS (Stratagene) for protein expression.

Expression of TcCK and preparation of inclusion bodies. A 50 mL culture of
BL21(DE3)pLysS, freshly transformed with pETTcCK, was used to inoculate 1 L LB media

containing ampicillin and chloramphenicol. The cells were grown at 37 °C until ODggo
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reached 1.0. Protein expression was then induced with 0.5 mM IPTG. After growth for an
additional 4 h at 30 °C, the cells were harvested by centrifugation at 6300g for 8 min at 4 °C.
The cell pellet was resuspended in 25 mL Buffer A and the cells were lysed by treatment of
the cell suspension with lysozyme (0.3 mg/mL) for 30 min at room temperature. Triton X-
100 was added to 5% (v/v) and the suspension was sonicated, on ice, four times for 1 min
each. The suspension was then treated with Dnasel (110 U/mL) and RnaseA (3 U/mL) for
15 min at room temperature. The inclusion bodies were sedimented by centrifugation at
30,000g for 20 min at 4 °C. To remove additional lipids and potential proteolytic activity, the
inclusion bodies were washed with 25 mL buffer A containing 5% Triton X-100, followed by
centrifugation at 30,000g for 20 min at 4 °C. The excess Triton X-100 was removed by
washing twice with 25 mL buffer A, followed by centrifugation at 30,000g for 20 min at
4 °C.

Denaturation, refolding, and purification of TcCK. The pellet containing inclusion
bodies from 0.5 L cell culture was resuspended in 25 mL of Buffer A and solid urea and DTT
were added to final concentrations of 8 M and 50 mM, respectively. The solution was
incubated at 4 °C for 1 h. The insoluble material was removed by centrifugation at 100,000g
for 15 min at 4 °C. At this point, the protein concentration in the supernatant was estimated
using the Bradford assay (28). Buffer B was used to dilute the supernatant to a protein
concentration of ~2 mg/mL. The solution of denatured TcCK was dialyzed at 4 °C overnight
against 25 mM Tris buffer, pH 8.0, containing 0.2 M NaCl, S mM DTT, and 1 mM EDTA.
The precipitate that formed during the dialysis was removed by centrifugation at 3500g for
30 min at 4 °C. The supernatant was again dialyzed overnight at 4 °C, this time against

25 mM Tris buffer containing 50 mM NaCl, 1 mM DTT and 1 mM EDTA at pH 8.0. The
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solution was once more clarified by centrifugation at 3500g for 30 min and the refolded
protein was subjected to a final overnight dialysis step against 25 mM Tris, pH 7.0,
containing 20 mM NaCl, 1 mM DTT, and 1 mM EDTA. The dialyzed protein was then
loaded onto a 2.6 x 14.5 cm Blue Sepharose CL-6B column (Pharmacia Biotech), which had
been preequilibrated in Buffer C. Unbound material was removed by washing the column
with two column volumes of Buffer C and TcCK was eluted using a linear gradient of 20—
500 mM NaCl over two column volumes. The peak of TcCK was centered at around
140 mM NaCl. The fractions containing TcCK were pooled and dialyzed against Buffer C
containing 1 mM EDTA at 4 °C overnight, before being concentrated using an Amicon
Centricon concentrator unit. The purified enzyme was stored in aliquots at -80 °C. The
enzyme concentration was determined using an A280 of 0.88 for a 1 mg/mL sample (3). The
final yield of active TcCK was ca. 54 mg per liter of cell culture.

Refolding of denatured protein using nondetergent sulfobetain (NDSB). A sample
(3 mg/mL) of denatured TcCK, prepared as described above, was diluted with vigorous
stirring into cold folding buffer (Buffer D). Following the addition of the denatured protein,
stirring was continued for an additional 2 min at 4 °C and the solution was left undisturbed at
4 °C for 1 h. The solution was filtered to remove the protein that precipitated during the
refolding process and purified by chromatography on Blue Sepharose as described above.

Isoelectric focusing electrophoresis. Isoelectric focusing (IEF) of TcCK was
performed on PhastGel IEF 3-9 using a PhastSystem (Pharmacia Biotech). The gel, which
covers a p/ range of 3-9, was prefocused at 2000 V for 10 min. TcCK was applied to the gel

at 200 V for 5 min. After the sample had been applied, focusing was continued at 2000 V for
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30 min, with the temperature maintained at 15 °C. The gel was fixed in 20% trichloroacetic
acid and stained with PhastGel Blue R (Coomassie R 350).

Mass spectrometry. Electrospray mass spectrometry was performed on a Finnigan
LCQ mass spectrometer interfaced with an analytical HPLC (Hitachi) equipped with a Vydac
C18 reversed phase column (4.6 x 250 mm?). The mobile phase was composed of 0.1% of
acetic acid, 0.02% of TFA, and a linear gradient of 5-75% acetonitrile. TcCK eluted at about
60% MeCN.

Circular dichroism spectropolarimetry. CD spectra were recorded on a Jasco J-810
spectropolarimeter calibrated with d-10-camphorsulfonic acid. The TcCK and HMCK
samples were both at a concentration of 0.3 mg/mL, in 10 mM potassium phosphate, pH 7.0.
The spectra were an average of 5 scans recorded at 20 °C with a bandwidth of 1 nm, a 0.1 nm
step size, and a 1 s time constant, and were baseline corrected.

Determination of creatine kinase activity. Standard assays of creatine kinase activity
were carried out in the direction of creatine phosphorylation using a pH-stat method (29),
with ATP and creatine concentrations of 5 and 100 mM, respectively. Steady-state kinetic
analyses of TcCK were carried out in both forward and reverse directions at 30 °C, using
coupled assays, as described previously (27, 30). In the forward direction, creatine
phosphorylation is coupled to the reactions of pyruvate kinase, and lactate dehydrogenase,
and followed by monitoring the decrease in absorbance at 340 nm due to bleaching of
NADH. The assay mixture contained 75 mM TAPS buffer (pH 9.0), 0.36 mM NADH,
0.36 mM phosphoenolpyruvate, 1 mM magnesium acetate, 13 mM potassium acetate,
variable MgATP (0.3-5 mM), variable creatine (6-100 mM), and 9.3 nM TcCK. The

concentrations of the coupling enzymes, pyruvate kinase and lactate dehydrogenase are 28
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and 54 U/mL, respectively. In the reverse direction, ADP phosphorylation is coupled to the
reactions of hexokinase, and glucose-6-phosphate dehydrogenase, and followed by
monitoring the increase in absorbance at 340 nm due to reduction of NADP. The assay
mixture contained 75 mM HEPES buffer (pH 7.0), S mM glucose, 1 mM NADP, 5§ mM
magnesium acetate, variable MgADP (10-200 M), variable phosphocreatine (1-15 mM), and
2.4nM TcCK. The concentrations of the coupling enzymes, hexokinase and glucose-6-

phosphate dehydrogenase, are 4.1 and 8.2 U/mL, respectively.

RESULTS AND DISCUSSION

As shown in Fig. 1 (lanes 2 and 3), the pETTcCK vector gave excellent inducible
expression of TcCK. It provided a considerably greater expression of TcCK than the earlier
pKTC3F (data not shown) but, again, the enzyme was recovered as an insoluble aggregate.
Little or no CK activity was detected in the soluble extracts nor was any found in the
inclusion bodies. It had been reported that proteolysis could be a problem during
solubilization and refolding of TcCK, but the proteolytic activity could be removed by
extraction with a buffer containing Triton X-100 (24). Accordingly Triton X-100 was added
to the cell lysis buffer and, in addition, the pelleted inclusion bodies were also extracted with
Triton X-100.

Solubilization of the aggregates was achieved under strongly denaturing conditions
(8 M urea) in the presence of reducing agent (50 mM DTT). Earlier attempts to refold TcCK
used rapid dilution into Tris buffer (24). In this study, attempts were made to refold TcCK in

two ways: by stepwise dialysis and by dilution into a folding buffer containing the mild
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solubilizing/stabilizing agent NDSB-201 (3/). While, in milligrams of protein, the yield of
active enzyme was broadly comparable for both methods, the specific activity of the enzyme
refolded using the direct dialysis method (76.5 U/mg) was considerably higher than of the
enzyme refolded by the dilution technique (10.3 U/mg).

The final purification step of the refolded TcCK is a modification of the method used
for HMCK (20). As can be seen from Fig. 1 (lanes 4 and 5), neither the solubilized inclusion
bodies nor the refolded enzyme contained many contaminants and it proved possible to
complete the purification of the refolded TcCK in a single step using chromatography over
Blue Sepharose column (Fig. 1, lane 6). Blue Sepharose is commonly used to purify CK
isozymes (20, 32) and, an additional anion exchange chromatography step, essential for the
purification of HMCK, did not lead to any improvement in specific activity of TcCK.
Further, it was noted that the TcCK refolded by dilution into NDSB-201 did not bind well to
the Blue Sepharose column. This observation, combined with its relatively low specific
activity, suggested that TcCK refolded by rapid dilution may not fully attain its native
conformation. The dialysis method is the more tedious of the two, requiring three overnight
steps before the chromatography step. However, given the significantly higher specific
activity of the refolded enzyme, and the fact that NDSB-201 is not inexpensive, particularly
for large-scale preparations, the dialysis method of refolding emerged as the method of
choice.

Table 1 shows that this purification results in an excellent yield of highly active
TcCK. Once refolded, neither dialysis nor chromatography results in much loss of CK
activity. The overall purification, 1.7-fold, emphasizes that expression in inclusion bodies

can, under some circumstances, in itself provide an excellent initial purification. The specific
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Figure 1. SDS—PAGE analysis of a typical expression and purification of TcCK. Lane 1, .
molecular weight markers; lane 2, uninduced BI21(DE3)pLysS cells containing pETTcCK/;
lane 3, whole cell lysate 3 h post-induction with 0.5 mM IPTG; lane 4, solubilized inclusion

bodies; lane 5, TcCK after dialysis; lane 6, TcCK following Blue Sepharose chromatography.
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Table 1

Rep tve purification of Torprdo californica creatine kmase from inclusion bodies

Purification sicp Total protein® (mg) Toul activaty (U)® Specific activity (U/mg) Purtfication fold
Inchmion bodies solubilized in 8M wrea 258 ad’ -

Ist Dialysis 100 4396 40 1

2ad Dualyss Lz M14 50.7 1.2

3rd Dinlysis 8.1 49 55.5 13

Blue Scpharose 336 4099 765 1.7

‘men was determinod using the Bradford method [28] and refers (o the proten obtained from a | L cuhure of E. cv/i BL2I(DE3)pLysS.
>The enzyme activities were determined usmg a pH stat assay at pH 9.0 mith SmM ATP. 6mM M;" and 100 mM creatine. One unit enzyme

activity equals 1 mole ATP sphosphorylated per mi at 30°C.
“Nanc detected.

Table 1. Representative purification of Torpedo californica creatine kinase from inclusion

bodies
Table 2
Kinetic parameters of ToCK aad HMCK
Enzyme Vinax fOrward® Vs PEVErse® K Kare f el | Cod
(U/mg) (Uhng) (mM) (mM) (mM) (mM)
TeCK* 125+ 70 490+ 27 79+68 0.80 + 0.02 3.7+02 0.027 +0.003
HMCK* 114+74 304 £ 6.0 103424 0.50+0.11 0.71 £0.06 0.048 +0.003
*Data for the forwand reaction (creatine phoqahoryhuo-) were obtained st pH 9.
*Data for the reverse ion (ADP phosphorylation) were obtained at pH 7.

TcCK data are seported as + SEM n-l were obtained from at least theee individaal determinations.

4HMCK data are fram (19}

Table 2. Kinetic parameters of TcCK and HMCK
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activity of the purified TcCK, 76.5 U/mg, lies between that of human muscle CK (210 U/mg)
(27) and rabbit muscle (33.5 U/mg) (27), and is comparable to that of chicken sarcomeric CK
(73 U/mg) (33) and human brain CK (88 U/mg) (34). In toto, both the yield, 54 mg/L, and
the specific activity of the TcCK prepared here are a considerable improvement over those
obtained in previous attempts to express TcCK in E. coli, <l mg/L and 5.6 U/mg,
respectively (24).

The amino acid sequence of TcCK (23) translates to a protein with a predicted
subunit MW of 42,927 Da. Electrospray mass spectrometry indicated the molecular mass of
purified TcCK to be 42797+3 Da, which is in agreement with the recombinant enzyme
having its N-terminal methionine residue removed. The removal of the N-terminal
methionine residue has been observed previously for both the human muscle and human
brain isozymes when expressed in E. coli (20).

The circular dichroic spectrum of TcCK is essentially identical to that of human
muscle CK (Fig. 2). This is not surprising given the high level of sequence similarity, but it
does serve to confirm that the refolded enzyme has structural as well as kinetic integrity.

The steady-state kinetics of recombinant TcCK have been studied in both forward and
reverse directions. The kinetic parameters are listed in Table 2 and contrasted with
comparable data for recombinant HMCK. In the forward direction, at pH 9.0, and in the
reverse direction, at pH 7.0, both isozymes exhibit a random binding mechanism. Both
isozymes have similar K,, values for ADP and ATP, but TcCK has much higher K, values
for both phosphocreatine and creatine. The high K, values for the latter two substrates
require that the V.« data be obtained by extrapolation to saturating substrate levels. The Viax

data show minor differences between the two isozymes, but these are not dissimilar to
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Figure 2. CD spectra of TcCK and HMCK The spectra of TcCK (—) and human muscle CK

(--+) were obtained at 20 °C, at a protein concentration of 0.3 mg/mL in KPO4, pH 7.0.
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differences observed between, for example, the human muscle and brain isozymes (20).
However, one observation of note is that TcCK shows a dramatic decrease in activity when it
is subjected to repeated freezing/thawing. The activity can be recovered by treatment with
DTT (50 mM DTT in 50 mM HEPES buffer, pH 8) but it is not an immediate recovery and
overnight incubation is required. This loss of activity is not observed with HMCK.
Alignment of the sequences of HMCK and TcCK shows that the latter has three additional
cysteine residues and it appears reasonable to suggest that the reversible loss of activity may
be due to oxidation of the additional cysteine(s).

In addition to obtaining improved yields of TcCK, one of the initial aims of this work
was to obtain a homogeneous preparation of a creatine kinase isozyme that would be
amenable to crystallization. Highly purified rabbit muscle CK (27), as well as human muscle
and human brain CK, display multiple isoforms on an IEF gel (20). It was suggested that the
heterogeneity may arise as an artifact of the purification (2/) or more likely may be due to
post-translational amidation/deamidation (22). In this study, we found that TcCK showed
only one major band on an IEF gel (pH 3-9). However, in contrast to sharply focused bands
of HMCK (p/ 6.9-7.8), the TcCK band appeared to be quite diffuse with a p/ between 4.5
and 5.5 (not shown). A closer examination showed that the diffuse band was really a
collection of several closely spaced finer bands, indicating that TcCK also displays the
microheterogeneity common to many CK isozymes. Happily, this problem was not sufficient

to prevent crystal formation in the crystallization trials that will be described elsewhere.
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INTRODUCTION TO CHAPTER 4

Chapter 4 describes investigations into the substrate specificity of creatine kinase
(CK). This manuscript was submitted for publication in Biochemistry. The phosphagen
kinases catalyze the reversible phosphorylation of a guanidino substrate by ATP. Unlike the
majority of protein folds, the phosphagen kinase fold is unique and only performs this one
function. CK shares ~40% sequence identity with other phosphagen kinases such as arginine
kinase (AK) and glycocyamine kinase (GK), yet these enzymes are highly specific for their
individual substrates.

When I began this project, only AK was crystallized with a transition state analog
complex (Zhou, et al., 1998). Therefore computational comparisons between AK and CK
were necessary to understand how active site differences relate to the delivery of substrate
specificity. These studies identified class-specific differences in two flexible loop regions,
one N-terminal (N-loop) and one C-terminal (C-loop). The N-loop primarily contacts the
carboxy terminus of the substrate, while the C-loop makes substrate contacts near the
guanidino terminus. My initial studies were concerned with complete swapping of the N-
terminal and C-terminal loops of CK and GK (whose substrates differ only by a single N-
methyl group) in a stepwise manner. After much progress was made towards the
development of these mutants it became apparent that simply swapping these loops was not
altering the specificity of the CK mutants in such a manner as to have high activity with
glycocyamine.

