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ABSTRACT

The modemn field of regulatory biology was founded on studies on the regulation of
lactose metabolism by the Escherichia coli Lactose repressor. These studies were the first to
demonstrate that proteins function in the regulation of gene expression. Since that time,
numerous "transcription factors" have been characterized, including several bacterial
proteins homologous to the Lac repressor. The structural characterization of transcription
factor-DNA complexes, primarily by X-ray crystallography, has greatly expanded our
understanding of how proteins can recognize specifically a DNA site. Unfortunately, these
studies have not revealed a simple "DNA-binding code". Additionally, the question of how
some transcription factors become activated to bind DNA has not been fully addressed.
Therefore, more structural studies are required to understand DNA binding and activation at
the atomic level. The crystallographic studies described in this dissertation examine how the
Lacl family member, the Escherichia coli purine repressor or PurR, which is the master
regulatory protein of de novo purine biosynthesis in E. coli, specifically recognizes its
operator site and how a small molecule effector in the form of a corepressor activates this
protein to bind DNA. The results can serve as a model for understanding the progenitor
transcription factor, Lacl, which has so far proven refractory to structural elucidation, as
well as other Lacl members.

To elucidate the basis for the specific binding of dimeric PurR to its operator site, the
three-dimensional structure of a terary complex of PurR, hypoxanthine, and a 16 base pair
purF operator site was determined to 2.7 A by X-ray crystallography. The structure was
determined by multiple isomorphous replacement and reveals that PurR has a bipartite
structure in which each monomer subunit contains an NH,-terminal DNA-binding domain
and a larger COOH-terminal corepressor-binding/dimerization domain that is strikingly
similar to that of the bacterial periplasmic binding proteins. The DNA-binding domain
contains a helix-turn-helix motif which makes base specific contacts with the DNA major
groove. Unexpectedly, base contacts are also provided by residues of symmetry-related o
helices, the"hinge" helices, which bind deeply in the minor groove of the DNA. Critical to
this binding is the partial intercalation of the side chains of Leu54 and Leu54' into the central
CpG step of the operator site. This intercalation causes the central base pairs to become
unstacked and kinks the DNA site by 45°.

Significantly, in the ternary complex, the corepressor, which activates PurR to bind
DNA, is located in a cleft between the two structurally similar subdomains within the
corepressor binding domain (CBD), 40 A from the DNA-binding domain. To address the

ix



question of how corepressor binding affects DNA binding, the structure of the COTepressor-
free form of the CBD was determined by X-ray crystallography to 2.2 A by molecular
replacement. The structure reveals that the corepressor-free CBD takes an open
conformation whereby the NH;- and COOH-subdomains of each monomer subunit of the
CBD dimer are rotated by more than 18° relative to the corepressor-bound CBD. The open
conformation is accompanied by a restructuring of the corepressor binding pocket and a
rearrangement of the secondary structural elements of the NH;-subdomain. This
conformational change suggests an activation mechanism whereby corepressor binding
leads to a juxtaposition of the previously disordered hinge regions of each subunit, allowin g
them to form helices when in the presence of DNA.



INTRODUCTION

A. Transcriptional regulation in Escherichia coli

The metabolism of E. coli, or any cell, is largely dependent on the types, and
corresponding concentrations, of proteins that are present. Of the 4,000 genes in the E.
coli genome, only a fraction are expressed at any given time. Therefore, the regulation of
gene expression plays a vital role in the proper orchestration of cellular metabolism. The
expression of a given gene into protein is accomplished by two processes, which form part
of the central dogma of molecular genetics, transcription whereby the coded genetic
message in the DNA is converted to the messenger RNA (mRNA) and translation whereby
the message encoded in the mRNA is translated on the ribosome into protein (1).

Six points at which the amount of protein produced can be regulated have been
identified: synthesis of the primary mRNA transcript (transcription), postranslational
processing of mRNA, mRNA degradation, protein synthesis (translation), postranslational
protein modification and protein degradation. Of these, transcriptional regulation is the best
characterized and appears to be the most common (1). Given the high energetic cost of
protein synthesis, regulation at this first step of the process (transcription), would appear
be the most efficient mode for regulation. Indeed, in the gram negative bacterium,
Escherichia coli, the control of gene regulation is exerted primarily at the level of
transcription. It is this regulation which will form the underlying focus of this thesis.

Transcription is mediated and regulated by protein-DNA interactions with the
central component in E. coli being a DNA-directed RNA polymerase. The E. coli RNA
polymerase binds to DNA and initiates transcription at specific DNA sites called promoters,
which are usually found near the position where mRNA synthesis begins. Unlike
eukaryotes, E. coli has a single DNA-directed RNA polymerase which is a large multi-
protein enzyme containing five core subunits (& , MW: 36,500; B, MW: 151,000; B, MW:
155,000 and w, MW: 11,000 ) with the compostion, o,,B'®wc. The sixth subunit, o,
binds transiently to the core enzyme and directs it to the promoter. E. coli contains several
different ¢ factors. These factors are what determines the promoter specificity or
specificity class of a given holoenzyme (2). Sequence analysis has indicated that there are
two main families of sigmas in E. coli. The first family contains those related to the
primary, "house-keeping" E. coli ©, 670, This ¢ allows RNA polymerase to recognize
promoters containing the -10 consensus sequence, TATAAT, and the -35 consensus
sequence, TTGACA (3). Another member of this family, 632, is induced upon heat shock
and promotes binding of the RNA polymerase holoenzyme to promoters containing
different -35 and -10 elements. The second family of & factors in E. coli is represented by



054, a factor involved in the transcription of nitrogen-related genes. Unlike the 670 family,
these o factors recognize DNA elements found -24 and -12 relative to the transcription start
site (3). Recently, it has been established that there is a third sequence element, in addition
to the -35 and -10 elements, at some E. coli 670 promoters that leads to an increase in
promoter strength. This sequence corresponds to an AT-rich region of approximately 20
base pairs located immediately upstream of the -35 region and has been called the upstream
element, or UP element (4).

Each cycle of transcription in E. coli consists of three steps. 1) Initiation, which
itself involves several steps including promoter location and recognition by the RNA
polymerase holoenzyme, formation of the closed promoter complex, isomerization to the
open promoter-holoenzyme complex, initiation of transcription with concomitant release of
the specificity factor, ¢ and formation of the elongation complex. 2) Elongation which is
stabilized by the binding of a protein called NusA to the core polymerase. NusA interacts
with the core polymerase when ¢ dissociates and remains bound to the core polymerase
until termination. 3) Termination , which as mentioned, is influenced by NusA (3). Of
these three steps, the first step, initiation, is the primary site of transcription regulation in E.
coli . The regulation of initiation is, in effect, the ‘regulation of the interaction of RNA
polymerase with its promoter.

Because promoters of a given specificity class vary considerably in their nucleotide
sequence, they do not all bind RNA polymerase with equal affinity. At least two types of
proteins, in addition to the G specificity factors, act to regulate transcription initiation by the
core RNA polymerase. These regulatory proteins are repressors, which bind to DNA sites
near the promoter called operators, and activators which also bind DNA sites near
promoters. It is thought that repressors function by blocking access of RNA polymerase to
the promoter whereas activators enhance the RNA polymerase-DNA interaction. The
binding of repressors to their corresponding DNA sites is often regulated by small molecule
effectors that bind to, and presumably, induce a conformational change in the repressor.
When binding of a small molecule effector to a repressor activates the repressor to bind
DNA, it is called a corepressor. Alternatively, if small molecule binding decreases a
repressors affinity for its cognate DNA site, it is called an inducer. Small molecule effector
binding to activators, although not as well studied, also acts to regulate the affinity of
certain of these proteins for their cognate DNA sites (5).

Certain bacteria, including E. coli , have developed a simple mechanism for
coordinating the regulation of genes whose products are involved in related pathways by
clustering them together and placing them under the control of a single promoter. These
gene clusters, their promoter and the additional regulatory sequences are called operons



(6,7). Operons that contain two to six genes are common in E. coli, however, operons
containing 20 genes or more have been identified. Also common in bacteria are networks
of operons under the control of a common regulator. These networks are called regulons
(1).

Many of the principles for the regulation of gene expression in bacteria were
defined by studies on the regulation of a specific operon, the lac operon, in E. coli. This
operon encodes proteins involved in the metabolism of lactose. In the absence of glucose,
lactose can be utilized as the sole carbon source for growth by E. coli. In 1961, Francois
Jacob and Jacques Monod, demonstrated, and subsequently published, their finding that
the genes involved in lactose metabolism are coordinately regulated by a specific genetic
element which was located adjacent to them (8). Out of their studies the operon model was
born as was the concept of an operator (6-8). This work had a great impact on
biochemistry in that it allowed scientists, for the first time, to think about gene regulation in
molecular terms. Furthermore, since its discovery, the lac operon has been used as a
paradigm for transcriptional regulation in eukaryotes as well as prokaryotes.

Continuation of the work of Jacob and Monod, showed that the "adjacent genetic
element" near the lac operon encodes a tetrameric repressor protein, the Lac repressor
(Lacl) (9). Under normal growth conditions of high glucose and low lactose, the Lac
repressor binds to operator sites, repressing transcription of the lac genes. However,
under conditions of low glucose and high lactose, the small levels of B-galactosidase
present convert the minute concentrations of lactose found in the cell to allolactose.
Allolactose then binds to the lac repressor causing it to dissociate from its DNA sites. Thus,
allolactose acts as an inducer of the Lac repressor. Three Lacl operator sites have been
identified, of which two are critical for full repressor activity: 04, located 5' to the promoter
and O, , located within the protein coding region. Studies indicate that DNA looping allows
the tetrameric repressor to bind to both of these sites which are separated by approximately
4000 base pairs. Oy is occupied by repressor only under conditions favoring DNA
supercoiling (10). After the lac repressor dissociates from these sites, the lac operon genes
are expressed and the level of B-galactosidase in the cell increases by a factor of 1,000.

Full regulation of the lac operon is further complicated in that it depends not only
on the Lac repressor but also on a positive regulatory factor, the catabolite gene activator
protein or CAP. CAP binds its operator site in the lac operon only in the absence of
glucose. This activation is mediated by the corresponding increase in the small molecule
effector, CAMP, which binds to and activates CAP. CAP acts as a control element in
several other operons encoding enzymes for the metabolism of other secondary sugars.
These operons, thus constitute a regulon (11).