Almost immediately after Patsy and I decided to focus on V325 (homologous to AK

E314) as a specificity determinant, we heard from Michael McLeish that a CK transition
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state analog complexed structure had been solved of TcCK (see Chapter 3) (Lahiri et al.,
2002). Examination of this structure verified that V325 made contacts with the N-methyl
group, and also implicated 169. Computational studies failed to identify 169 as being in
proximity to the ligand due to loop length differences between the AK and CK structures
used in our comparative studies.

Investigations of the roles of 169 and V325 revealed that mutations at 169 were unable
to direct the specificity of the enzyme away from its natural substrate, creatine. While
specificity of the enzyme was affected, several mutations at this position affected the synergy
of the enzyme. In contrast, both mutations we created at V325, V325A and V325E, resulted
in the preference of CK for either cyclocreatine or glycocyamine, respectively. Thus, we
have described a “specificity switch” at position V325, where mutations alter the substrate

preference of the enzyme.
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Abbreviations: CK, creatine kinase; AK, arginine kinase; TES, 2-[(2-hydroxy-1,1-
bis[hydroxymethyl]ethyl)amino]-ethanesulfonic acid; TAPS, 2-[(2-hydroxy-1,1-
bis[hydroxymethyl]ethyl)amino]- 1-propanesulfonic acid; DTT, dithiothreitol; PMSF,
phenylmethanesulfonyl fluoride; IPTG, isopropyl-f-D-thiogalactopyranoside; SDS-PAGE,

sodium dodecyl sulfate polyacrylamide gel electrophoresis; CD, circular dichroism.

Footnotes:
! In several AKs, the SGV (residues 63-65) motif and D62 are not conserved. This sub-class

of AKs presumably has a unique substrate recognition system (37).

2 For clarity, N- refers to the N, position of creatine and the creatine analogs and the

analogous N of arginine, as applicable.

? An a value equal to unity indicates that the binding of the first substrate has no effect on the
binding of the second. A value less than unity signifies an increased affinity for the second
substrate, and a value greater than unity indicates a decrease in the affinity of the enzyme for

the second substrate.

74



ABSTRACT

Creatine kinase (CK) catalyzes the reversible phosphorylation of creatine by ATP.
From a structural perspective, the enzyme utilizes two flexible loop regions to sequester and
position the substrates for catalysis. There has been debate over the specific roles of the
flexible loops in substrate specificity and catalysis in CK and other related phosphagen
kinases. In CK, two hydrophobic loop residues, 169 and V325, make contacts with the N-
methyl group of creatine. In this study, we report the alteration of the substrate specificity of
CK through the mutagenesis of V325. The V325 to glutamate mutation results in a more than
100-fold preference for glycocyamine while mutation of V325 to alanine results in the slight
preference of the enzyme for cyclocreatine (1-carboxymethyl-2-iminoimidazolidine). This
study enhances our understanding of how the active sites of phosphagen kinases have

evolved to recognize their respective substrates and catalyze their reactions.
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INTRODUCTION

Koshland originally suggested that conformational changes upon substrate binding
could serve as a basis for substrate specificity, e.g., a good substrate induces an active
conformation of an enzyme, and a poor substrate induces an inactive conformation (7).
Frequently, these changes involve the movement of flexible loops which assist in substrate
recognition and catalysis (2-4). While the contribution of induced fit to the substrate
specificity of an enzyme has been greatly debated (5-8), it is clear that determinants of
specificity can often be found on flexible loop regions (4, 9, 10). Here, we investigate the
contributions of two flexible loop regions of creatine kinase (CK) to the substrate specificity
of the enzyme.

CK (E.C. 2.7.3.2) is a member of the phosphagen kinase superfamily of enzymes
whose members catalyze the reversible phosphorylation of guanidino substrates by ATP.
The CK reaction is shown in Scheme 1. The products of these reactions, phosphagens, act as
reservoirs of high-energy phosphate which are utilized to rapidly regenerate ATP in cells
with variable energy needs (i.e., muscle and nerve cells). In addition to their central role in
energy homeostasis, the phosphagen kinases have been used as a paradigm for understanding

the kinetics and mechanisms of bimolecular reactions (/7-13).
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Scheme 1.
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The phosphagen kinases possess a unique structural fold with only distant similarity
to glutamine synthetase (/4, 15). High resolution crystal structures of two phosphagen
kinases, arginine kinase (AK) and CK, have been determined in the unbound form (/6-19)
and bound with a transition state analog complex (TSAC) (20, 21). These structures indicate
that large movements of two flexible loop regions (termed here N-terminal and C-terminal
loops) occur upon substrate binding. The N-terminal loop region (N-loop, CK residues 60-
73) is variable in length across the phosphagen kinase superfamily. The length of this loop
shows an inverse relationship to the size of the cognate substrate, suggesting that it may be
involved in determining specificity. In some studies, the N-loop has been referred to as the
guanidino specificity region (20, 22). The length of the C-terminal loop (C-loop, CK residues
323-332) is invariant across the phosphagen kinases, although the sequence motifs found in
the loop are class (family) specific (e.g., there are differences between AKs and CKs, etc.).
The gross movements of the N- and C-loops are similar in AK and CK but, consistent with
the sequence differences among families, the specific interactions that occur between these
two loops in the TSAC enzymes differ significantly. In the AK-TSAC structure, the N-loop
is short and cannot make contacts with the C-loop. In contrast, the CK-TSAC structure
reveals significant interactions between the N- and C-loops (21).

3 wH,e b ,* ) NHy

. : P o
H2N)L'§/\[ro H2NJLn/\n/O HoN )N/\n/
CH; O 0 HyC 0
d) *H.N e) NH,* (o]
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Figure 1. Natural (a, b, €) and synthetic (c, d) guanidino substrates. a) creatine b)

glycocyamine c) N-ethylglycocyamine d) cyclocreatine ) arginine
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Our examination of the structures of AK and CK suggests that CK residues 169 and
V325 may act as a specificity determining system in that enzyme. Accordingly, the roles of
each of these residues in substrate recognition and catalysis have been investigated using
site-directed mutagenesis. Several mutants at 169 and V325 were constructed and assayed
with creatine and creatine analogs (Figure 1a-d). Although the structural evidence suggests
that both 169 and V325 make hydrophobic contacts with the substrate, our study found that
single site mutants at 169 are unable to direct the specificity of CK away from its natural
substrate. In contrast, results from single site mutations at V325 suggest that this residue can
function as a “specificity switch.” Changing the identity of the residue at this position alters
the specificity of the enzyme among three guanidino substrates. In the context of these
mutation studies, the roles of both residues in interactions with the creatine substrate for

specificity and catalysis are discussed.

MATERIALS AND METHODS

Materials. Unless otherwise noted, all chemicals and enzymes were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO). Microplate readings were taken on a
SPECTRAmax 340 spectrophotometer from Molecular Devices (Sunnyvale, CA) using UV-
transparent Costar 96 well plates from Coming (Corning, NY).

Synthesis of cyclocreatine and N-ethylglycocyamine. Cyclocreatine (1-
carboxymethyl-2-iminoimidazolidine) and N-ethylglycocyamine (N-ethyl-N-amidinoglycine)

were synthesized according to previously published methods (23).
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Site-Directed Mutagenesis. Amino acid substitutions in the human muscle CK
isozyme were carried out using the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA) with the vector pETHMCK (24) acting as the DNA template. Double mutants
were created either by performing a second mutagenesis step on the appropriate mutant
template, or by digesting the appropriate mutant plasmids with Ncol and Pvul and ligating
the fragments. The forward primers are shown below with the lowercase letters indicating the
base change from the wild type; the codon encoding the mutation is underlined.
169A 5°-CAGGTCACCCCTTCgcCATGACCGTGGGC-3’
169V 5’-CCCAGGCCACCCCTTCgTCATGACCGTCGGCTGCG-3’

I69L 5’-CCCAGGCCACCCCTTCcTCATGACCGTCGGCTGCG -3’

V325A 5’-GGGGTACAGGTGGCGcGGACACAGCTGCCGTGGG-3’

V325E 5’-GAGGGGTACCGGTGGCGaGGACACAGCTGCAGTGGGC-3’

After treatment with Dpnl to remove template DNA, the PCR product was transformed into
E. coli DHS5a (Invitrogen, Carlsbad, CA). The presence of the mutation and fidelity of the
mutagenesis were confirmed by sequencing the entire gene.

Expression and Purification. Proteins were expressed and purified using previously
described methods (25) with some minor modifications. The plasmids were transformed into
E. coli strain BL21(DE3)pLysS (Stratagene), and the transformed cells were grown in LB
medium at 37 °C to an Agp = 0.6 — 1.0. The cells were cooled to 25 °C, and protein
expression was induced with 0.4 mM IPTG. After 6 hours of growth, the cells were harvested
by centrifugation and were resuspended in MES buffer (10 mM MES, 20 mM KCl, 1 mM
DTT, pH 6.0) containing 0.1 mM PMSF. The cells were lysed by freeze-thawing, followed

by the addition of DNase to a final concentration of ~60 units/mL. The suspension was
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centrifuged at 22000xg for 30 minutes, and the supernatant was loaded onto a Blue
Sepharose CL-6B column (Amersham Biosciences, Piscataway, NJ) as described previously
(25). Mutant proteins were eluted with TES buffer (10 mM TES, 1 mM DTT, pH 8.0)
containing 20 mM KCl. The CK mutants were further purified on a HiPrep Q (Amersham
Biosciences) column (25). Each purified mutant enzyme appeared as a single band on SDS
PAGE.

Protein Stability Measurements. Thermal denaturation profiles were performed on a
Jasco J-715 spectropolarimeter (Easton, MD) equipped with a Jasco PTC-348WI Peltier-
effect temperature control device and in-cell stirring. Native CK and mutant concentrations
were 0.02 mg/mL in 50 mM KPi, 200 mM KCI and 38% ethylene glycol at pH 6.8. The CD
spectrum at 223 nm was monitored in 0.2 °C increments from 20-70 °C. Melting
temperatures for the gross unfolding of creatine kinase were determined using the EXAM
software program (26).

Kinetic Characterization. Steady-state kinetic analyses of CK were determined using
a previously described coupled assay (27, 28) modified for a microplate format. Activity
measurements were performed at 30 °C in 96-well UV-transparent microplates. Assay
controls using the native enzyme found the results from the microplate procedure to be
similar to previous studies (24, 25, 29). The final assay mixture contained 75 mM TAPS
buffer, pH 9.0, 0.36 mM NADH, 0.36 mM phosphoenolpyruvate, 1 mM Mg(OAc),, 13 mM
KOAc, and variable concentrations of MgATP, guanidino substrate and CK in a final volume
of 300 uL. Concentrations of the coupling enzymes, pyruvate kinase and lactic acid
dehydrogenase, were 28 U/mL and 54 U/mL, respectively. The reaction was initiated by the

addition of the guanidino substrate.
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Activity was determined by monitoring the oxidation of NADH at 340 nm using a
molar extinction coefficient of 6.22 mM™' ¢cm™. The microplate assay uses a mean pathlength
of 0.8 cm. Data points were collected every 12 seconds for 10 minutes and the maximum rate
was determined using at least 5 points sampled over 1 minute. At pH 9.0, CK operates by a
rapid equilibrium, random bi-bi mechanism (/7). Data were fitted to Eq. (1), using SigmaPlot

8.0 with the Enzyme Kinetics module from SPSS (Chicago, IL),

v = Vmax[A][B] / (a(KiaKib + Kin[A] + Kia[B]) + [A][B]) (1)

where [A] and [B] are the substrate concentrations of guanidino substrate (GS) and MgATP
respectively, and Kj, and Kj, are the dissociation constants for the E-GS and E-MgATP
complexes respectively, and aKj, and oKj, are the dissociation constants of GS and MgATP,
respectively, from the E-GS-MgATP complex. Thus the term a quantifies how the binding of
one substrate affects the binding of the other.

Where mutant activity was too low to perform detailed kinetic analysis or when
substrate solubility was poor, V/K conditions were used to estimate k./Kn. The assay
mixture was prepared as above with the following changes. Guanidino substrate was varied
at non-saturating levels while the concentration of MgATP was maintained at 5 mM
(saturating). Velocity values for at least three independent trials were plotted against

substrate concentrations. Under these conditions, the slopes of the plots yield Vpayx/Kn.
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RESULTS

Sequence and Structural Similarities and Differences Among Guanidino Kinases. In
many aspects, the functions of the flexible loop regions in the characterized phosphagen
kinases, AK and CK, are essentially identical. Each loop recognizes the appropriate substrate
and assists in positioning the substrate for catalysis. In addition, the loops undergo substantial
movement upon substrate binding leading to stabilization of the active conformation. A
multiple sequence alignment of the flexible loop regions of a representative set of
phosphagen kinases is shown in Figure 2.

The N-loops exhibit significant differences in the length and amino acid composition
across the various phosphagen kinases (Figure 2) (20, 22). In most' AKs, the amino groups
of the N-loop residues 63-65 (SGV) make contacts with the carboxylate of arginine and D62
stabilizes the N-loop through a hydrogen bond with R193 (Figure 3a) (20). Mutagenesis
studies have shown that the mutation of either D62 or R193 to glycine reduces activity ~100-
fold (30). The N-loop of the CKs is longer than that found in AKs and possesses a conserved
residue, H66, which appears to interact with D326 from the C-loop, possibly acting to
stabilize the active conformation (Figure 3b) (27). Recent studies (P.-F. Wang, A.J. Flynn,
M.J. McLeish and G.L. Kenyon, unpublished results) indicate that mutations at H66 or D326
have a significant effect on catalysis, with mutation of either residue resulting in greatly
reduced activity. In CK, none of the conserved N-loop residues except 169 make specific
contacts with the creatine substrate (27). In the CK-TSAC structure (Figure 3b), residue 169
makes hydrophobic contacts with both the N-methyl® of creatine and V325. The interaction

of 169 with V325 form a “specificity pocket” for the N-methyl group in CK (21).
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59 l 78 318 l 338

LK-Eisenia PSVDNTG----- RIIQLVAGD QKRGTGGEHTEAVDDVYDISN
GK-Neanthes TIGVDNPGNKFYGKKTQCVFEGD GKRGTGGESSLAED$TYDISN
CK-Rat.M TGVDNPGHPFIM-TVQCVAGD QKRGTGGVDTAAVGAVEFDISN
CK-Human.M TGVDNPGHPFIM-TVQCVAGD QKRGTGGVDTAAVGSVFEDVSN
CK-Chicken.M TIGVDNPGHPFIM-TVQCVAGD QKRGTGGVDTAAVGAVFDISN
CK-Torpedo TGVDNPGHPFIM-TVQCVAGD QKRGTGGVDTEAVG$IYDISN
CK-Human.B TGVDNPGHPYIM-TVQCVAGD QKRGTGGVDTAAVGEVEDVSN
CK-Rat.B TIGVDNPGHPYIM-TVGAVAGD QKRGTGGVDTAAVGGEVEDVSN
CK-Chicken.B TIGVDNPGHPFIM-TVGCVAGD QKRGTGGVDTAAVGEVFDVSN
CK-Rat.Mi TIGVDNPGHPFIK-TVGMVAGD QKRGTGGVDTPATADVFDISN
CK-Human.Mi TIGVDNPGHPFIK-TVGMVAGD QKRGTGGVDTAATGﬁVFDISN
CK-Chicken.Mi TIGVDNPGHPFIK-TVGMVAGD QKRGTGGVDTAATANVEDISN
AK-Lobster SGVENLD----- SGVGIYAPD QVRGTRGEHTEAEGEIYDISN
AK-Honeybee SGIENLD----- SGVGIYAPD QVRGTRGEHTEAEGGEIYDISN
AK-Shrimp SGVENLD----- SGVQIYAPD QVRGTRGEHTEAEGEIYDISN
AK-Limulus SGVENLD=-=--- SGVQIYAPD QVRGTRGEHTESEGGVYDISN
AK-Battilus SGCLNLD-=---- SGVGIYACD QARGIHGEHTESEGGVYDLSN