Since the identification of the Lac repressor, many bacterial transcriptional
regulators, both repressors and activators, have been isolated. Many of these proteins have
been cloned allowing for detailed biochemical studies, including crystallographic studies, to
be performed. However, the Lac repressor has resisted efforts to obtain its full three-
dimensional structure either complexed or uncomplexed to its DNA site, thus preventing a
complete understanding of its mechanism of DNA binding and the changes that must occur
upon inducer binding to the protein. The finding that a large and growing group of
bacterial repressor proteins (now called Lacl members) display significant sequence
homology to the Lac repressor presents the possibility that a better understanding of all
Lacl members could be obtained through the structure determination of any one of these
proteins. Members of this family now number over 21 and include the Galactose
repressor, GalR; Galactose isorepressor, GalS; Amylase repressor, CcpA; Cytidine
repressor, CytR; Evolved -galactosidase repressor, EbgR; Fructose repressor, FruR;
Maltose repressor, Mall; Raffinose repressor, RafR; Ribital repressor, RbtR; Sucrose
repressor, ScrR; Opine utilization repressor, OpnR and the Purine repressor, PurR, which
is the focus of this thesis (12) (Fig. 1).

These proteins have been shown to consist of two domains: An NH,-terminal
DNA-binding domain, consisting of the first, approximately 60 residues and a larger,
COOH-terminal effector-binding/oligomerization domain. The sequences of these proteins
show the greatest homology within their NH,-terminal DNA-binding domains. This
domain has been predicted to contain a helix-turn-helix DNA-binding motif. Less was
known about the larger, COOH-terminal effector-binding/oligomerization domain.
However, it has been predicted that this domain may bear a striking structural similarity to
the unrelated bacterial periplasmic binding proteins which function in the transport of
metabolites across the bacterial membrane and, in some cases, chemotaxis (13). In this
thesis, crystallographic studies on PurR were undertaken, in part, to address the questions
concerning Lacl member structure.



B. The purine repressor: master regulator of de novo purine biosynthesis in E. coli
1. Characterization
a. The cloning of the purine repressor gene and identification
of corepressors

Most organisms, with the exception of certain parasitic protozoa, have the ability
for de novo synthesis of purine nucleotides. This de novo pathway requires 10 steps to
proceed from 5'-phosphoribosyl 1'-pyrophosphate (PRPP) to inosine monophosphate
(IMP) and two additional steps to proceed to either adenosine monophosphate (AMP) or
guanosine monophosphate (GMP). Although this pathway is invariant among organisms,
the genetic organization and regulation of expression differ. In E. coli, the genes encoding
enzymes for de novo purine biosynthesis have all been isolated and cloned and are found
scattered throughout the E. coli genome in the form of small polycistronic and
monocistronic operons. In total, the 14 genes required for the synthesis of AMP and GMP
are grouped into 10 operons (14,15). Analysis of E. coli purine regulatory mutants
suggested that these operons may constitute a purR regulon, i.e., they may be coregulated
(16, 17). This was supported by the identification of similar cis-acting control regions in
several pur genes, a finding which suggested that a trans-acting regulatory factor may be
involved (16-18). This was confirmed when the E. coli purR gene was isolated and cloned
(19). |

PurR was cloned by functional complementation in a purRpurF-lacZ fusion strain
employing a mini-Mu cloning procedure. In this procedure, a random library of E. coli
genes was generated from an E. coli strain bearing a Mu containing plasmid. This was
carried out by increasing the temperature to 42° leading to inactivation of the temperature
sensitive Mu repressor and the corresponding derepression of the plasmid-encoded
transposase genes. As a result, the mini-Mu element was randomly transposed into the E.
coli genome. The DNA was then packaged into phage particles. This Mu lysate, which
constituted the E. coli library, was then used to infect the purRpurF-lacZ strain. purF,
which encodes glutamine PRPP-amidotransferase, the enzyme that carries out the first step
in de novo purine biosynthesis, was known to be regulated by purR and thus served as an
indicator of the presence of the purR gene. Transformants were screened on X-QGal plates
and colonies that were white, indicating that the PUrR gene was present, were picked.
After subcloning, the purR gene was localized by deletion studies.
An open reading frame in the purR nucleotide sequence showed that the purR gene encodes
a 341 amino acid protein with calculated molecular weight of 38,179. Gel filtration and
cross-linking studies showed that PurR exists as a functional dimer. A PUrR probe was
generated from the deduced nucleotide sequence and used in hybridization studies showing



that the purR gene lies on coordinate kilobase-pair 17,755 on theE. coli restriction map,
which corresponds to minute 36 on the E. coli chromosome (19).

The cloning of purR also allowed for the overproduction and subsequent
purification of the PurR protein using a phage T7 expression system (20). As will be
described, PurR is autoregulated (21). One of the purR autoregulatory operator sites is
found within the purR coding region. A mutation was made to remove this negative
control element by changing the sequence GTTTCC to GTCAGT. This mutation abolishes
the operator but does not change the Val-Ser amino acid sequence and resulted in increased
PurR production in comparison to a nonmutated plasmid control. The resultin g
overexpressed repressor constitutes approximately 35% of the soluble cellular protein and
can be purified to near homogeneity by two chromatographic steps. Six cycles of Edman
degradation carried out on the purified PurR protein revealed no heterogeneity and resulted
in the sequence, Ala-Thr-Tle-Lys-Asp-Val , indicating that the initiator methionine is
cleaved.

In vitro operator binding studies using purified PurR revealed a requirement for
something present in cellular extracts for specific binding of PurR to the purF site. This
suggested that the high affinity binding of PurR to its operator sites may be dependent upon
the presence of corepressor(s). Guided by previous studies carried out by Houlberg and
Jensen which indicated a requirement of hypoxanthine and guanine for pur gene regulation
in Salmonelia typhimuruim (22),a survey was conducted of purine bases as well as
pyrimidine bases, nucleosides and nucleotides to determine the identity of PurR's
corepressor(s). It was found that only hypoxanthine and guanine could restore binding of
purified PurR to the purF operator in vitro (20). The concentrations of hypoxanthine and
guanine required for half maximal binding were determined to be 9.3 UM and 1.5 uM,
respectively (23). It was later demonstrated that there is only one corepressor binding site

per PurR monomer (24).



b. Description of the pur regulon

Studies carried out with the purified PurR protein have established that the 14
genes encoding the enzymes required for de novo purine biosynthesis are all coregulated by
the Pur repressor (18, 25-28). In addition, PurR is autoregulated (21). In E. coli there are
seven operons required for IMP synthesis; cvp purF dedF; purL; purMN; purEK; purHD,
purC; and purB. A single guaBA operon is required for conversion of IMP to GMP and
the two genes, purA and purB, are required for the conversion of IMP to AMP. Figure 2
outlines the de novo purine biosynthetic pathway and gives gene enzyme relationships in E.
coli. The differential repression of the de novo purine genes by PurR is notable. PurR
represses transcription of the genes encoding the enzymes required for de novo synthesis
of IMP by seven to 18-fold whereas PurR repression of the genes encoding the branch
point enzymes required for the synthesis of AMP and GMP from IMP are only two and
five fold, respectively (15). It has been suggested that this differential repression in E. coli
may be important in sustaining the separate pathway of purine salvage while the de novo
purine pathway is shut down, the notion being that after purines are salvaged by the
phosphoribosyltransferases (PRPPs), the branch point enzymes could function in the
conversion of IMP to AMP and/or GMP,

The principal features that characterize the promoters and cis-actin g control sites of
the above PurR regulated genes are a -10 promoter which matches the TATAAT 670 RNA
polymerase holoenzyme -10 consensus promoter well, but a relatively poor -35 promoter.
These coregulated genes also contain a conserved 16 base pair consensus PurR binding or
operator site (15). A PurR operator was first identified in the control region of the purF
gene by gel retardation and DNase I footprinting. A 217-base pair restriction fragment
encompassing the purF promoter-operator region was used in these studies which showed
that cell extracts which were purR+ demonstrated specific binding to the purF site as
opposed to cell extracts which were purR-. The DNase I footprinting studies allowed for
the identification of a PurR operator site which was shown to be a 16 base pair imperfect
dyad repeat. The subsequent identification of PurR operators from other coregulated genes
allowed for the determination of the consensus PurR operator site, aCGCAAAC-
GTTTtCNT, where upper-case letters indicate highly conserved positions, lower-case
letters indicate less conserved positions and N indicates any nucleotide.

For all the genes encoding the de novo purine enzymes, with the exception of purd
and purB and the purR gene itself, the PurR operator control site is situated between -46
and +10 relative to the transcription start site (15). In the former cases the binding of the
Pur repressor is thought to inhibit transcription initiation. The regulation of the purB, purA



and purR genes is more difficult to explain, however repression of elongation may be the
mechanism for at least the purB and purR genes.

In the purB gene, which encodes adenylosuccinate lyase, the PurR operator is
located 242 base pairs downstream from the transcription start site, overlapping codons 62
to 67 in the protein-coding sequence. It was shown that the transcription of purB is
repressed approximately two-fold by PurR. This repression is not influenced by the
strength of the promoter as evidenced by #p promoter replacement studies in which the
strength of the promoter was increased seven-fold, yet two-fold purR dependent repression
was maintained. This indicated that Pur repressor-operator control is independent of the
purB promoter. Instead, experiments in which truncated purB mRNA of 260 nucleotides
was isolated in purR* but not purR- cells, indicated that purR binding to the purB operator
inhibits transcription elongation by a roadblock mechanism (25). The size of the truncated
transcript (260 nucleotides) was that which would be expected from a block in transcription
by PurR. This finding suggests that the transcription elongation complex can approach
within approximately 10 base pairs of bound PurR.

Another gene in which a PurR operator is found within the protein coding region is
the purR gene itself. The autoregulation of PurR requires two purR operator sites, purRo 7
and purRo, O, is located between base pairs 96 and 111 (relative to the transcription start
site) which lies between the transcription start site and the site for translation initiation. 0,
is located in the protein coding region from base pairs 184 to 199. Tt was shown that PurR
binds noncooperatively to these sites and no DNA looping was observed in these
experiments. Loops are generally formed when binding sites are separated by an integral
number of helical turns. The two PurR operators are separated by 88 nucleotides from
dyad center to dyad center resulting in a separation of 8.5 helical turns of B-DNA, a
number consistent with the observation of no DNA looping. PurR binds to the two
operator sites with different affinities. O, has a six-fold higher affinity than O, for PurR,
thus saturation of O, by repressor precedes saturation of O,, yet the position of Q,, within
the protein coding region, suggested that it had an in vive role in repression. Therefore,
mutational analysis were carried out to dissect the role of each operator in repression. These
studies showed that cells carrying operator mutations only in O; (0;-0,) displayed a 1.9 to
2.0 fold repression compared to the wild type 2.5 to 2.7 while cells carrying operator
mutations only in O, (0,0, still showed a 1.5 to 1.6 fold repression. The double operator
mutant (O;-Oy"), as expected, showed little or no activity (21). These results attest that
both sites are required for the two- to three-fold autoregulation observed in vivo.
Interestingly, the two to three-fold repression observed in purR is similar to that observed



for the branch point enzymes rather than the higher levels of repression observed in the de
novo IMP enzymes.