Figure 2. Alignment of the N- and C-loop regions of guanidino kinases. The sequence
alignment was generated using ClustalW (4/) and edited based on structural alignments of
AK (1BG0) and CK (IN16) created with MinRMS (42). Numbering is in reference to human
muscle CK. Loop regions are boxed. The hydrophobic specificity pocket residues 169 and
V325 in CK are indicated with arrows on the multiple sequence alignment. Swissprot
accession numbers are as follows: lombricine kinase (LK) Eisenia (015991); glycocyamine
kinase (GK) Neanthes (P51546); CK RatM (P00564); CK HumanM (P06732); CK
Chicken.M (P00565); CK Torpedo (P00566); CK Human.B (P12277); CK Rat.B (P07335);
CK Chicken.B (P05122); CK Rat.Mi (P25809); CK Human.Mi (P12532); CK Chicken.Mi
(P70079); AK Lobster (P14208); AK Honeybee (061367); AK Shrimp (Q95VS58); AK

Limulus (P51541); AK Battilus (015989).
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Figure 3. Active site comparisons of AK and CK. Ribbon diagrams with ball and stick
ligands and side chains generated with Chimera (/5) and Chemdraw representations of the
active sites of AK (1BG0) and CK (1N16). Requirements of the flexible loop regions for
both enzymes include precise positioning of the guanidino substrate and stabilization of the
loops in the active conformation. Only the glutamate at 225 in AK and 232 in CK is strictly
conserved between these active sites. a) In the AK-TSAC structure the guanidino terminus of

arginine is positioned through C-loop residues E314 and H315, while the amino terminus is
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positioned through interactions with the backbone nitrogens of N-loop residues 63-65. The
N-loop of AK is stabilized by the interaction of D62 with R193. b) In the CK-TSAC
structure the guanidino terminus of creatine is positioned through the hydrophobic interaction
of 169 and V325 with the methyl group of the creatine substrate. The carboxy-terminus of
CK is stabilized primarily through interactions with conserved, buried waters. The CK loops

are stabilized by the interaction of H66 and D326, from the N- and C-loops, respectively.
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Comparisons of phosphagen kinase C-loops reveal -class-specific sequence
differences although the lengths of the loops are identical across all superfamily members
(Figure 2). All CKs have a conserved VD motif (CK residues 325-326) which aligns
structurally with the EH motif (AK residues 314-315) conserved across all AKs and
lombricine kinases and the ES motif of glycocyamine kinase (Figure 2). The AK-TSAC
structure shows the C-loop EH motif contacts only the bound arginine substrate (20). E314
forms two critical hydrogen bonds with the guanidino terminus of arginine (Figure 3a) (20).
The conservative E314Q mutation reduces the k., of the enzyme ~300-fold (29, 37). H315
forms a single hydrogen bond with the carboxylate of arginine, and is too distant to interact
with the AK N-loop (20). This is in contrast to CK, where C-loop residues V325 and D326
contact N-loop residues 169 and H66, respectively (Figure 3b) (27). V325 and 169 also make
contacts with the N-methyl of the bound creatine substrate, whereas D326 and H66 do not
make any substrate contacts, but may stabilize the active, closed loop conformation (21). It is
important to note that AK E314 and CK V325 are aligned in structural superpositions (Figure
3) although, prior to the solution of the CK-TSAC structure, it was often assumed that AK
E314 was homologous to, and would align with, CK D326 (29, 32).

Protein Expression and Stability. CK and all variants were routinely expressed and
purified essentially as described previously (25). In order to ensure that the overall stability
of the protein is unaffected by the mutations, thermal denaturation profiles were obtained.
The mutant enzymes exhibit profiles identical to native CK (data not shown).

Enzyme Activity and Kinetic Parameters. Kinetic parameters for the reaction of native
and mutant CK enzymes in the forward direction (phosphagen formation) were determined in

a microplate format (see Methods). Creatine, glycocyamine, N-ethylglycocyamine and
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cyclocreatine were employed as substrates (Figure 1a-d). Binding constants and a values are
listed in Table 1, except for glycocyamine, which, due to its poor solubility, could not be
fully characterized kinetically. These substrates were selected based on their similarity to
creatine, and their ability to probe specific enzyme-substrate interactions. For example,
glycocyamine lacks the N-methyl group of creatine, while cyclocreatine and N-
ethylglycocyamine have bulkier rigid and flexible N-substituents, respectively. The k., and
specificity constants (k../Km) are listed in Table 2. None of the mutations we made
significantly perturb the K4 value for MgATP. Although the I69A/V325A and 169V/V325A
double mutants were also prepared and tested, the activities of these mutants were too low to
allow accurate interpretation (data not shown).

Mutations at 169. The effects of mutagenesis at 169 vary significantly depending on
the mutation and substrate utilized. The I69A mutant possesses the highest activity with
creatine as the substrate; however, the k., is reduced 20-fold in comparison to the native
enzyme. The K for creatine is increased approximately two-fold over native enzyme, while
the K, for creatine is increased over 25-fold, indicative of a change in the synergy (o value®)
of the enzyme. Binding synergy has been previously observed for some CK isozymes,
although the degree of synergy varies and may be affected by many factors (11, 33). Under
our conditions, native CK exhibits synergy with creatine and has an a value of 0.24. In
contrast, the I69A mutation results in a greater than 15-fold increase in o with creatine
(a=3.7), indicating negative synergy with creatine. The increase in this o value also
dramatically affects the K, value, resulting in an enzyme with a 500-fold reduction in its

specificity for creatine.
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Table 1. a Values and Dissociation and Michaelis Constants for CK Mutants with Several

Guanidino Substrates®

Guanidino Substrate, mM

MgATP, mM
Enzyme  Substrate a KM r Ky AT K K>
Cr 0.24 0.90+0.12 0.22+0.05 38.6+6.3 9.3+25
WT CyCr 0.37 0.79+£0.09 0.29+0.07 67 +12 245+7.1
EG 0.68 091+£0.07 0.62+0.12 103 + 14 70+ 16
Cr 3.7 0.86+0.09 3.17+1.02 6911 250+ 90
I69A CyCr nd. nd. nd. nd. nd.
EG nd. nd. nd. nd. nd.
Cr 0.49 1.11+£0.10 0.54+0.11 75+ 10 36.4+85
169V CyCr 0.51 095+0.10 047+0.14 130 + 28 66 + 22
EG 1.7 1.00+£0.09 1.66+0.38 81+11 135+ 34
Cr 0.52 0.84+0.06 0.44+0.09 137 +£20 72+17
169L CyCr 0.71 0.89+0.11 0.64+0.17 75+ 13 5316
EG 1.3 0.85+0.10 1.1£0.3 58.2+9.1 76 + 21
Cr 0.63 1.01+£0.07 0.64+0.12 113+15 71£15
V325A CyCr 0.46 095+0.07 0.44+0.08 109+ 14 50+10
EG 0.83 0.85+0.09 0.70+0.20 100+ 19 83+27

? Values are shown t SE. K, and K|, values are discussed in the Methods section. Each data point is

an average of at least 3 individual measurements. GS, guanidino substrate. b n.d., activities are too

low for full kinetic characterization. ¢ Cr, creatine; CyCr, cyclocreatine; EG, N-ethylglycocyamine.
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Table 2. Velocity and Specificity Constants of CK Mutants®

Enzyme Substrate® kea, S (% WT) keal Ky 8" M (ka1 Kn>>)
(% WT) [ (keal 1K ")
Cr 853+ 1.5(100) 9190 (100) 1
WT CyCr 352+0.8(100) 1440 (100) 0.16
EG 14.5 £ 0.5 (100) 207 (100) 0.02
Gly nd 214(100) 0.002
Cr 42%0.5(5) 17(0.2) 1
169A CyCr nd 0.5 (0.03) 0.03
EG nd. 0.5(0.2) 0.03
Gly nd. nd. nd.
Cr 82.7+22(97) 2270 (25) 1
169V CyCr 4.4+02(13) 67 (5) 0.03
EG 12.0 £ 0.7 (83) 89 (43) 0.04
Gly n.d. 1.4°(7) 0.001
Cr 450+ 1.3 (53) 627 (7) 1
169L CyCr 1.5+0.1(4) 28 (2) 0.04
EG 0.55 + 0.02 (4) 7203) 0.01
Gly nd 0.37(1) 0.0005
Cr 15.4£0.5 (18) 216 (2) 1
V325A CyCr 18.0+ 0.4 (51) 359 (25) 1.66
EG 43+0.2(30) 52 (25) 0.24
Gly n.d. 1.7 (8) 0.008
Cr n.d. 0.14° (0.002) 1
V325E CyCr nd. n.d. nd.
EG nd. nd. nd.
Gly nd. 159 (71) 104

? Each data point is an average of at least 3 individual measurements. Unless

otherwise noted, k., and k../K,, values are determined from Table 1. Percent of WT

values are shown in parentheses. Values are shown * SE. GS, guanidino substrate. ®

n.d., activities are too low for determination. ¢ Cr, creatine; CyCr, cyclocreatine; EG,

ethylglycocyamine; Gly, glycocyamine. ¢ Values were determined under pseudo-first

order conditions discussed in the Methods section. SE are estimated to be + 10%.
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The 169V mutant exhibits a k., similar to that of the native enzyme with both creatine
and N-ethylglycocyamine as substrates, while the k. for cyclocreatine is reduced 8-fold.
While the k., values for creatine and N-ethylglycocyamine are near WT values, the K,
values for these substrates are significantly higher, thereby also affecting the specificity of
the enzyme. The K, for cyclocreatine is lower than that for N-ethylglycocyamine; however,
this tighter binding does not result in an increase in the k. value with the cyclocreatine
substrate. Instead, the decrease in K, is accompanied by a decrease in k. for cyclocreatine.
This phenomenon may indicate nonproductive binding with cyclocreatine as the substrate
(34). Despite the slight changes in activity and binding for N-ethylglycocyamine, the 169V
mutation results in an increase in o from 0.7 in the native enzyme to 1.7 in the mutant. This
negative synergy is similar to that observed for I69A with creatine, albeit less pronounced.

In addition to mutations which generate a larger substrate binding pocket at 169, we
also investigated the I69L mutant. This substitution reduces the size of the binding pocket
and would be expected to decrease the enzyme’s affinity for creatine and bulkier substrates.
However, it is conceivable that the extra methyl group at this position could alter the enzyme
to prefer glycocyamine by mimicking the N-methyl group of the creatine substrate. The
kea/ K for 169L with glycocyamine is reduced ~100-fold in comparison to the WT enzyme
with this substrate and indicates that such a compensation does not occur. The k., value with
this mutant is also reduced 2-fold with the creatine substrate, and 25-fold with cyclocreatine
and N-ethylglycocyamine in comparison to the WT values with these substrates. The Ky for
cyclocreatine is similar to that for WT, and the K4 for N-ethylglycocyamine is almost 2-fold
lower than WT, despite the added bulk nearer the substrate binding pocket. The specificity

constants (kca/Km) for each of the substrates are significantly reduced, with values for all
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substrates ranging from 1-7% of WT. The a values for I69L are similar to 169V for all
substrates, including the negative synergy observed with N-ethylglycocyamine.

Mutations at V325. While mutations at 169 affect both the synergy and specificity of
the enzyme, mutations at this position were unable to switch the overall preference of CK
away from its natural substrate, creatine. In contrast, both mutations at V325 alter the
specificity of the enzyme away from creatine and towards one of its analogs. Mutation of
V325 to alanine creates a slightly larger substrate binding pocket, which we speculated
would direct the enzyme to prefer bulkier substrates such as cyclocreatine and N-
ethylglycocyamine. However, the V325A mutant fails to improve the Ky or K, values (Table
1) for either of the bulkier substrates. In fact, the mutation of V325 to alanine results in
increased K, values, accompanied by decreased activities, for all substrates. The ability of
V325A CK to bind and catalyze the reaction with creatine as the substrate is reduced more
than with the cyclocreatine substrate. This results in a modest 1.7-fold preference for the
cyclocreatine substrate over creatine.

Mutation of V325 to glutamate results in a striking preference for glycocyamine over
creatine. As shown in Table 2, comparisons of the specificity constants of V325E for creatine
and glycocyamine reveal that the enzyme prefers glycocyamine by two orders of magnitude.
The k../Kn value with creatine as substrate is reduced nearly 70,000-fold relative to wild
type, while the specificity constant with glycocyamine remains essentially unchanged in
comparison to the native enzyme. Examination of the sequences and structures suggests an
explanation for this preference. Both the larger size and negative charge of the glutamate at
this position should interfere with the binding of the hydrophobic N-methyl group of creatine

(see Discussion). In addition, the glutamate may be able to accept a hydrogen bond from the
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glycocyamine substrate, a potentially stabilizing interaction which the native valine at that

position cannot provide.
DISCUSSION

The use of flexible loops in the binding of and discrimination between substrates as
well as catalysis is common among many enzyme families. In these cases, a conformational
change, such as the closure of flexible loops, occurs upon ligand binding and is required to
properly orient the catalytic machinery and substrates for catalysis. There is substantial
precedent in several enzymes that the alteration of specificity may be achieved through
variations in flexible loops (4, 9, 10). Inspection of the unliganded (/6-19) and TSAC (20,
21) structures for both AK and CK indicates that these phosphagen kinases also utilize
flexible loop regions to orient active site elements and substrates for catalysis. These
structures also suggest that some determinants of substrate specificity are present on these
loop regions (30, 35, 36). However, the precise roles of many of the residues in the loops
remain unclear, and, prior to this study, researchers have been unable to alter the specificity
of either of these enzymes by making changes in these loops (36).

Literature reports of the alteration of substrate specificity have generally been limited
to sites distant from or only indirectly associated with the residues involved in catalysis (4,
10, 37). In contrast, the specificity determinants in the phosphagen kinases are close to the
site of chemistry, and may even assist in catalysis through the optimal positioning of the
substrate. Thus, the phosphagen kinases present a unique system in which to examine the

delivery of substrate specificity through flexible loop regions.
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The reasons for a dual role of the flexible loop residues both in determining
specificity and mediating catalysis can be rationalized by examination of the TSAC
structures of AK and CK. First, the loop residues interacting with the substrates are important
for catalysis (20, 31). The sp> hybridization of the guanidino nitrogens in all guanidino kinase
substrates results in a rigid, planar substrate at the site where chemistry occurs. This planarity
allows the precise alignment of the guanidino group necessary for productive catalysis to be
controlled through the positioning of any rigid N-substitutions at the guanidino group, or by
the positioning of the guanidino group itself. Therefore, creatine may be optimally aligned
for catalysis through interactions with its rigid N-methyl substitution at the guanidinium ion
(Figure 1a), while the other naturally occurring guanidino substrates (Figure 1b, €) may be
positioned through direct interactions with the guanidino group. The importance of precise
substrate positioning has been demonstrated in AK where structures of AK-TSAC mutants
reveal that subtle perturbations in the substrate alignment lead to a loss of activity (37).
Second, these same residues are important in the discrimination of substrates. In AK, the
arginine substrate appears to be precisely positioned for catalysis, at least in part, through the
interaction of E314 with the guanidino group (Figure 3a) (20). In CK, precise alignment of
the substrate is partially achieved through the interaction of the N-methyl group of creatine
with the hydrophobic residues 169 and V325 (Figure 3b) (2/). AK E314 and CK V325 align
structurally, and our results show that the substrate specificity of CK may be altered through
the mutagenesis of V325. Thus, in CK, and possibly in other phosphagen kinases, we see that
specific flexible loop residues may play a role in both catalysis and substrate recognition.

The results reported here are consistent with the interpretation that precise positioning

of the substrates is important in catalysis and help to explain results from previous studies on
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AK and CK. These studies have generated much debate over the contributions of acid-base
chemistry (25, 29, 38, 39), strain and optimal substrate alignment to catalysis (6, 20, 29, 31,
32). Prior to the solution of the CK-TSAC structure, the candidates for the putative catalytic
base were identified as either the strictly conserved E232 (E225 in AK) or the C-loop residue
D326 (E314 in AK) (Figure 3a, b) (20, 29, 32). A study by Cantwell et al. (29) found that in
CK the functionally conservative mutation of E232D results in a 500-fold decrease in activity
compared with a modest 3-fold decrease in activity for the D326E mutation. This suggests
that E232 is more likely to act as a catalytic base; in AK, a parallel result was found for the
mutation of E225 (31).