It was originally thought that purA, which encodes adenylosuccinate sythetase,
was regulated separately from the other pur genes, however, recently it has been
demonstrated that purA is also regulated by the Pur repressor (26). Unlike purB and purR
and similar to the other pur genes, the regulation of purA, appears to be at the level of
initiation. An interesting finding in these studies was that purA, unlike the other de novo
pur genes, is regulated by a dual control mechanism, one of which is purR dependent and
one of which is postulated to be posttranscriptional. Regulation by PurR was demonstrated
by a two fold repression of adenylosuccinate synthetase activity in purR* cells, not present
in purR- cells. Two PurR operator sites, O, and O,, were located from -98 to -83 and from

+2 10 +17 relative to the transcription start site by DNase I footprinting. Operator O
displays a higher affinity for PurR however, both purA operators, O; and O,, are required
for full repression. The only other pur regulated gene containing two operator sites is the
purR gene (21). As in the purR gene, there was no looping observed in purA operator
binding studies, although the separation of bmdlng sites, 99 base pairs, does not preclude
loop formation in B-DNA.

Ongoing studies have identified additional genes, connected with nucleotide
synthesis, that are part of the PurR regulated pur regulon (Fig.3). These coregulated genes
include pyrC and pyrD , which encode enzymes required for de novo pyrimidine
biosynthesis, codBA, which encodes enzymes required for cytosine transport and salvage,
prs, which encodes PRPP synthetase, glyA and the gcv operon, which encode enzymes
involved in glycine synthesis, catabolism and synthesis of one-carbon units, speA ,which
encodes arginine decarboxylase, a key enzyme involved in polyamine synthesis, and ginB
which encodes a regulatory protein for the gin operon (29-31). The purR operator sites are
found at varying positions within the promoter sites of these genes, usually upstream of the
-35 promoter element, and lead to two to five-fold repression. All of these genes are
subject to other forms of regulation besides PurR mediated regulation. The use of several,
low-level, regulatory mechanisms for genes encoding enzymes critical for multiple
pathways, such as speA, allows E. coli to adjust efficiently to a variety of environmental
conditions.

The first of these purR regulated gene, which are distinct from the de novo purine
pur genes, to be identified was glyA, the gene encoding serine hydroxymethyltransferase.
A purR operator was identified 18 base pairs upstream of the -35 promoter. Studies
confirmed that PurR bound this operator and when bound, elicited two-fold repression of
the glyA gene (29). In addition to the negative regulation mediated by PurR, the giyA gene
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appears to be under positive control by the MetR protein, although the details of this
activation are not well characterized.

A rather surprising and unanticipated finding was that PurR also regulates the
transcription of genes encoding enzymes required for de novo pyrimidine biosynthesis.
These genes are pyrC, which encodes dihydroorotase, and pyrD, which encodes
dihydroorotate dehydrogenase. This finding marked PurR as the first trans-acting factor
identified that is involved in de novo pyrimidine biosynthesis in E. coli (30). Indeed, the
regulation of the genes encoding enzymes required for de novo pyrimidine biosynthesis in
E. coli appears to be much more complex than the regulation of the genes encoding the de
novo purine enzymes, all of which are all regulated by PurR alone, with the exception of
purA (26). As for the de novo purine genes, the genes encoding the enzymes required for
de novo pyrimidine biosynthesis are scattered throughout the chromosome in the form of
small polycistronic and monocistronic operons and include; carAB, pyrBI, pyrC, pyrD,
pyrE and pyrF. Before 1990, it had been established that the expression of carAB is
repressed by arginine and pyrimidine nucleotides; pyrBI and pyrE are regulated by a UTP
sensitive attenuation mechanism as well as a secondary attenuation independent mechanism;
pyrF is repressed by a uracil nucleotide and, pyrC and pyrD are repressed by both a
cytidine nucleotide and PurR.

The identification of PurR operator sites within the promoter regions of these
genes (from -31 to -16 in pyrC and 18 nucleotides upstream of the -35 promoter in pyrD)
as well as additional in vivo studies demonstrating two-fold purR dependent repression of
their transcription, confirmed that PurR was a regulator of de novo pyrimidine
biosynthesis in E. coli. (30-31). A potential PurR operator site was also located upstream
of the carAB gene but it has not yet been established whether it is a PurR regulatory site.
PurR also regulates the transcription of codA, the gene encoding the enzyme cytosine
deaminase, a key pyrimidine salvage enzyme (17).

With mounting evidence that PurR functions to regulate many genes, in addition to
the genes encoding the de novo purine enzymes, a data base search was conducted to
identify PurR cis-regulatory elements in the promoters of additional E. coli genes (32).
This study uncovered putative PurR operator sites within the 5' flankin g regions of nine
additional E. coli genes : gInB, which encodes the nitrogen regulatory protein, PIT; cyR,
which encodes the cytidine repressor, also a Lacl family member; dksA, which encodes the
Dna K supressor protein; speA, which encodes arginine decarboxylase; ascF, which
encodes part of the phosphotransferase system; gshil, which encodes glutathione
synthetase; ppiA, which encodes peptidyl-prolyl-cis-trans-isomerase; gltS, which encodes
the Na*/glutamate symport carrier and prsA, which encodes PRPP synthetase. Initially,
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8InB, prsA, speA, cytR and dksA were examined for PurR regulation. Work is still in
progress on the other candidates. These initial studies showed that of the five, PurR bound
the ginB, speA and prsA operators in vitro and repressed their transcription in vivo as
judged by lacZ reporter studies. The repression for these genes, was again, in the two to
three-fold range. Thus, the pur regulon encompasses a large assembly of genes, whose
numbers are still growing and all of which are involved in nucleotide synthesis.
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C. DNA recognition by regulatory proteins and transcription factors