Pruett et al. (3/) have suggested that in AK, the flexible loop residue which interacts
with the guanidino terminus, E314, is not acting as a catalytic base. Rather, its role lies in the
precise positioning of the substrate. Our results support this interpretation. Examination of
the CK-TSAC structure shows that there is no candidate on the C-loop to act as a catalytic
base. CK residue V325 aligns both structurally (Figure 3a, b) and in the multiple sequence
alignment (Figure 2) with E314 in AK. Clearly, valine is unable to act as a catalytic base.
Instead, V325 is important in determining the specificity of CK. The V325E mutation
severely restricts the ability of the enzyme to turn over creatine, as determined from the
kea/Km, While the ke./Km value with glycocyamine as a substrate is essentially unaffected.
This results in a ~100-fold preference of V325E CK for glycocyamine over creatine. Our
results also show that by increasing the size of the binding cavity at this position (V325A) we
reduce the k./Km value for creatine to 2% of WT, whereas the k./Kn value with
cyclocreatine is only reduced to 25% of WT. Thus, we obtain a modest (1.7-fold) preference

for the rigid substrate, cyclocreatine.
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In comparison to V325, the role of 169 is more subtle with respect to its contribution
to either catalysis or specificity. While mutations at 169 do affect substrate specificity,
mutations at this position alone fail to alter the preference of the enzyme for a substrate other
than creatine. Even the I69L mutation, which might be expected to increase activity with
glycocyamine by compensating for the loss of the N-methyl group, fails to direct the enzyme
to prefer this substrate. Thus, the low activities of I69L and 169A may largely be associated
with the fact that specificity in CK is conferred through the interaction of V325 and 169 with
the N-methyl group in creatine, in a composite system whose precise interactions do not
easily tolerate changes. These interactions appear to be unnecessary in homologous enzymes
such as AK and GK, whose substrates lack the N-methyl group. We speculate that, as in AK
and the V325E CK mutant, glycocyamine may prefer a hydrogen bond acceptor at the V325
position for optimal positioning and/or catalysis (note that an H-bond acceptor is not strictly
required as WT CK has activity with glycocyamine).

While mutations at 169 alone fail to direct CK alter substrate preference, single site
mutations at 169 do affect the binding synergy. The loss of synergy resulting from the 169A,
169V and I69L mutations is similar to that recently reported in an 169G mutant of the Danio
CK isozyme (35). We propose the role of 169 and V325 in CK is to both act as a specificity
filter and to aid in the optimal positioning of the substrate for catalysis.

Although much has been learned about phosphagen kinase catalysis in general from
studies on CK and AK, transfer of insight about catalysis from either AK to CK or vice versa
should be approached with some caution due to important differences in the nature and
behavior of their flexible loops. The specific roles of the flexible loop residues in AK appear

to differ significantly from those in CK. AK is considered a more primitive phosphagen
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kinase than CK (40) and its flexible loops do not interact. In the study by Pruett et al. (3/),
the C-loop in AK  was substituted  with a CK-like C-loop
(R312G/E314V/H315D/E317A/E319V). This mutant has near wild-type activity with
arginine, leading those investigators to question the role of the C-loop interactions with
substrate in the AK reaction. By contrast, in the more evolved CK, the loop residues have
significant interactions. These interactions may place additional functional constraints on the
CK enzyme not present in AK and may help in rationalizing the differences between the
results of the Pruett study (3/) and those reported here. A more informative understanding of
these results may require a TSAC structure of the AK mutant and more detailed studies of the
effects of the individual mutations in its C-loop.

Very recently, Azzi et al. (36) investigated the roles of the N-loop residues as
specificity determinants in AK and showed that the specificity of AK by is not altered by
substituting a longer CK-like N-loop for the short AK N-loop. In our study of CK, the results
for the V325E mutant provide a possible explanation for the lack of change in specificity in
the AK study. Our results show that the bulk and/or negative charge of the glutamate at
position V325 has a critically negative impact on the catalytic efficiency of the enzyme with
creatine as the substrate (a ~70,000-fold decrease). Pertinent to these observations, Azzi et al.
(36) also obtained a structure of AK with creatine and ADP bound. In this structure, creatine
binds similarly to its native conformation in CK, except, as expected, there is a distortion in
the guanidino plane of the substrate, presumably caused by a steric clash of the methyl group
of creatine with E314. We note that the loop mutants of Azzi et al. (36) all contain E314.
Based on the results reported here, it is possible these AK loop mutants have no detectable

activity with creatine simply because E314 interferes with the optimal positioning of
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creatine. Based on observations from our study, and the Pruett (3/) and Azzi (36) studies, we
suggest that the conversion of AK to CK will not be achieved solely through N-loop
mutations and, minimally, will require the additional mutation of E314 to a small
hydrophobic residue such as valine or alanine.

While it is now clear there are significant differences between the flexible loops of
AK and CK, early interpretation of the roles of these loops in recognition and catalysis in CK
was compromised by the incorrect assumption that the homologous residue to AK E314 was
CK D326 (20, 29, 32). The CK-TSAC structure allows the correction of this mistake and
suggests that the E314 of AK has been replaced in CK with the hydrophobic pocket formed
by 169 and V325. Our mutagenesis results support this suggestion. Moreover, we now
postulate that the specific role of position V325 in CK is to recognize and align the substrate
for catalysis. We therefore have termed position V325 a “specificity switch,” where the
identity of the amino acid at this position determines the enzyme’s preference for creatine,
cyclocreatine, or glycocyamine.

Given the results of this and earlier studies, we may now suggest a new idea for how
the phosphagen kinase superfamily of enzymes has evolved to recognize a variety of
substrates and catalyze their reactions. Phosphagen kinase substrates may be described in
relative terms as long (arginine, lombricine), short (creatine, glycocyamine), having an N-
methyl group (creatine) and lacking an N-substitution (arginine, glycocyamine). Similarly,
the cognate enzymes of these substrates have evolved accordingly. Although the study by
Azzi et al. (36) raises questions about the importance of loop length relative to substrate size,
at least in nature, long substrates are catalyzed by enzymes with short N-loops, while short

substrates are catalyzed exclusively by enzymes with long N-loops. Substrates with an N-
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methyl group such as creatine may only be catalyzed by enzymes possessing a small
hydrophobic group on the C-loop, while substrates lacking this N-substitution such as
arginine and glycocyamine require an acidic group, e.g., a glutamate, at the analogous
position. Only one of the four possible substrate-enzyme combinations (a long, N-methylated
substrate) does not occur naturally. It may be that the interactions between the N- and C-
loops are required for recognition of an N-methylated substrate (note the reduced activity of
the I69A mutant) and therefore, limitations in the size of the associated binding pocket may
preclude the use of a substrate such as N-methylarginine.

Finally, in the context of induced fit theories, we have identified an enzyme
superfamily where the specificity factors presented on flexible loops are also important in
catalysis. Thus, in addition to proton abstraction, precise positioning of the substrates is also
required for optimal catalysis. Here, we have described a system where one of these residues
responsible for correct positioning of the substrate may be altered to direct the enzyme to

prefer an alternative substrate.
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INTRODUCTION TO CHAPTER 5

The work described in Chapter 5 began a couple years ago when Patsy came to me
describing a new paradigm in enzyme evolution that she and John Gerlt were working on
(Gerlt and Babbitt, 2001). In this paradigm the active site of a protein is conserved, but the
new protein uses the active site residues to perform a different catalytic mechanism, i.e.,
there is no conservation of a common catalytic step. Proteins exhibiting this type of similarity
are said to belong to an enzyme suprafamily. The original suprafamily was comprised of two
proteins, orotidine 5'-monophosphate (OMPDC) and hexulose-6-phosphate synthase (HPS).
Both of these enzymes possess a conserved Asp-X-Lys-X-X-Asp motif, yet the catalytic
mechanisms are very different. In addition, it was suggested that D-ribulose-5-phosphate 3-
epimerase (RPE) may be another distant relative of this suprafamily.

I began examining the sequences and available structures using evolutionary trace
techniques. The more I examined these proteins the less clear their evolutionary connection
became. Eventually, we decided to shelve this project and focus on other research.

Fast forward to more recent times, when we decided to revisit the links between these
proteins. The first seven (B/a)s, or TIM-barrel, superfamilies in SCOP have a similar
phosphate binding site (SPB). I decided to begin with the examination of the entire SCOP
ribulose phosphate binding barrel (RPBB) superfamily. Since all members reportedly have
this conserved domain, I decided to test the effects of omitting this region of the barrel from
sequence similarity searches. This was the piece of data we were missing before. I found that
removal of this sequence portion eliminates many of the sequence links found with the full

length sequences. Further, searching only with the SPB region generates many sequence
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links. Thus, we have found that sequence searches using full length proteins may often lead
to unclear relationships between proteins, and that by dividing these sequences into
functional sections can help to clarify these relationships. In addition, I also came across
what appears to be another circular permutation in TIM-barrels, this time between OMPDC
and the histidine biosynthesis enzymes. It remains to be seen whether randomly generating
fragments for Blast or hmmsearches will lead to a better understanding of the evolutionary
relationships in other TIM-barrels and other protein folds, but this is a collaboration Patsy

and I intend on pursuing in the future.

Gerlt, J. A. and P. C. Babbitt (2001). "Divergent evolution of enzymatic function:

mechanistically diverse superfamilies and functionally distinct suprafamilies." Annu. Rev.

Biochem. 70: 209-46.
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ABSTRACT

Proteins within the ribulose-phosphate binding barrel superfamily (RPBB) as defined
by SCOP are able to catalyze a wide variety of reactions on an equally wide variety of
substrates. RPBB members include the tryptophan and histidine biosynthesis enzymes, D-
ribulose-5-phosphate 3-epimerases, and the orotidine S5'-monophosphate and 3-keto-L-
gulonate 6-phosphate decarboxylases, and all share the (B/a)s, or TIM-barrel, fold. These
enzymes display distant similarities between their protein structures and their substrates.
Each substrate has a ribulose-like backbone structure and each substrate is phosphorylated.
This phosphate group is bound in a conserved location, the B7-8 loop region, across all
superfamily members. In addition, sequence searches such as PSI-Blast and hmmsearch with
specific RPBB members are often able to find other members of this superfamily. Thus, it
has been hypothesized that these (and many other TIM-barrels) have evolved from a
common ancestor, yet, because of extremely low sequence identities, the foundation for this
assertion remains unclear. Here we investigate the sequence links in the RPBB superfamily
in an attempt to better understand these distant relationships. Hidden Markov Models
(HMMs) were generated from the full length, B1-6 and B7-8 regions for each family. The
HMMs were searched against the NR database and subjected to congruence analysis and tree
generation. Our results indicate that many of the sequence links are achieved solely through
similarities in the B7-8, or phosphate binding, region, and lack similarity in the B1-6 region.
Our results indicate that these phosphate binding sites have evolved independently of the

remainder of the barrel. Further, we demonstrate that other small two-p strand units within

the B1-6 region appear to be circularly permuted within this superfamily.
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INTRODUCTION

The (B/a)s, or TIM-barrel fold, is one of the most common protein folds (/, 2),
comprising approximately 10% of currently sol\fed protein structures (3). TIM-barrel
proteins are capable of performing a wide range of catalytic functions, with fold members
represented in five of the six primary EC categories. Consistent with the wide diversity of
functions performed by this fold, the TIM-barrel proteins as a whole fail to show any
sequence similarity across the different superfamilies. Yet despite this sequence diversity,
TIM-barrels are thought to have evolved from a single common ancestor (/, 4-6). Perhaps the
best evidence for the divergent evolution of this fold is the conservation of a similar
phosphate-binding site in a subset of TIM-barrels (2, 7). Here, we investigate the contribution
of the sequence signal associated with phosphate binding in the identification, classification
and evolution of TIM-barrel superfamilies, particularly the ribulose-phosphate binding barrel
proteins.

Two hierarchical databases, SCOP (http://scop.mrc-Imb.cam.ac.uk/scop/) (8) and
CATH (http://www.biochem.ucl.ac.uk/bsm/cath/) (9), reveal a subset of TIM-barrels which
possess a similar phosphate binding (SPB) domain (2, 7). The phosphate binding site of the
SPB is formed by the loop regions between B7-a7 and B8-a8. In SCOP, the first seven
superfamilies of the TIM P/a barrel fold possess an SPB, while in CATH, the Homologous
superfamily 3.20.20.90 contains all TIM-barrels with the SPB domain.

A subset of SPBs has further been grouped by SCOP into the ribulose-phosphate
binding barrel superfamily (RPBBs) (Table 1). In addition to the similar phosphate-binding

site, the substrates utilized by the RPBBs have structural elements built on the sugar ribulose
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Table 1. SCOP Ribulose-Phosphate Binding Barrel Superfamily.®

Pfam protein families E.C.
SCOP family (Abbreviation)

(Abbreviation) Number(s)
Histidine  biosynthesis enzymes Histidine biosynthesis protein (His) 5.3.1.16
(His) 4.13.-
D-ribulose-5-phosphate 3-epimerase  D-ribulose-5-phosphate 3-epimerase (RPE) 5.13.1
(RPE) 5.1.3.-
Decarboxylase (DCase) Orotidine 5'-monophosphate decarboxylase / 4.1.1.23

hexulose-6-phosphate synthase (DCase) 4.1.2.-

Tryptophan biosynthesis enzymes N-(5'phosphoribosyl)anthranilate isomerase (PRAI) 53.1.24
(Trp)
Indole-3-glycerolphosphate synthase (IGPS) 4.1.148

Trp synthase alpha-subunit (TrpS) 4.2.1.20

* Where the SCOP families are defined by a single Pfam family, the same abbreviation is used.
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(Figure 1). The RPBBs are diverse in sequence and function, with proteins in this
superfamily often sharing less than 10% identity. RPBB proteins perform reactions in two
primary EC categories (lyase and isomerase) and include the tryptophan (Trp) and histidine
biosynthesis enzymes (His), D-ribulose-5-phosphate 3-epimerases (RPEs), and the orotidine
5'-monophosphate and 3-keto-L-gulonate 6-phosphate decarboxylases (DCases) (Table 1)
(10). Despite the differences in these enzymes, sensitive sequence similarity search tools
such as PSI-BLAST (//) and hmmsearch (/2) are able to find sequence links between many
of these proteins. For example, Copley and Bork (/3) used PSI-BLAST to identify
homologous TIM-barrel families, and provided evidence that many of the TIM-barrel
superfamilies share a common ancestor. However, the basis for these sequence connections
remains unelucidated.

Lang et al. proposed an approach by which extant proteins could be deconvoluted by
subdivision into small ancestral precursor domains, and used this approach experimentally to
show that the histidine biosynthesis enzymes from the HisA and HisF genes are likely to
have evolved from a common half-barrel ancestor (/4). Here, in an attempt to understand the
basis for the sequence connections in the RPBB superfamily, we utilize a computational
approach in which the sequences of superfamily members are subdivided into the B1-6
(active site) and B7-8 (phosphate binding) regions. These fragments along with the full length
sequences are used to perform sequence similarity searches and to construct SATCHMO
(http://www.driveS.com/lobster) (/5) trees. We show that only searches using the B7-8
region are able to link all RPBB superfamily members and that the clustering of these
proteins varies dramatically depending on the seed sequence segment used. With these

results we further develop the evolutionary model of TIM-barrel proteins, and suggest that
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the phosphate binding regions of these proteins evolved along a different path than the
domains associated with the remainder of the barrel (B1-6 region). Additionally, we
demonstrate that identification of subsequence signals allows the rationalization of sequence

hits found in the noise region of sequence similarity searches.

RESULTS

Congruence Analyses. Hidden Markov models (HMMs) were constructed for the full
length, p1-6 and p7-8 sequence regions of each Pfam
(http://www .sanger.ac.uk/Software/Pfam/) (/6) family represented in the RPBB superfamily
(Table 1). In SCOP, four families make up the RPBBs. Three families can each be described
by a single Pfam family, while the tryptophan biosynthesis enzymes require multiple Pfam
families (TrpS, PRAI and IGPS) to fully describe the family. Hmmsearch was used to
perform similarity searches on each HMM (see Methods). Overlaps in the database searches
were analyzed with the program Intersect. Sequence links identified between families based
on the various sequence regions are illustrated in Figure 2.

Intersect (http://www.babbittlab.ucsf.edu/software/Intersect) (/7) analysis reveals that
similarity searches using full length HMM:s only find four links (out of 15 possible) between
the six RPBB Pfam families (Figure 2a). Although the three tryptophan biosynthesis enzyme
Pfam families comprise a single SCOP family, searches were unable to find sequence links
between each of the members. Only a link between the IGPS and PRAI families was found;
however, this link is misleading as PRAI and IGPS are merged in a bifunctional enzyme, so

that each search identifies only its homologous domain within the fused protein.
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a) Iintersections of hmmsearches b) Intersections of hmmsearches

b1-8 strands of RPBB b1-8 strands of RPBB
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TrpS OMPDC TrpS OMPOC
RPE PRAI RPE PRAI
Intersections of hmmsearches
c) b7-8 strands of RPBS
157
His biosynthesis IGPS
i
TrpS OMPDC ’
RPE PRAI

Figure 2. Overlaps between database searches.
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Investigations of the sequence links are not clearly identified as bifunctional enzymes show
that they indeed are merged in a single protein and that the HMM for each of these families is
still identifying a different domain.