Protein-DNA interactions are involved in many of the fundamental processes that
occur in living cells including packaging, replication, recombination and transcription.
Understanding these processes in detail necessitates knowledge of the nature of protein-
DNA interactions. Unlike the proteins involved in packaging, replication and
recombination, regulatory proteins involved in transcription, such as PurR, display
extremely high specificity for their target sites and can distinguish a single site of 10-20
base pairs in a background of 106-109. Understanding the molecular basis for this
exquisite specificity is perhaps one of the biggest challenges in understanding protein-DNA
interactions and requires a detailed atomic view of these specific interactions. In recent
years significant progress has been made in this area as structures have been determined for
prokaryotic as well as eukaryotic regulatory proteins both complexed and uncomplexed to
their cognate DNA sites. One of the central observations emerging from these studies is
that many DNA-binding proteins can be grouped into classes or families based on the
structural motif used in recognition (33-35). The first family to be identified, based on
structures of several prokaryotic regulatory proteins, was the helix-turn helix (HTH) family
(36). As more structural information accumulated, including the structures of eukaryotic
transcription factors, other families were identified. To date, the main families include the
HTH family, which can be extended to include HTH variants such as the eukaryotic
homeodomains, POU specific domains (37) and winged helix family members (38); the
zinc binding proteins (39-40); the basic region/leucine zipper, basic region/helix-loop-helix
and basic region/helix-loop-helix/leucine zipper proteins (41); and the B-ribbon proteins
(42). Additional structures of DNA-binding regulatory proteins which do not conform to
any of the above categories have been determined. Among these are the rel homology
protein, NF-xB (43-44), the eukaryotic tumor supressor protein, p53 (45) and the
papillomavirus 1 protein, E2 (46). Indeed, the large number of distinct structural families
of regulatory proteins that is emerging demonstrates that their are multiple solutions to the
structural problem of designing a specific DNA-binding protein.

The grouping of specific DNA-binding regulatory proteins into families provides a
powerful unifying theme in studying these proteins as they relate not only evolution and
gene regulation but structure and DNA recognition as well. Moreover, comparative studies
on proteins from the same family have shown that aside from adopting the same fold they
often show a conserved docking mechanism onto the DNA and a conserved set of DNA
contacts. The similar docking mechanisms within a given family indicate that contacts may
be predicted, to some extent, if a given protein's family has been identified. In this context
it is important to point out that most of the base contacts that have been observed involve
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the types of side chain-base interactions that were predicted by Seeman, Rosenburg and
Rich (47). Key examples are the interactions of arginine with guanine and glutamine or
asparagine with adenine. Seeman, Rosenburg and Rich also predicted that the major
groove would play the key role in DNA-binding recognition because of its greater width,
which allows greater access to the bases, and the more specific and discriminatory pattern
of hydrogen bonds possible from the edges of its base pairs. This hypothesis has so far
been substantiated. This is not to say that specific contacts between protein side chains and
bases in the minor groove do not occur, however such interactions are much less common.
Two broad principles, called 'direct readout’ and 'indirect readout’, of sequence-specific
recognition in protein-DNA complexes have been proposed based on X-ray crystal
structures. 'Direct readout’ involves the Seeman, Rosenburg and Rich complementary
hydrogen bonding interactions between protein groups and DNA bases exposed in the
grooves. 'Indirect readout' is more speculative and is proposed to involve the detection, by
the protein, of the sequence-dependent conformational variability or flexibility of the DNA
itself. Thus, indirect readout’ implies a role for the conformation of the DNA in the
specific binding by a protein (48).

The motifs involved in major groove binding as well as those involved in minor
groove binding that have been structurally characterized will be discussed in the following
sections. These structures provide a basis for understanding how regulatory proteins
specifically recognize and bind their cognate DNA sites. As will be seen, the use of o-
helices in site-specific recognition is quite frequent. So frequent , in fact, that these helices
are often designated "recognition helices". This designation can be misleading, however,
because although these helices ultimately provide the contacts necessary for specificity,
they cannot function independently. Indeed, there is no evidence that an isolated helix from
any known motif can bind DNA in a sequence specific manner. Such motifs are always
part of a larger domain which is important in docking the recognition element(s) and its
stabilization. Key in these docking mechanisms are DNA phosphate contacts which are
often made by residues throughout the given domain.
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1.Major groove recognition
a. The helix-turn-helix motif

The helix-turn-helix (HTH) motif was the first DNA recognition element identified
and because the structures of many HTH containing proteins have been determined, it is
likely the best characterized as well. It was initially defined as a 20 residue segment with
two o-helices that cross at an angle of 120° where the first helix is composed of residues 1-
7 and the second helix, the "recognition helix", is composed of residues 12-20.
Interestingly, this motif, unlike other DNA-binding motifs, does not itself constitute a
stable structural domain and is found embedded in a variety of structural environments.
For example, the DNA-binding domains from the A phage cro protein (49) and the E. coli
catabolite activator protein (CAP) (50), contain B-sheets while the DNA-bindin g domains
from A repressor (51) , 434 repressor (52), 434 cro (53) and the E. coli trp repressor (48)
are entirely a-helical (Fig. 4). Remarkably, despite the difference in domain structure and
a lack of significant sequence homology between these proteins, their HTH motifs are
nearly structurally identical.

The strict structural conservation of this motif and its demand for certain
stereochemical constraints made possible the development of a method to identify a
possible HTH motif within the sequence of a given DNA-binding protein. This method
was based on the few structures of DNA-binding domains that were known at the time,
including A cro and CAP (54-56). Shown in Figure 5 is a stereo view of the HTH motif
from PurR. Examination of this motif reveals important stereochemical restrictions for
residues 4, 5, 8,9, 10 and 15 if this fold is to be maintained (36). For example, residues
4,8, 10 and 15 are buried in the core of the protein and therefore, must be hydrophobic.
Residue 5, because it is wedged between the two a-helices, should not contain a branched
amino acid and helical residues 3-7 and 15-20 should not contain prolines. Also, residue
9, which is the second residue in the turn, takes on the conformation of a residue in a left-
handed o-helix and therefore, it was thought, must be a glycine. In fact all of the canonical
HTH structures that had been determined contained a glycine at position 9. For this
reason, the structure determination of PurR was important because its predicted HTH
contains an asparagine at position 9.

These "HTH" rules proved to be remarkably successful in predicting the HTH
motifs of proteins that follow the strict definition, however as more structures of DNA-
binding proteins were determined, including eukaryotic proteins, it became apparent that
not only can there be exceptions to these rules but variations of this motif also exist. Thus
in addition to the classic or canonical HTH proteins, subfamilies of HTH proteins have
been defined and include the eukaryotic homeodomains, POU specific domains, and



winged-helix domain. Structural studies on these proteins complexed to their cognate DNA
sites have shown that they all display distinct docking mechanisms that are dictated by the
domains in which the HTH element is embedded.

Comparing the canonical prokaryotic HTH protein-DNA structures that have been
determined shows that these complexes share a number of common features: 1) The
proteins bind as dimers to pseudo-palindromic operator sites with each monomer
recognizing a half site. 2) The conserved HTH element contacts the DNA in each half site

such that the first helix of the HTH motif is somewhat "above" the major groove and the
NH,-terminus of this helix contacts the DNA backbone. The second helix of the HTH

motif, the recognition helix, fits into the major groove such that the NH,-terminal portion
of this helix is closest to the edges of the base pairs. As a result, most of the base specific
contacts made by residues in the first turn of the recognition helix. 3) Each complex has an
extensive network of phosphate contacts that are important in docking the HTH motif onto
the DNA.

The structure of the NH,-terminal DNA-binding domain of the repressor from the
bacterial phage A (residues 1-92) complexed to a 20 base pair deoxyoligonucleotide
containing the Oy 1 operator site,
T1AT3A4T5CeA7C3CoG15C11C12A13G 14 T15G16G17T18A 19T, exemplifies the
docking mechanism and the types of interactions utilized by canonical HTH proteins (52)
(Fig 6). Although the A repressor dimerizes mainly through its COOH-terminal domain
(residues 93 -236), the NH,-terminal DNA-binding domain can dimerize weakly, allowing
each subunit to interact with one half of the operator. Each NH,-terminal subunit is folded
into five a-helices connected by loops. Helices 2 and 3 constitute the HTH motif. Most of
the contacts important for specificity are made by helix 3, the A "recognition helix", to
DNA bases in the major groove. Hydrogen bonds are made from GIn44, the first residue
in helix 3, to A4. Ser45 makes a single hydrogen bond with G (where the prime indicates
the other DNA strand) and Gly46 and GIn48 make hydrophobic contacts with thymine
methyl groups. An additional base specific contact is made by a residue not within the
recognition helix, Asn55. Asn55 is located in the loop three residues after helix 3 and
hydrogen bonds to Gg (Fig6). Phosphate contacts are numerous and are essential for both
docking and complex stability. Residues from regions other than the recognition helix
contribute to these contacts. Key positioning phosphate contacts are made by the amide
nitrogen from the first residue in helix 2, GIn33, and Asn52, the last residue in helix 3, to
phosphodiester oxygens. Interestingly, contacts corresponding to these have been
observed in virtually all canonical HTH proteins, underscoring the significant role these
contacts play in the specific docking of the HTH element (33). Unexpectedly, in addition

15
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to its docking role, GIn33 functions in specificity as well by hydrogen bonding to the side
chain of GIn44. This hydrogen bond helps position GInd4 to make a base specific contact
to A4. Such complexity in the recognition process complicates the reliability of predictive
methods in determining specific protein-DNA interactions, even within a given family.

Additional DNA contacts in the A-Oy 1 complex are provided by an NH,-terminal
arm that becomes ordered only upon DNA binding. This region, which makes contacts
with the major groove, can be considered an independent DNA binding module. Lys4
from this arm plays an important role in the recognition process by cooperating with Asn55
to make hydrogen bonds with Gg while the rest of the arm wraps around the center of the
operator making several additional contacts. These interactions and the numerous
phosphate contacts underscore the importance of residues outside the recognition helix in
the recognition process.