The His proteins, though diverse with respect to sequence identity, are defined by a
single Pfam family. Searches with the full length His HMM find links between both the IGPS
and TrpS families, but the links to each of these families are tenuous. Intersect identifies only
a single sequence link between His and TrpS, a tryptophan synthase from
Methanothermobacter, and it is identified by the His HMM with an E-value of 5.7. The link
between His and IGPS is consists of three sequences, an IGPS from Pyrococcus and two
putative N-acetylmannosamine-6-phosphate 2-epimerases from Thermoanaerobacter. Each
of these links has at least one E-value of 2 or greater.

The remaining sequence link found using the full length HMMs is between RPE and
DCase. In contrast to the previously described results, where no or only a few valid sequence
links between families are found, searches using full length HMMs for RPE and DCase find
60 overlapping sequences. The majority of the sequences found by both searches are
identified as RPEs, and three of these are identified with both E-values less than 1. These
families are also linked by 20 unknown environmental sequences and two D-arabino 3-
hexulose 6-phosphate synthases (HPSs). HPSs along with the 3-keto-L-gulonate 6-phosphate
decarboxylases (KPGDCs) have been shown to be related to the orotidine 5'-monophosphate
decarboxylases (OMPDCs) in a suprafamily context (/8), though no HPS structure is
currently available. RPEs have also been hypothesized to be distantly related to this

suprafamily; however, the nature of this relationship has not been elucidated (/8).
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For the groups linked, the sequence region identified by each family was also
examined to ensure that each linker is recognized based on the same sequence motif. In each
of the above cases, the full length sequence HMMs for each family identify the same
sequence region.

Sequence links between families based on the B1-6 regions are shown in Figure 2b.
Here, only three sequence links are found, and one of these is the invalid link described
above between IGPS and PRAI The remaining links are between TrpS and His and between
His and OMPDC, and in each case the sequence links are found with few sequences and
relatively high E-values.

Searches with HMMs constructed from the B1-6 regions of the His and TrpS families
result in the identification of 10 linking sequences. Eight of these sequences are TrpSs, one is
a putative IGPS and one is an unknown environmental sequence. In each case, the sequence
is more distant to the His family with E-values in the 2.3-9.3 range.

The His and OMPDC families also find few overlapping sequences. Two of these are
HPSs from Archaeoglobus and Methanosarcina and one is a hypothetical protein from
Methanosarcina. Again, the His sequences are more distant with E-values ranging from 1.8-
6.9.

Examination of the sequence and structural regions identified by the B1-6 region
HMMs reveal that, although six strands were used to build the HMM, only a region
corresponding to approximately two Ba units (in some cases the first B-strand is not part of
this motif) is identified by both HMMs (Figure 3). Interestingly, this sequence region is not

co-localized on each of the barrels. Figure 3a shows that the region of overlap between the
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Figure 3. Sequence regions identified by the B1-6 HMMs for a) His (PDB 1THF, white) and
OMPDC (PDB 1DVJ, magenta) (green motif) and b) His and TrpS (PDB 1TTQ, cyan) (blue
motif). Sequence alignments are from the hmmsearch output. Linking sequences are
identified by their GI number. E-values for the His-OMPDC intersection (GI 11498467) are
6.9 and 4.2¢-39, respectively. E-values for the His-TrpS intersection (GI 136261) are 2.3 and
2.6e-119, respectively. Structural alignments were obtained from the Structural Superposition

Database (SSD) (/9) extension of Chimera (20).
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HMMs of His and OMPDC corresponds roughly to the f1-2 region in His and the B5-6
region in OMPDC. A similar result is shown for the His-TrpS intersection (Figure 3b).

Figure 2c illustrates the sequence links found using HMMs constructed from the B7-8
region of the RPBBs. Many more links are found based on HMMs built from this region as
compared to searches with either the full length or B1-6 region HMMs. The His, RPE and
IGPS families each show links to four other families (not including the IGPS-PRAI link).
The number of linking sequences and best linking sequences between all RPBB families
(except the IGPS-PRALI intersection) are shown in Table 2.

Using only the B7-8 region HMMs, the strongest link between any two families
within the RPBB superfamily is between RPE and DCase. More than 100 linking sequences
are identified by each of these families, with 62 identified as RPEs. Other linking sequences
include 13 HPSs, one thiamin phosphate synthase (TPS), one OMPDC and a variety of
unknown and hypothetical sequences. The best linking sequence (an RPE) is found by both
families with E-values less than 10™. RPEs are also linked to IGPSs primarily via other
RPEs, although 4 TPSs also link these families. It is interesting to note that the best linking
sequence for the IGPSs and RPE:s is also the best linking sequence between the IGPSs and
OMPDC families (Table 2).

The TrpS family shows a strong link to both the His and IGPS proteins, with 90 and
76 linking sequences identified, respectively. Of the linking sequences between TrpS and
His, 23 are identified as TrpSs, while 48 sequences of unknown function make up over one-
half of the linkers. The sequences of known function which link TrpS and IGPS are split
between TrpSs and a group of pyridoxine biosynthesis proteins for which there is no

available structure.
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Table 2. Linking Sequence Information for the B7-8 region HMM searches.

Families Linked # Linking Best Linking Sequence E-values
Sequences  (GI #, Name)
His-TrpS 90 136261, TrpS TrpS 1.5e-29
His 0.27
His-IGPS 29 21227606, PRAI His 1.3e-14
IGPS 0.75
His-PRAI 1 136343, PRAI PRAI 2e-07
His 8
His-RPE 23 37525513, PRAI His 6.9e-13
RPE 0.4
RPE-OMPDC 113 15606282, RPE RPE 2.6e-11
OMPDC 2.1e-05
RPE-IGPS 25 15608546, RPE RPE 2.5e-14
IGPS 0.73
RPE-TrpS 10 20094080, Predicted RPE 0.35
phosphate-binding enzyme  TrpS 1.4
TrpS-IGPS 76 34897216, Put. IGPS TrpS 4.8¢-20
IGPS 0.76
IGPS-OMPDC 7 15608546, RPE OMPDC 0.0042
IGPS 0.73
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Figure 4. SATCHMO trees for the a) full length, b) B1-6 region and c) B7-8 region.
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Because the B7-8 region HMMs are small, essentially the same sequence region of
the linking sequence is identified by each HMM.

SATCHMO Tree Construction. The sequence sets used to develop HMMs were also
used for alignment and tree construction by SATCHMO. SATCHMO was chosen based on
its ability to model structural similarities between groups of related proteins (/5). However,
SATCHMO trees should not be interpreted as a model of the evolutionary history of a set of
proteins, although the trees may be consistent with such a model (/5). Reduced set
representations of the SATCHMO trees constructed from the full length, B1-6 and B7-8
sequence regions are shown in Figure 4.

The SATCHMO tree constructed from the full length sequences closely resembles the
SCOP families with a few differences. The His proteins are clustered in a single, diverse
branch and are split into two subgroups which reflect the HisA and HisF gene products. The
SCOP DCases are also clustered into a single branch. There are four subgroups present in the
DCase tree: OMPDC 1, OMPDC 2, HPS and KGPDC. The differences between the SCOP
families and the full length tree are apparent in the clustering patterns of Trps and RPEs. The
PRAI branch is split off very early from the rest of the tryptophan biosynthesis proteins,
while the IGPS and TrpS subgroups cluster closely. Further, the RPEs cluster very closely
with the TrpS proteins. This close clustering of RPEs to the TrpSs contrasts with the Intersect
results where no link was found between these proteins using full length sequences.

The SATCHMO tree constructed from the B1-6 region is essentially identical to the
tree constructed from the full length sequences with one exception. Now, using only the f1-6

region, all tryptophan biosynthesis enzymes cluster more closely. This tree most closely
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represents the SCOP RPBB superfamily, but again the RPEs cluster closely with the TrpS
subgroup.

Another clustering variation is apparent when only the B7-8 sequence region is used
to construct the SATCHMO tree. In this version of the tree, only the His cluster remains
intact. The OMPDC 1 and 2 subgroups cluster together, but the KGPDC and HPS branches
are now removed from this cluster. Interestingly, the HPSs now most closely cluster with the
RPEs. The tryptophan biosynthesis enzymes are also split, though now the IGPSs are more
closely clustered to the RPEs. This contrasts with the full length and B1-6 trees where the
TrpS proteins cluster most closely with RPEs. The PRAIs branch off distantly as they do in

the full length SATCHMO tree.

DISCUSSION

Understanding the design principles utilized by nature to develop new functions from
existing protein folds remains an important question in molecular biology. Such studies have
implications for genome annotation as well as protein engineering efforts. Though the
question of divergent evolution has been studied extensively in the TIM-barrel proteins (1, 2,
5, 14, 21-23), many questions remain unanswered.

Relationships between similar enzymes can be described as occurring through one or
more of the following evolutionary strategies: specificity dominant, chemistry dominant and
active site architecture dominant. Specificity dominant evolution was originally proposed by
Horowitz in 1945 (24). Horowitz suggested that biochemical pathways may have evolved

backwards, thus the substrate of last enzyme of a pathway would be the product of the
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enzyme just before it. The histidine (25, 26) and tryptophan (7) biosynthetic pathways are
examples of this type of evolution. The chemistry dominant evolutionary model relies on the
retention of a common catalytic step in the overall mechanism of an enzyme (27). Along with
the retention of this step, the subset of active site residues responsible for performing the step
is also retained. The chemistry dominant model is similar to the active site architecture model
(18) in that a subset of active site residues are retained; however, where active site
architecture alone is dominant, there is no retention of a common chemical step. The DCase
superfamily is the first example of this evolutionary strategy (/6).

Members of the RPBB superfamily are mechanistically diverse and are clustered
together by SCOP based upon 1) the conservation of the SPB domain and 2) the similarity of
their substrates to the sugar ribulose (Figure 1). Thus, it appears that the RPBB superfamily
may exist as a result of divergent, substrate dominant evolution. Copley and Bork provided
statistical evidence for the clustering of 12 TIM-barrel superfamilies and suggested that HisA
most closely resembles the ancestral protein (/3).

Considering the conservation of the SPB domain throughout the RPBB superfamily,
it is valid to question the contribution of this sequence region in the identification of
homologous sequences. In addition, recent evidence indicates that TIM-barrels may not have
evolved as a single unit (/4, 28). Structural comparisons between the HisA N- and C-
terminal and HisF N- and C-terminal half-barrel ((B/a)s) structures reveal a number of
residues invariant in both sequence and structural space (/4). These and other studies (25, 26)
suggest the evolution of HisA and HisF from a common half-barrel ancestor. Hocker et al.
showed that the HisF-N and -C half-barrels formed stable, inactive structures when expressed

separately (28). Furthermore, they demonstrated that co-expression or joint refolding of the
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half-barrels results in a fully active HisF-NC complex (28). It has also been suggested that
TIM-barrels may have evolved through the duplication of even smaller units (29), and
several studies support this suggestion. Luger et al. transposed the p7-8 region of yeast PRAI
to the amino terminus of the protein resulting in full activity (30). Similarly, the B1-6
fragment of this protein alone has a high degree of secondary structure. When the B1-6
fragment is complemented with the B7-8 fragment, the result is an active protein (3/).
Finally, Matthews and co-workers have demonstrated that the B1-6 region has a high degree
of stability in comparison to the B1-a5 structure (32). Taken together, these studies support
the fragmentation of the RPBB proteins into the f1-6 and B7-8 segments in our study.
Examination of the Intersect results for the full length RPBBs shows that two
continuous chains are created: one from TrpS to His to IGPS to PRAI, and one from DCase
to RPE. However, we fail to find a valid link between IGPS and PRAI, even at poor
expectation values. Since IGPS and PRAI are fused in a bifunctional protein, each HMM
recognizes only its homologous domain, and does not recognize a common sequence
signature among these two proteins. The sequence links between the DCases and RPEs are
extremely strong in comparison to the other sequence links, with 60 sequences found by both
HMMs. Taken alone, the links found with the full length HMM sequences suggest that the
His and Trp proteins should not be clustered into the same superfamily as DCases and RPEs.
However, such a model is not entirely consistent with the SATCHMO tree data. The
HMM and the tree agree that the PRAI subgroup is distant from the remainder of the
sequences. However, the tree suggests that the RPEs are not closely related to the DCases,
and instead, cluster closely with two of the Trp proteins, TrpS and IGPS. Copley and Bork

found a similar (but not the same) pattern using PSI-BLAST. In their scheme, RPEs find both
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DCases and TrpSs, and similar to our Intersect results, the TrpSs utilize the His proteins as a
link to IGPS.

Unfortunately, all these data agree on only one thing, and that is that they do not
agree. Thus while there is statistical evidence of similarities between proteins in the RPBB
superfamily, it is difficult to understand much about the underlying basis for these links. It is
the understanding of this basis that is perhaps the most relevant to the correct annotation of
the genome, understanding the evolution of function and successful protein engineering
efforts. Thus we have fragmented these sequences in an effort to understand the nature of the
sequence links discovered in similarity searches.

Upon fragmentation of the TIM-barrel sequence into the f1-6 and B7-8 regions, we
are left with two subdomains. These are the B1-6 subdomain which, in theory, possesses
much of the substrate specificity and catalytic residues, and the B7-8 subdomain, which is
only able to bind the phosphate moiety of the ligand. We can now ask the question, “What
are the sequence similarities in the $1-6 (or B7-8) region of the RPBB members?”

Similarity searches using HMMS constructed from only the B1-6 regions show fewer
sequence links than using the full length sequence. Of particular interest is the loss of the
connection between the DCases and RPEs. The RPEs have been hypothesized to be distant
members of the DCase suprafamily (/8). In one case, an HPS has been identified with 28%
identity to an RPE (J.A. Gerlt, personal communication); however, there are no conserved
catalytic residues between these proteins. Our HMM results do not support the clustering of
the RPE proteins with the DCase suprafamily. The SATCHMO results also provide evidence
against RPE membership in the DCase suprafamily, where RPEs remain closely clustered

with the Trp proteins.
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The suggestion that the TrpS proteins are related to the His proteins is evidenced by
the Intersect connections between both the full length and the B1-6 regions of these proteins.
Examination of the sequence regions identified by both HMMs shows that these regions are
not co-localized on the structures. Approximately the first two B-strands of the His proteins
are similar to the B5-6 region of TrpS. A similar pattern is observed in the comparison of the
His p1-6 HMM with the DCase B1-6 HMM. Again, it is the B1-2 region of the His proteins
that shows similarities to the B5-6 region of the DCase OMPDC. These findings may indicate
a half-barrel or even quarter-barrel evolution for proteins other than the His proteins, which
has not been previously described. In addition, the SATCHMO trees advocate the suggestion
that the His proteins may most resemble the ancestral protein. This tree also shows that,
despite the HMMs not linking the Trp proteins, the PRAI branch now clusters with the rest of
the Trp family.

The B7-8 region results bring a final piece of information to the understanding of the
organization and evolution of the RPBB proteins. The Intersect results using the f7-8 HMMs
clearly show this common thread between the RPBBs. The SATCHMO trees add detail to
this picture and show that subtle differences between the SPB domains may help to explain
many previous results. The DCase tree cluster formed using the full length and B1-6 regions
has now been scattered along subfamily lines. The OMPDCs remain together, but the
KPGDC and HPS branches have been split from the OMPDC cluster. The HPS branch
clusters closely with the RPEs, indicating the HPS SPB domain is more similar to the RPE
SPB than to the SPB of other DCases. This finding may account for the link many have

suggested between the RPE and DCase families (/8, 33).
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In conclusion, it is often easy to cluster proteins based on overall sequence similarity,
and quite often, clustering proteins in this manner is sufficient to enhance our understanding
of evolutionary relationships between protein families. However, among very distantly
related proteins, especially TIM-barrels, where circular permutations are often allowed,
global sequence comparisons may lead to unclear or even contradictory results.
Fragmentation of the sequence into subdomains for the RPBB proteins may enable us to not
only understand the basis of the sequence links found, but also to understand the functional
significance of these links as well.

Thus, while our study supports a divergent evolutionary model for the RPBB
proteins, it does not necessarily favor a model of general enzyme recruitment and
modification. Rather, it appears that, at least in part, evolution has proceeded via quarter
barrel shuffling. The SATCHMO tree constructed using the SPB quarter barrel (which differs
from the trees constructed using either full length or B1-6 regions), and the prominent non-
localization of the sequence signals linking the His-Trp and His-DCase families support this
finding. Such a view questions whether or not ancient enzymes need have possessed broad
specificities, but also suggests that studies based on the subdivision of sequence into smaller
subdomains may yield complex, yet robust evolutionary links between distantly related

protein sequences.

METHODS

Sequence Database Searching. The RPBB superfamily is defined by the SCOP

database (1.65 release) (10). Sequences for each RPBB family were obtained from Pfam
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(version 14.0) (34). Sequences were subdivided into the f1-6 and B7-8 regions by mapping
secondary structure elements to the Pfam alignments and HMMs were generated on the full
length and fragment alignments using hmmer 2.3.2 (http://hmmer.wustl.edu/) (/2). HMMs
were searched against the NR protein database from the NCBI.

Data Analyses. Congruence analyses between hmmsearch results were performed
using Intersect v. 1.2 (/7). Trees were generated using SATCHMO simultaneous alignment
and tree building tool (/5). Structure comparisons were obtained from the SSD database

extension (/9) of Chimera (20).
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CONCLUSION

This thesis represents attempts to understand the sequence-structure-function
paradigm in two enzyme superfamilies using computational and experimental techniques.
The computational methods focus on understanding the evolutionary relationships between
enzymes in order to not only comprehend how sequence relates to the function of a protein,
but also how we can use this understanding to experimentally engineer enzymes to perform
alternate functions.

Chapters 1-4 detail investigations into the substrate specificity of creatine kinase
(CK). These studies began with sequence information for CK and several homologs,
unliganded CK structures, and one transition-state analog complexed structure for the CK
homolog arginine kinase. These early studies demonstrate the ability of computational
methods to identify only one (Val 325) of the two residues eventually found to be important
in binding the N-methyl of the creatine substrate. It took the solution of a CK structure bound
with a transition state analog complex to implicate Ile 69 on the N-terminal loop as being
important. Finally, in chapter 4, our studies identified the roles of these residues, specifically,
that while Val 325 and Ile 69 both contact the N-methyl of creatine, only mutations at Val
325 were able to alter CK to prefer alternative substrates. However, it is the interaction of
both Ile 69 and Val 325 with the N-methyl of creatine that proves to be important in the
optimal positioning of the substrate for catalysis.

In chapter 5, the evolutionary relationships among the ribulose-phosphate barrel
(RPBB) enzymes, a very diverse superfamily, are examined. It has been suggested that these

enzymes have all evolved from a common ancestor; however, even statistical evidence of this
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link using the full length sequences can be questioned. These questions led us to split the
RPBB enzyme sequences into two functional domains: catalytic and phosphate binding.
Evolutionary trees were generated using SATCHMO. Hidden Markov Models (HMMs) for
each of these domains were used to search the NR database at NCBI. The search results were
subjected to congruence analysis using the Intersect program, developed in the Babbitt lab.
These results show that many of the sequence links between RPBB members are solely based
on similarity of the phosphate binding region. Further, the fact that RPBB members whose
active sites are clearly related often have less similar phosphate binding sites suggests that
the phosphate binding region has evolved independently of the catalytic domain.

The first four chapters of this thesis demonstrate both the effectiveness and the
limitations of computational biology in deciphering specificity determinants. These chapters
also validate the notion that computational investigations into the natural evolution of
function, through methods such as evolutionary trace, may yield insight directly applicable to
protein engineering efforts. In fact, computational methodologies are rapidly improving and,
recently, Dwyer, et al. presented the rational design of a functional enzyme from ribose-
binding protein.

While the results presented in chapter 5 represent an advancement in the dissection of
distant relationships, the applicability of these finding to protein design efforts has yet to be
proven. It is likely that studies investigating the nature of distant relationships will not yield
much to rational design efforts; however, we speculate that the identification of relationships
between minimal functional protein subdomains may enhance DNA shuffling experiments.

Patsy and I have begun a collaboration to investigate the applicability of the methods
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outlined in chapter 5 in understanding evolutionary relationships in other enzyme

superfamilies.

Dwyer, M. A, L. L. Looger, and H. W. Hellinga (2004). “Computational Design of a

Biologically Active Enzyme.” Science 304(5679): 1967-1971.
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ABSTRACT

Creatine kinase catalyzes the reversible transfer of the y-phosphorous of ATP to
creatine to form phosphocreatine. Because it plays a key role in cellular energetics and in
several disease states, creatine kinase has remained an active area of research. The widely
used assay method of Tanzer and Gilvarg has remained relatively unchanged for over 50
years. However, in order to rapidly assay multiple mutant enzymes with a variety of
substrates, a microplate based assay is needed. Here we describe the development and
validation of such an assay, and compare it to the standard cuvette based assay. The
development of this assay increases our assay efficiency greater than 10 fold, and even

exhibited lower standard error than the cuvette assay.

Keywords: creatine kinase; NADH-linked; microplate assay
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INTRODUCTION

Creatine kinase (CK; EC 2.7.3.2) catalyzes the reversible phosphorylation of creatine
by ATP. A widely used assay for CK is an NADH-linked assay developed by Tanzer and
Gilvarg [1]. This assay utilizes two enzymes, pyruvate kinase and lactic acid dehydrogenase
to link the consumption of ATP to the oxidation of NADH, which may be followed
spectroscopically at 340 nm (Fig. 1a). Because the CK reaction requires two substrates, the
determination of the kinetic constants for each substrate requires the independent variation of
ATP and creatine over at least 5 different concentrations. Including controls, performing such
an analysis can require up to 80 assays and can be tedious for the evaluation of several
mutants and/or substrates.

James Florini [2] described a microplate assay for the determination of CK activity in
the reverse direction (ATP formation) using a modified NAD-linked assay. This protocol
utilized glucose-6-phosphate dehydrogenase from Leuconostoc meseteroides, which can
reduce thio-NAD. This activity can be monitored spectroscopically at 405 nm. More
recently, Schulte et al. [3] used a microplate-based NADH-linked assay to perform a rapid
kinetic characterization of mevalonate kinase, but failed to compare the results to the
standard cuvette assay. In this paper, we describe an NADH-linked microplate assay for the
rapid kinetic analysis of CK. Further, we compare the microplate assay data with the cuvette

based assay.
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MATERIALS AND METHODS

Enzymatic assay preparation. Unless otherwise noted, all chemicals and enzymes
were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Tween-20 was
purchased from Bio-Rad (Hercules, CA). BSA and Superblock® (a nonspecific site blocking
agent) are from Pierce (Rockford, IL).

A 100 mM stock of MgATP was prepared by mixing equimolar amounts of
Mg(OAc); and ATP in 75mM TAPS buffer. For the microplate assay, 45 pL of assay buffer
containing TAPS, NADH, phosphoenolpyruvate, Mg(OAc),;, KOAc, pyruvate kinase, lactic
acid dehydrogenase and CK and 15 pL of MgATP were added to each well. The reaction was
initiated by the addition of 240 pL of creatine. For the cuvette assay all volumes were
doubled. In both the microplate and cuvette experiments, the final assay mixture contained
75 mM TAPS buffer, pH 9.0, 0.36 mM NADH, 0.36 mM phosphoenolpyruvate, 1 mM
Mg(OAc),, 13 mM KOAc, variable MgATP (0.2-5 mM), variable creatine (6-96 mM) and
9.3 nM rabbit muscle creatine kinase. Concentrations of the linking enzymes pyruvate kinase
and lactic acid dehydrogenase are 28 U/mL and 54 U/mL respectively.

Data collection and fitting. Cuvette and microplate readings were taken on the
SPECTRAmax 384 spectrophotometer from Molecular Devices (Sunnyvale, CA). UV-
transparent microplates were Costar 96 well plates from Corning (Coming, NY).

Activity was determined by monitoring the oxidation of NADH at 340 nm at 30 °C.
The molar extinction coefficient for NADH at 340 nm is 6.22 mM™' cm™. For the microplate
assay a mean pathlength of 0.8 cm was determined using the spectrophotometer’s

Pathcheck® feature. Data points were collected every 12 seconds and the maximum rate was
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determined using at least 5 points sampled over 1 minute. At pH 9.0, the kinetic mechanism
of rabbit muscle CK can be described by a rapid equilibrium, random bi-bi mechanism [4].
Data was fitted to Eq. (1), using SigmaPlot 8.0 with the Enzyme Kinetics module from SPSS

(Chicago, IL):

V = Vmax[A][B] / (a(KKs + Ko[A] + Ka[B]) + [A][B). )

Where [A] and [B] are the substrate concentrations of creatine and MgATP
respectively, and K, and K, are the dissociation constants for the EScraine and ESmgate
complexes respectively. The term o quantifies how the binding of one substrate affects the
binding of the other [5]. For example, oK reatine is @ measure of the affinity of creatine for the

ESmgatp complex and is referred to as Ky, (Cr).

RESULTS AND DISCUSSION

Comparison of microplate and cuvette data. As shown in Figure 1b, CK activity
varies linearly over a range of 0.5-5.0 pg of CK per assay. CK activity data from the
microplate assay fits well to Eq. 1 with R? = 0.994, compared with the cuvette assay where
R? = 0.965. The assay is relatively insensitive to inter-well variability and inter-plate
differences (data not shown). Data collection for the entire set of 80 assays requires only
minutes, while the time required for the preparation of stock solutions is similar to that
required for the cuvette based assay. Since the assay volume of the microplate assay is halved

in comparison to the cuvette assay, less CK is utilized in kinetic determinations. This is an
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important advantage when assaying low activity mutants where CK concentrations that
exceed 100 pg/mL may be required for detection of activity.

Table 1 shows the kinetic parameters of CK determined by both the microplate and
cuvette assay methods. For both methods all kinetic parameters are similar, although
consistently lower for the microplate assay. Activity values at the lowest substrate
concentrations are approximately equal, indicating a similar limit of detection for the assays.
The standard error measurements for the microplate assay were approximately 2-fold lower
than the cuvette assay error.

To assess whether the differences between the cuvette and microplate assays were
due to unfavorable interactions of assay mix components with the microplate, a variety of
detergents and blocking agents were analyzed. The addition of nonionic detergents, Tween-
20, Triton X-100, and a zwitterionic detergent, CHAPSO, at 1%, 0.1% and 0.01% had no
effect on microplate activity. Similarly, incubating the microplate overnight with BSA 2.0
mg/mL and Superblock® (1x) had no effect (data not shown).

Although the kinetic parameters from the microplate assay differ marginally from the
cuvette assay, in our experience these variations are no greater than normal inter-laboratory
determinations [6, 7]. The reproducibility, low standard deviations and rapidity of the
microplate assay make it a viable method for the determination of kinetic parameters. With
the microplate assay, we will be able to rapidly characterize and compare kinetic parameters
with a variety of substrates on a many CK mutants in future studies. This assay should be
applicable to other kinases with similar results, provided the enzyme does not interact

unfavorably with the microplate.
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Figure 1.
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(a) Schematic indicating the coupling of CK activity to the oxidation of NADH through
pyruvate kinase (PK) and lactic acid dehydrogenase (LDH). The oxidation of NADH may be
followed spectroscopically at 340 nm. (b) The relationship between enzyme concentration
and reaction rate. The amount of CK was varied between 0.05-0.5 pg/assay. Creatine and

ATP concentrations were maintained at 96 mM and 5 mM respectively. Data points

presented are mean t SD (n = 3).
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Table 1: Kinetic constants for CK determined using the microplate and cuvette based assays”

MgATP, mM creatine, mM
Method Ky (MgATP) K, (MgATP) K4 (Cr) K (Cr) Vmax, U/mg
Microplate  0.76 £0.06  0.13 £ 0.03 44751486 7841195 74.94+0.70

Cuvette 097+0.18 0.19+0.10 58.61+1521 11.39+6.83 116.13+3.09

9 Kinetic constants are shown + Standard Error. K4 and K,, values are discussed in the
Methods section. Each data point is an average of at least 3 individual measurements.
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ABSTRACT

Summary: The determination of distant evolutionary relationships remains an important
biological problem, and distant homologs often appear in statistically insignificant regions of
sequence similarity searches. Intersect is a computer program designed to identify and
visualize the overlaps between sets of sequences reported by multiple database searches. This
capability aids researchers in identifying the individual sequences that best bridge sequence

families and superfamilies.

Availability: The Intersect program is available from the Babbitt laboratory website at

http://www .babbittlab.ucsf.edu/software/intersect

Contact: babbitt@cgl.ucsf.edu
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Identifying the sequence links between groups of homologous sequences aides in the
determination of function and the analysis of evolutionary conservation. For analysis of
divergent families and superfamilies, such linking sequences often have very low sequence
similarity to most or all of the sequences contained within the families/superfamilies that
they bridge, rendering them very difficult to detect, especially when searching with one
sequence at a time. Moreover, while many sequences may appear congruently in search
outputs using distantly related sequences as queries, it is not trivial to determine which of
these would be most useful for use in subsequent iterations of a complex search strategy. We
have developed the Intersect program in an effort to help researchers identify and visualize
the sequence links among sets of homologous sequences, including those representing very
divergent relationships.

Several useful programs exist to aid in the identification of potential homologs within
sequence databases. These include FASTA (Pearson and Lipman, 1988), BLAST (Altschul et
al., 1990), PSI-BLAST (Altschul et al, 1997), and several approaches using hidden Markov
models (Eddy, 1996, Sjolander, 1996). The output files of these searches often contain
distant homologs hidden in regions of low statistical significance. Examination of the overlap
between and among multiple searches, each performed with a different but related query
sequence, can often distinguish these true homologs out of the noise (Pegg and Babbitt,
1999). In addition, breaking multiple database searches into sets associated with the original
query sequences allows the user to search for sequences that bridge the sets of search results.
For example, a user may perform 5 database searches using query sequences from family A,
and 5 from family B (a total of 10 database searches). Sequences bridging families A and B

can be found by looking for sequences reported in both the output files for families A and
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those for family B. Intersect is also useful for examining new hypotheses about relationships
among 2 or more families/superfamilies. Sequences from families hypothesized to be related can
be used as queries for congruent database searches followed by Intersect analysis. The linking
sequences found may provide evidence of potential relationships that can be examined further by
independent methods. A non-automated version of this approach was successfully used to deduce
that the pcpA gene, found in a pathway associated with the metabolism of pentachlorophenol in
S. chlorophenolica, belongs to a new and unusual class of extradiol dioxygenases (Xu, 1999).

The Intersect program allows users to identify the sequences reported across multiple
sets of output files by providing congruence analysis functionality via a graphical user
interface. Each user-defined set of output files is designated by a color (chosen automatically,
but also configurable by the user). This color-coding allows for the rapid identification of the
sets contributing to each overlapping region. The current version of Intersect supports
FASTA, BLAST (both NCBI and Wustl versions), and PSI-BLAST output files. Sets of
output files may contain any mixture of these formats. As a result, Intersect can by used to
rapidly estimate the specificity and selectivity of these search methods on a particular query
or database.

Each non-empty region of the set space is displayed as a color-coded tab in the upper
right panel of the interface. Three sets of output files (A, B, and C, for example) could have
at most seven non-empty regions (A, B, C, A+B, A+C, B+C, and A+B+C). Clicking on a tab
displays the sequences contained within the region, including information regarding which
individual search file reported each sequence and it’s associated significance score (as
reported by the database search program, e.g. BLAST E-value). Intersect allows the user to
filter the sequences reported according the their significance scores with both high and low

cutoff values.
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When the total number of sets is under five, a Venn diagram of the set overlap can be
displayed as overlapping rectangles. (Note that a five set Venn diagram has at most 31 non-
empty subsets, making it too busy to be practically useful in this application.) The area of the
overlapping regions is not scaled by the number of sequences contained within them, and
empty regions are colored black. The program allows for the diagram to be easily labeled and
printed. Clicking on any of the colored regions brings up the text-based window displaying
the details of the sequences contained within it.

Intersect is written in Python to allow for platform independence. It is available
(along with a comprehensive user’s manual) free of charge to investigators from academic or

other non-profit institutions at http://www.babbittlab.ucsf.edu/software/intersect.
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Figure 1. The Intersect interface. At the bottom left are three sets of BLAST output files
grouped by the family membership of the query sequences. All query sequences were
members of the enolase superfamily (Babbitt et al., 1996), and were members of either the
mandelate racemase (blue), muconate lactonizing enzyme (green), or enolase (pink)
subfamily. The upper right panel displays a color-coded clickable tab for each non-empty

overlap between the search results or for each set of search results for a single subfamily. The
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upper left panel shows the Venn diagram for the same data. Clicking on either the tab or the
corresponding region on the Venn diagram brings up the inset window in which information

about the sequences populating the region is displayed.

153



REFERENCES

Altschul S.F., Gish W., Miller W., Myers E'W., and Lipman D.J. (1990) Basic local

alignment search tool. J. Mol. Biol., 215, 403-10.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., and Lipman,
D.J. (1997) Gapped BLAST and PSI-BLAST: a new generation of protein database search

programs. Nucleic Acids Res., 25, 3389-3402.

Babbitt, P.C., Hasson, M.S., Wedekind, J.E., Palmer, D.R., Barrett, W.C., Reed, G.H,,

Rayment, I., Ringe, D., Kenyon, G.L., and Gerlt, J.A. (1996) The enolase superfamily: a

general strategy for enzyme-catalyzed abstraction of the alpha-protons of carboxylic acids.

Biochemistry, 35, 16489-501.

Eddy, S.R. (1996) Hidden Markov models. Curr. Opin. Struct. Biol., 6, 361-5.

Pearson, W.R. and Lipman, D.J. (1988) Improved tools for biological sequence comparison.

Proc. Natl. Acad. Sci., 85, 2444-8.

Pegg, S.C. and Babbitt, P.C. (1999) Shotgun: getting more from sequence similarity

searches. Bioinformatics, 15, 729-40.

154



Sjolander, K., Karplus, K., Brown, M., Hughey, R., Krogh, A., Mian, L.S., and Haussler, D.
(1996) Dirichlet mixtures: a method for improved detection of weak but significant protein

sequence homology. Comput. Appl. Biosci., 12, 327-45.

Xu, L., K. Resing, et al. (1999). “Evidence that pcpA encodes 2,6-dichlorohydroquinone

dioxygenase, the ring cleavage enzyme required for pentachlorophenol degradation in

Sphingomonas chlorophenolica Strain ATCC 39723.” Biochem. 38: 7659-7669.

155



APPENDIX 3

Useful python programs and scripts

156



INTRODUCTION

This section of the appendix includes python scripts which may be especially useful
to others. The first three programs are generally used to manipulate large numbers of
sequences: unique.py, correctTfas.py and Find_and_Align.py. The next three programs deal
primarily with building HMMs. Not that building HMMs is difficult, it isn’t. What these
programs allow you to do is to generate HMMs on protein subsequences. For example,
truncateFasta.py will truncate a concatenated fasta file given start and stop values. Given this
new truncated fasta file, one can run makehmms.py, which will build and calibrate the hmm
file automatically. Finally, hmmsearch.py performs multiple hmmsearches so you don’t have
to wait to start the next round. The next two programs are designed to help in populating the
structure function linkage database (SFLD). Readme files are also included for both
makeEFD.py and makeEFD-TinyXML.py. The final two utilities are pdb_remove h.py,
which does just that (removes hydrogens from pdb files), and SAB.py, which stands for Split
and Blast. Split and Blast has not been thoroughly tested. I wrote this to try to find regions of

high homology in malarial proteins which have low sequence identity to other organisms.
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#!/sw/bin/python

X2 s ETEESSTEEEEESESETESEEEES T EEESTEESESSSSESESESESEESESES S
#

# unique.py

#

# Generates a comma-delimited nonredundant list given a file full of
# redundants!
# so there.
# fine.

# go ahead.
# use me.
# check your python path.
# WRPN

# 08/19/03

#
#

RS2SRRSR SRR SRR IESSEEEEST RS IR
import sys, string

BHAHAHAHERBAHHBHBHBHABHBHBHBHBHHEAERERERUBHHRE R AHAHERE GG A A B E G E RS
# Retrieves the name of the input file from the command line, or if the
# file is
# not specified, prints an error message and exits the program
(22 ETET TSRS ARSI ARSI SIS
def getInFileNames (argv):

"""hey this is from shoshana!"""

errorString "Usage: unique.py <inputFile> [-o<outputFile>]"

outFileName = "unique.gi”
if len(argv) < 2:

print errorString
sys.exit (0)

else:
inFileName = argv[l]
if len(argv) > 2 and argv(2][:2] == "-0o":

outFileName = argv(2][2:]

return inFileName, outFileName

LRSI ESSE LSS
# Opens a file and creates a dictionary.

# Places in dict.

iz ES S ST RTSESEESESETEESESEESESEISEISESISETSE S
def makeDict (dictFile):

dict = {}
inFile = open(dictFile, "r")
while 1:

line = inFile.readline()
if not line:
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break
items = string.split(string.strip(line), *',')
for item in items:

dict[item] =1

return dict
FHAGAHHAHBHHBHBH S AEABABHBHBH I AH U AU AU R BB ERH AU R AU UG AR E RS
# Main program
iEEESEEEE ST ESES ST SET AT EE ST EEESSESESESSSEE
def unique (argv):

inFileName, outFileName = getInFileNames(argv)

dictionary = makeDict (inFileName)

out = open(outFileName, "w")

for key in dictionary.keys():

out.write (key)

out.write("\n")

unique (sys.argv)
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#!/sw/bin/python
FHAHBAHREBAARHHRBHB RS HAHABRRHAHBRBAHBAHBHUABBERBHBHAHHAHAHHAHAHAHBAHRREHE
correctTfas.py

#
#
#
# I need to classify the seed sequences into families

# This program opens a concatenated tfa file and returns

# the first 80 characters of the description line for

# sequences of appropriate length. Appropriate length is

# defined as .8 to 1.2 times the searching sequence length.
#
#
#
#
#

Author: Wally Novak
Last Modified: 10/17/01

EESS RS SEEEEEEEERSES R SER R RRRE R RESESERSIRERT RS

import os
import sys
import string

A2 ESR SRS SRS ARSI RS IEEE:
# Gets name of the input file

ETEET T SEESEES S AE SRS ARS SRR ERTEETSEESTIEESE:
def getInFileName (argv):

errorString = "Usage: correctTfas.py <inputFile>"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv[1l]

return inFileName

i EEEEI SRR ARSI ARSI ST TS E
# Get the first 80 chars of the desc line and write to descript.out

EE ST E TSI EESSESS S
def makeDescrip(inFileName, outFileName):

inFile = open(inFileName, "r")
outFile = open('temp.fix', "w")

giList = []
one = 0
length = 0

# this section populates gilist with the GI numbers and the lengths of
# the protein segs
while 1:
line = inFile.readline ()
if not line:
giList.append(length)
break
if line[:1] == ">":
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if length > O:
gilList.append(length)

if one ==
goodLen = length
one = 1

line = string.strip(line[:80]) + '\n'
outFile.write(line)
line = linef{4:]
index = string.find(line, "|")
if (index == (-1)) or (index > 10):
index = string.find(line, " ")

giNum = line[:index]
giList.append(giNum)
length = 0

else:
length += (len(line) -1)
outFile.write(line)
continue

outFile.close ()
inFile.close()

low = (.8 * goodLen)
high = (1.2 * goodLen)

badList = []
i=0

# this section populates badlList with sequences of incorrect length
while i < (len(gilList) - 1):
if giList([i+1l] > high or giList[i+1l] < low:
badList.append(gilList([i])
i=1i+2

inFile = open('temp.fix', "r")
outFile = open(outFileName, "w")

good = 1
line = inFile.readline()

# this section writes only the proteins of correct length to the
# .fix file

while 1:
if not line:
break
if line([:1] == ">";
linetemp = line(4:]
index = string.find(linetemp, "I|")
if (index == (-1)) or (index > 10):

index = string.find(linetemp, " ")
giNum = linetemp/(:index]
if not (giNum in badList):

good =1

outFile.write(line)

line = inFile.readline{()
else:

good = 0
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line = inFile.readline()
continue
elif good ==

# check for bad characters
GOODCHARS = [lQl’ lql, 'w’l 'wl’ IEI’ 'el' IRII 'rl, ITI,

'tl,

IYI' lyl' lIl, lil' 'Pl’ 'p" 'Al’ la" ’S" ISI’ ID', !dl, IFI’ 'fl' 'Gl'
'gl’ lHl' 'h'l 'Kl, lkl, lLl, lll' 'C', 'C', lvl’ 'V'l lNl' ln” ’Ml, !ml'

l\n']
for i in line:
if i not in GOODCHARS:
line = string.join(string.split(line, i), "-")

outFile.write(line)
line = inFile.readline()

else:
line = inFile.readline ()
continue

RERAHABRHABHB AR R R BB H AR H B AR R AR AR SRR R AR AR R R 8

# Main program

BHAGHEHABABHBHBAHABHBRRHER A B R RHE R AR A HA AR A AR A LR AR R AR AR

def getDesc(argv):
inFileName = getInFileName (argv)
outFileName = inFileName + '.fix'
makeDescrip(inFileName, outFileName)

getDesc(sys.argv)
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#!/sw/bin/python
iR RIS SESEE R S R ESSEEES I ESEEEESEEEES SIS EES SIS EET

Find and Align.py
1/08/02
Wally Novak

#
#
#
#
#
# This script runs a set of programs commonly used to generate an
# initial set of related sequences for super/suprafamily or

# evolutionary trace analysis.

#
#

SIS AR RS RS RS ERS SRR ERSERTETIESESEETE RS

from string import *
from time import *
import sys, os, glob
from types import *

ROUNDS = 15 # the number of PSI-BLAST rounds

BHEGAHHBAHRRABARHERAABAHBRARARHIBHAHBHAABHAHHA M HAAA AR AHARARAA SRS E RS
# Get the filename and strip the last 3 chars

R 2E 2SS ES ARSI IEETE:
def getInFileName (argv):

errorString = "Usage: Find and Align.py <inputFile.tfa>\nNote the input
file must have the .tfa extension and be in fasta format.\n"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv([1l][:-3]

return inFileName
BHAHAHAHARHBURUHBHBHBARUHBH BB BHBHABREHBHHEHEHEAHBHAHRAHRUHUB RS E GRS
# Runs a blast search on the sequence for the approriate number of rounds
22T EET TSI ES SRS E ST AL ESESESES SIS EESESE LSS
def blast(file):

infile = file + "tfa"
outfile = file + "blastp"”

print "\nRunning blast search on %s." % (infile)

cmd = "blastpgp -i %s =-a2 -I -j%d -b0 -o %s" % (infile, ROUNDS,
outfile)

os.system(cmd)

print "Blast search completed. Output saved as %s.\n" % (outfile)

return outfile
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XSRS TSRS SIS LSS T
# Gets the gi numbers from the blast file. Utilizes getAllGIs.py by

# Shoshana Brown.
BHAHGRAARABABRBHHHABHRBHBAAHABABHERHABREHAHABARHAERHBHHRHREHABHH SRR
def get GIs(file):

print "Retrieving GI numbers."

cmd = "getAllGIs.py %s" % (file)
os.system(cmd)

print "GI numbers stored in psilO.ggi.\n"
RS S T EES ISR ET TSRS SEEES ST
# Gets a concatenated tfa file containing all sequences. Uses the fastacmd
# program on socrates.cgl.ucsf.edu
BHABBAHHABHHBB A0 HERHABRBRERABHBHBHBHBHAHBHAHEHAHAHBABRERHAH RS SSA SRS
def get fastas(file):

outfile = file + "tfas"

print "Retrieving sequence files."

cmd = "fastacmd -i psilO.ggi -o %s" % (outfile)
os.system(cmd)

print "Sequences stored in %s.\n" % (outfile)

return outfile
(EEES ST EEETSSS SRS ST S
# Corrects the long lines in the tfa file and removes long and short segs.
# Uses the correctTfas.py program (written by me).
(EE32E 2SS TR SS TSRS
def correct_tfas(file):

outfile = file + ".fix"

print "Correcting %s." % (file)

cmd = "correctTfas.py %s" % (file)
os.system(cmd)

print "Corrected format stored in %$s.\n" % (outfile)

return outfile
BHARHHAGHAAHAAUARAE AR RE AR R AU AU HA A G H AR AR SRR REES
# Performs a clustalw alignment on the corrected tfa file.
FHERHBRUHAAAEBAABAUBRAHARE AR AU AR AU U AR R BB RS
def clustal(file):

align_out = file[:-3] + "aln"
dnd_out = file[:-3] + "dnd"

print "Aligning sequences in %s with clustalw." % (file)
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cmd = "clustalw %s > temp.output” % (file)
os.system(cmd)

print "Clustal alignment stored in %s.\nClustal dendogram stored in
$s.\n" % (align_out, dnd_out)

FHAHGHBARBHARBHBH A RHABHRRABBABH AR B AR HAHRAA BB RHHBEAHHHHHHRHHRE SR SRR
# Removes temporary files
FHABSHBAHHBAHBABABAHBRAHBAHABHABRBHBR B LA HHARBA A BHRHA BB E A1
def cleanup():

cmd = "rm temp*"
os.system(cmd)

BARBBARRRRRARHAAAAHRRR AR AR AR R R R R R R R R R R R R R
# Main program
BEARHEBHBRHEBHRARER R AR R R R R R R 8
def Find_and_Align(argv):

inFileName = getInFileName (argv)

blastFile = blast(inFileName)

get GIs(blastFile)

tfa file = get fastas(inFileName)

tfa corrected = correct_tfas(tfa_file)

clustal(tfa_corrected)

cleanup()

print "\nFind_and Align completed successfully.\n"

Find and Align(sys.argv)
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#!/sw/bin/python
X EES TSRS ARSI SIS SE S S S
truncateFasta.py

I want to truncate fasta alignment files to generate different hmm
profiles.

This program will truncate fasta alignment files given start and stop
values.

EEEEE TSRS
Why use it?

#
#
#
#
#
#
#
#
#
#
#
#
#
# #3: It allows you to generate hmm files on segments of your alignment.
# #2: Comes in handy for multiple domains

# and the #1 reason to use truncateFasta.py...Because everyone else is

# doing it

#

#

#

#

#

#

#

#

#

#

#

#

#

AR RS

Usage:

truncateFasta.py <inputFile> <start> <stop>
BHEHHBREES

Author: Wally Novak
Last Modified: 08/11/03

BHGHARARARRHFHBHAHHHHAH AR RA RN R R R R R R R

import os
import sys
import string

EE 2RISR RS RS ESEEESEESEESRES R ESSESEEES RS TR
# Gets name of the input file

i EEEZEE2SE23 2SS SIS SIS SIS EESSESSSESESTEEE
def getInFileName (argv):

errorString = "Usage: truncateFasta.py <inputFile> <start> <stop>"

if len(argv) < 4:
print errorString
sys.exit (0)

else:
inFileName = argv([1l]
start = argv(2]
stop = argv/[3]

return inFileName, start, stop
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i EE2E TSI S SIS REESEESS SRS EESS RS ES TSR ET S
# Truncate each sequence in the fasta alignment to the start and end
# values
I RS SR E RS SSSES T ASASASEEEEESESESSSEES ARSI S S ST
def makeDescrip(inFileName, outFileName, start, end):
inFile = open(inFileName, "r")
outFile = open(outFileName, "w")
segname = ""
seq = nn
stop = 0

line = inFile.readline()

while 1:
if line(:1] == ">":
segname = line

line = inFile.readline ()
if not line:
break
while line[:1] != ">":
seq = seq + string.strip(line)
line = inFile.readline()
if not line:
stop =1
break
seq = seg[start:end]
newseq = formatString(seqg, 69)

outFile.write (segname)
outFile.write (newseq)
seq = "o

segname = ""

if stop ==
break

ST EESIEESS:
# Inserts newlines

(3232222233222 2SR E
def formatString(string, charsPerLine):

index = 0
newstring = ""

while index < len(string):
newstring = newstring + string[index: (index + charsPerLine)]
newstring = newstring + "\n"
index = index + charsPerLine

return newstring

iR EE SRS ESES SRS SIS SE S L
# Main program
SIS ARSI EESTSEEES:
def getDesc(argv):
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inFileName, start, end = getInFileName (argv)
outFileName = inFileName + '.trun2'

start = string.atoi(start)
end = string.atoi(end)

makeDescrip(inFileName, outFileName, start, end)

getDesc(sys.argv)
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#!/sw/bin/python
AT TS AT TSRS SRS SRS SEE S EE S
makehmms.py

Takes a list of aligned fasta files and builds and calibrates hmms
for each file in the list.

#
#
#
#
#
#
# Author: Wally Novak

# Last Modified: 08/11/03
#
#

SRR RN RS RRRRTRRRRRSERTE

import os
import sys
import string

RS EE TSRS SEIEETSE ST
# Gets name of the input file

A2 SSS ARSI ERS SRS SRS SE ST
def getInFileName (argv):

errorString = "Usage: makehmms.py <inputFile>"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv([1l]

return inFileName

(2333322 E22 323 S 2222222222222 2232322232522
# Gets the filenames and creates and calibrates the hmm

FHBAHHAGHERHH AR RH ARG R H U R ARG H AU A A H AR E AU U S
def makeDescrip(inFileName):

inFile = open(inFileName, "r")

while 1:
line = inFile.readline()
if not line:
break
line = string.strip(line)
index = string.find(line, ".")

if index != -1:
out = line[:index] + ".hmm"
else:

out = line + ".hmm"

print "error parsing filename"
cmd = "hmmbuild %s %s" % (out, line)
os.system(cmd)
cmd2 = "hmmcalibrate %s" % out
os.system(cmd2)
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inFile.close()
FHERRAHHARERABRAHAHSRRABRBHHHAEHBHAARAHAR B AR AR AR AR A B AR B RS R SRS
# Main program
XTSRS E LS
def getDesc(argv):

inFileName = getInFileName (argv)

makeDescrip(inFileName)

getDesc(sys.argv)
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#!/sw/bin/python
ES TSRS ES SIS RS EEIESEIESESETEESESETSESES SIS SEE S
hmmsearch.py

#

#

#

# Takes a list file of hmms and performs hmmsearches with the hmm against
# the nrdb.

#

# Author: Wally Novak

# Last Modified: 08/11/03

#
#

BHAHHAGHBARABHAAHARRNRHBEBAR AR ER AR AR AR R AR R R

import os
import sys
import string

RS EEEEE RS SERSSERSSERS R S R EIERTEESS ARSI ARSI ETSS:
# Gets name of the input file

i E23EE 2SRRI ESE SR T
def getInFileName (argv):

errorString = "Usage: hmmsearch.py <inputFile>"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv([l]

return inFileName

EEETE SRS EE ST ET SIS ES SIS IS SIS IESSEE:
# Takes a list file of hmms and performs hmmsearches with the hmm against
# the nrdb.
XTSRRI ES SIS TSI SESESESIESSSIET ST
def makeDescrip(inFileName):

inFile = open(inFileName, "r")

while 1:
line = inFile.readline ()
if not line:
break
line = string.strip(line)

index = string.find(line, ".")

if index != -1:
out = line[:index] + ".out"
else:

out = line + ".out"
print "error parsing filename %s" % out

cmd = "hmmsearch %s nr > %$s" % (line, out)
#print cmd + "\n"
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os.system(cmd)
inFile.close()
i Z3 T EEEEES ST RS RS EESEESESEEESESEESES S S ES SRS SIS T
# Main program
HERBRHHHBHRAAHH A RABEB A HH AR AR H A HE AR H AR A A S R
def getDesc(argv):
inFileName = getInFileName (argv)

makeDescrip(inFileName)

getDesc(sys.argv)
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README.makeEFD and makeEFD-TinyXML
Here's the deal.

makeEFD.py and makeEFD-TinyXML.py both require 1 additional argument, the
xml file.

Check the python path as it is different on my mac than on socrates or
your computer.

I suggest using makeEFD-TinyXML, which requires that you download the
TinySegXML file from NCBI. The tinysegxml is not available on the first
menu on ncbi's site, so first display fasta and then tinysegxml. Download
the file and use this with makeEFD-TinyXML.py.

If you want to use makeEFD.py you must download the standard xml file.
BEWARE! this file may be extremely large due to sequencing projects. ie a
tinysegxml file may be 100KB, while the standard xml file may be over
1GB!!!!

i3S EEES S
How to get the XML file:

Go to: http://www.ncbi.nlm.nih.gov/Entrez/ i

Enter all the gi #'s, comma separated in the search window and make sure
protein is selected.

When the output is displayed...select display 1000 hits and type=fasta and
push display.

When the output is displayed the second time...select TinySegXML and push
display.

When the output is displayed the third time...save it to a file.
Use as below.

LESEEET TS

Usage:

makeEFD-TinyXML.py <xml file> > output

Output:

a tab-delimited file suitable for import into the EFD excel table for the
SFLD
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#!/sw/bin/python
BHESHAHAHFAABABHHRHAAHBHHABARHHHAABHBEHBHAB BB HAHREAHARH AR A SRR
makeEFD.py

#
#
#
# Generates and EFD file that may be imported into excel. It takes an ncbi
# xml file as input

# It also outputs the fasta sequence file

#

#

#

#

#

WRPN
08/18/03

BHAGHHBHAABAHBHAABHAHBARAEARBHAHER A RR B R AL R B E AR R S
import sys, string
from xml.sax import saxutils, handler, make parser
# --- The ContentHandler
class ContentGenerator (handler.ContentHandler):

def  init (self, out = sys.stdout):
handler.ContentHandler._ init_(self)

self.gi = ""
self.protname = ""
self.species = ""
self.length = ""
self.seq = ""

self. out = out
self.isGI = 0
self.isName = 0
self.isSpecies = 0
self.isLength = 0
self.isSeq = 0
self.inNameContent = 0

# ContentHandler methods

def startElement (self, name, attrs):
if name == "Seq-id gi": self.isGI =1
if name == "Seqdesc_title":
self.isName = 1
self.inNameContent = 1

if name == "Org-ref taxname": self.isSpecies =1
if name == "Seg-inst_length": self.isLength =1
if name == "NCBIeaa": self.isSeq =1

def endElement (self, name):
if name == "TSeq_ defline":
self.inNameContent = 0
self.isName = 2
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if self.isGI == 2 and self.isName == 2 and self.isSpecies == 2 and

self.isLength == 2 and self.isSeq ==

self. out.write("%s\t¥s\t¥s\t¥s\n" % (self.gi, self.protname,

self.species, self.length))
fname = "%s.fa" % self.gi
self.seq = formatString(self.seq, 69)

outfile = open(fname, "w")

outfile.write(">gil%s| %s\n%s" % (self.qi,
self.seq))

outfile.close()

self.isGI = 0
self.isName = 0
self.isSpecies = 0
self.isLength = 0
self.isSeq = 0

self.gi = ""
self.protname = ""
self.species = ""
self.length = ""
self.seq = ""

def characters(self, content):
if self.isGI ==
self.gl = (saxutils.escape(content))
self.isGI = 2
if self.isName ==

self.protname,

self.protname = self.protname + (saxutils.escape(content))

#self.isName = 2
if self.isSpecies ==
self.species = (s
self.isSpecies =
if self.isLength ==
self.length = (saxutils.escape(content))
self.isLength = 2
if self.isSeq ==
self.seq = (saxutils.escape(content))
self.isSeq = 2

1
axutils.escape (content))
2

def ignorableWhitespace(self, content):
self. out.write(content)

def processingInstruction(self, target, data):
self. out.write('<?%s %s?>' % (target, data))

BHEGHAHRAHHARBHBHBAHBBHBHRAHBRAHBB R BHABHARHRAHBRARAHABRRER RO HR SRS

# Inserts newlines

R Es AT IR R R ARSI EESS SRS

def formatString(string, charsPerline):

index = 0
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newstring = ""

while index < len(string):
newstring newstring + string[index: (index + charsPerLline)]
newstring = newstring + "\n"
index = index + charsPerLine

return newstring

# --- The main program
parser = make parser()

parser.setContentHandler (ContentGenerator())
parser.parse(sys.argv([1l])
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#!/sw/bin/python
iEEEE ST EE ST EEESSESEESSSEEEESASESSSIESIEETSE ST
makeEFD-TinyXML.py

#

#

#

# Generates and EFD file that may be imported into excel. It takes an ncbi
# tinySegxml file as input

# It also outputs the fasta sequence file

# WRPN

# 08/18/03

#
#

I AEEEAEE SRS SRS IEETE S
import sys, string
from xml.sax import saxutils, handler, make parser
# --- The ContentHandler
class ContentGenerator (handler.ContentHandler):

def _ init_(self, out = sys.stdout):
handler.ContentHandler. init (self)

self.gi = ""
self.protname = ""
self.species = ""
self.length = ""
self.seq = ""

self. out = out

self.isGI = 0
self.isName = 0
self.isSpecies = 0
self.isLength = 0
self.isSeq = 0
self.inNameContent = 0

# ContentHandler methods

def startElement (self, name, attrs):
if name == "TSeq gi": self.isGI =1
if name == "TSeq_defline":
self.isName =1
self.inNameContent = 1
if name == "TSeq_orgname”: self.isSpecies =
if name == "TSeq_length": self.isLength =1
if name "TSeq_sequence”: self.isSeq =1

1

def endElement (self, name):
if name == "TSeq_defline":
self.inNameContent = 0
self.isName = 2
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if self.isGI == 2 and self.isName == 2 and self.isSpecies == 2 and
self.isLength == 2 and self.isSeq ==
self. out.write("%s\t%s\t%s\t%s\n" % (self.gi, self.protname,
self.species, self.length))

fname = "%s.fa" % self.gi
self.seq = formatString(self.seq, 69)

outfile = open(fname, "w")

outfile.write(">gi[%s| %s\n%s" % (self.gi, self.protname,
self.seq))

outfile.close()

self.isGI = 0
self.isName = 0
self.isSpecies = 0
self.isLength = 0
self.isSeq = 0

self.gi = ""
self.protname = ""
self.species = ""
self.length = ""
self.seq = ""

def characters(self, content):

if self.isGI ==
self.gli = (saxutils.escape(content))
self.isGI = 2

if self.isName ==
if self.inNameContent == 1:

self.protname = self.protname + (saxutils.escape(content))

#else: self.isName = 2

if self.isSpecies == 1:
self.species = (saxutils.escape(content))
self.isSpecies = 2

if self.isLength ==
self.length = (saxutils.escape(content))
self.isLength = 2

if self.isSeq ==
self.seq = (saxutils.escape(content))
self.isSeq = 2

iEEE TSRS SIS ESIESSA2SE S SET ST E2TE
# Inserts newlines

SIS RS ES SIS RS ES S S SIS RS ETE T ES TR0
def formatString(string, charsPerLine):

index = 0
newstring = ""

while index < len(string):

newstring = newstring + string[index: (index + charsPerLine)]
newstring = newstring + "\n"
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index = index + charsPerLine

return newstring

# --- The main program
parser = make parser()

parser.setContentHandler (ContentGenerator())
parser.parse(sys.argv(l])
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#!/sw/bin/python

GRS SRR RSS2 T22222
#
#
#

pdb_remove h.py

# remove lines with Hydrogens from a PDB

#

# Wally

# 1-13-04

#

EEEEEEEESEE ST S SIS ES SIS E LTS

import os
import sys
import string

EEX S TSRS ES RS EESTESETSRS SIS EESET SIS IETSESE ]
# Retrieves the name of the input file from the command line, or if the

# file is not specified, prints an error message and exits the program
FHEHBARAHGRHAABABRAHAARBBHABHABRABHHAFHAHASHABABHAH AR AHARH RN
def getInFileNames(argv):

errorString = "Usage: pdb remove h.py <inputFile>"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv[1l]

return inFileName

LEEEE TSRS ST EET SRS EETE:
# Retrieves each unique GI number from the file specified by inFileName,

# and adds it to the list gilist. Returns gilist

LEZEE SRS TS EEE LTI SRS IEETE:
def findH(inFileName):

inFile = open(inFileName, "r")
outfile = inFileName[:-4] + "-h.pdb"
out = open(outfile, "w")

while 1:
line = inFile.readline()
if not line:

break

if line(:4] == "ATOM" and line[13] == "H":
print "Removing line: %s" % line

else:

out.write(line)

inFile.close()
out.close ()
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(23T EE ST SIS ARSI AT ARSI ARSI SEE TS
# Main program
AT TSRS SIS RS ESSEETIEESSEE TS EE 2]
def pdb remove h(argv):

inFileName = getInFileNames (argv)

findH (inFileName)

pdb_remove h(sys.argv)
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#!/usr/bin/python
iEEEE SIS RIS EES SIS SIS E ARSI ES RS EEIEE TS E T

SAB.py Split And Blast
06/06/03
Wally Novak

try and determine regions of higher homology. We also want to determine

#
#
#
#
#
# Here we want to split a sequence into smaller chunks and blast them to
#
# secondary structure using something like FSSP.

#

#

i EES ARSI RERT S

from string import *
from time import *
import sys, os, glob
from types import *

SIZE = 30
ROUNDS = 10

DATABASE = "nr" #"Pfa3D7"
MATRIX = "BLOSUM62"

hist = ""

seqlList = []

class SEQ:
def init (self):
seq = "
start = 0
end = 0
outFile = ""

i ZEEESEET RS EE S ES SIS SRS RIS SEETS:
# getInFileName - Get the filename and strip the last 3 chars

SES ST EES SRR ESSIESTR:
def getInFileName (argv):

errorString = "Usage: SAB.py <inputFile.tfa>\nNote the input file must
have the .tfa extension and be in fasta format.\n"

if len(argv) < 2:
print errorString
sys.exit (0)

else:
inFileName = argv([1l]

return inFileName
X232 EE TSRS SRS SESEEIESSEE:
# splitSeq - Split the sequence into blastable chunks
EE TSRS ARSI SRS SIS A SIS IEESE:
def splitSeqg(inFileName):

inFile = open(inFileName, "r")
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fullSeq = ""

while 1:
line = inFile.readline()
if not line:

break
if line([:1]) == ">":
segName = line
else:

fullSeq = fullSeqg + strip(line)

inFile.close ()
#print fullSeq
#print len(fullSeq)
bean = 0
while (bean + SIZE) < len(fullSeq):
newSeq = SEQ()
newSeqg.seq = fullSeg[bean: (bean + SIZE)]
newSeq.start = bean
newSeq.end = (bean + SIZE)
newSeqg.outFile = 'out%¥d.tfa' % newSeqg.start
outFile = open(newSeqg.outFile, "w")
descriptor = '>%s\n' % newSeg.outFile
outFile.write(descriptor)
outFile.write(newSeq.seq)
outFile.close()
seqlist.append(newSeq)
bean = bean + (SIZE/3)
RIS ARSI ST TS EEE S
# blast - Run a blast search
SRS EES AT S RS ES A SRS EEES AR SRS S
def blast(file):

infile = file
outfile = file[:-3] + "blastp"

print "\nRunning blast search on %s." % (infile)

cmd = "blastpgp -d %$s -M %s -i %$s -I -j%d -b0 -o %s" % (DATABASE,
MATRIX, infile, ROUNDS, outfile)

os.system(cmd)

print "Blast search completed. Output saved as %s.\n" % (outfile)

parseOutput (outfile)
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FHERAHAAHABAHHAHBHAHHHABHARAHAHHARABHAHSHR BB REH RGBS A AR SH RS
# parseOutput - gets the number of hits per blast search

i ES SRS EEEESES SRS EEE S
def parseOutput (file):

inFile = open(file, "r")
global hist
count = 0

while 1:
line = inFile.readline ()
if not line:

break
if line(:3] == "Pfa":
count = count + 1

inFile.close()

index = find(file, ".")

number file[3:index]

output "$s\t%d\n" % (number, count)
hist = hist + output

FHAHGARBHAABHAABHENBHABRRHABHBHAHH SR BARHEHRBRRAABAM AR HHBE SRS AR SRS
# Main program
(ZEETEEEET TS ST SIS AT SISESES SIS SR
def SAB(argv):

inFileName = getInFileName (argv)
global hist
splitSeg(inFileName)

for seq in seqlist:
blast (seqg.outFile)

outFile = open("histogram.txt", "w")
outFile.write (hist)
outFile.close ()

print "\nSAB completed successfully.\n"

SAB(sys.argv)
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