Any description of HTH proteins would be incomplete without mention of the E.
coli catabolite activator protein (CAP), also called the cAMP (adenosine 3',5'-
monophosphate) receptor protein (CRP). CAP functions to activate transcription in the
presence of cAMP from more than 20 different E. coli promoters by binding to operators
located from -41 to -103 relative to the transcription start site. Structural studies on CAP
have contributed significantly to the understanding of protein-DNA interactions. Not only
was CAP one of the first HTH protein whose structure was determined, but the more
recent structure determination of the CAP-cCAMP-DNA complex provided the first example
of a protein which induces a severe bend in its DNA site via DNA kinking (50) (Fig. 4B).
DNA kinking, in which bases are unstacked to provide sharp localized bends, can be
distinguished from smooth bends where the base pairs are only partially unstacked so as to
spread the bending energy over several base pairs. The unstacking of base pairs seen in
DNA kinking is a direct result of unusually large roll angles between base pairs (50). The
90° bending observed in the crystal structure of the CAP-cAMP-DNA complex confirmed a
large body of biochemical evidence which indicated that CAP bent its DNA site between
90°-140°.

CAP, like most prokaryotic HTH proteins, is a dimer of identical subunits. Each
CAP subunit consists of 209 amino acids and contains an NH,-terminal cAMP binding
domain, consisting of a B roll structure and a very long o-helix that mediates most of the
dimer contacts and a COOH-terminal DNA-binding domain, containing a H1-S1-S2-H2-T-
H3-S3-S4 motif, in which the H stands for c-helix, S for B-strand, T for the turn of the
HTH element and H2 and H3 are the a-helices of the HTH. CAP contacts the DNA in a
manner similar to other HTH proteins, by inserting its recognition helix, H3, into the
- major groove. Three side chains emanating from the recognition helix make direct contacts
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to base pairs in the major groove. Although such contacts would allow CAP to interact
with 20 base pairs of a straight DNA binding site, bending the DNA allows the large
regions of positive electrostatic potential on the sides of CAP to contact the negative
phosphate backbone, and thereby permits CAP to interact with a 28 base pair region of
DNA. This bending results in greater part from two 40° kinks between TpG base pairs on
each side of the DNA dyad axis that are formed by roll angles of approximately 40°. In
addition to these kinks, one side of the complex is bent 8° towards the protein. This added
bend allows Lys26, which is located on the cAMP binding domain, to interact with a DNA
phosphate group. It is proposed that the analogous contact with Lys26', on the other side
of CAP, also occurs in vivo but is not seen in the structure due to crystal packing
influences, a suggestion which is consistent with biochemical studies.

The eukaryotic homeodomain was the first noncanonical HTH observed. This
domain is a DNA-binding motif consisting of 60 residues that is present in a large family of
eukaryotic regulatory proteins (33, 35) and was first identified in proteins that regulate
Drosophila development such as Antennapedia. Now it is recognized that this motif has a
broader role in eukaryotic gene regulation (57). The structure of the Drosophila
Antennapedia homeodomain, determined by NMR, provided the first structure of a
homeodomain motif and was also important because it provided the first example of a HTH
protein that was an exception to the "HTH" rules (58-59). Specifically, it broke the
"position 9 always glycine" rule by instead having a cysteine. Despite this substitution, the
HTH fold is maintained.

Comparisons of the structures of the homeodomains which have been determined
thus far, including the Drosophila homeodomains from Antennapedia (58-59) and engrailed
(60), the yeast homeodomain of MAT a2 (61), the Oct-1 homeodomain (62) (see Fig. 4C
for Oct-1 homeodomain within the POU domain) and the homeodomain from the rat liver
transcription factor, LBF1/HNF1 (63-64), have revealed that despite the lack of sequence
homology, these homeodomains have remarkably similar structures. Unlike the canonical
prokaryotic HTH motif, which are found embedded in domains of varied structure, the
homeodomains, as their names suggest, form a stably folded independent domain. In
addition, isolated "monomeric” homeodomains can bind DNA with a specificity similar to
the intact protein.

The homeodomain is composed of three a-helices and an extended NH,-terminal
arm. Helix 1 and helix 2 pack against each other in an antiparallel arrangement and helix 3,
the recognition helix, is perpendicular to helices 1 and 2. Unlike the canonical prokaryotic
HTH proteins, helices 1 and 2 are too far from the DNA to make contacts and most of the
specificity determining contacts are made by helix 3, which contacts the major groove, and
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an NHy-terminal arm which contacts the minor groove. The arrangement of the helices in
this fold is highly conserved and insertions into the 60 residue homeodomain fold are
accomodated by variable-length loops between these helices without disrupting this
arrangement. For example, MAT o2 contains a three residue insertion between helices 1
and 2, which is accomodated in the loop between these helices (61). The atypical
homeodomain, LBF1/HNF1 provides the most extreme example of such a case as it
contains a 21 residue insertion within the HTH element of the homeodomain (helices 2 and
3) (63-64). Suprisingly, the overall structure of this homeodomain is nearly identical to the
other homeodomains with the insertion being accomodated by a lengthening of helix 2 by
eight residues and an extension of the loop between the HTH element by 13 residues.

Almost as conserved as the three-dimensional fold of the homeodomain is the way
in which proteins containing this motif dock onto DNA. Indeed, the homeodomains appear
to have a far more conserved mechanism of docking than their prokaryotic counterparts
which, because they are embedded in a variety of domains, all make slightly different
phosphate docking contacts. This finding makes the homeodomain, perhaps, the most
amenable HTH DNA-binding domain to predictive methods. Such predictive efforts are
greatly aided by the presence of 4 "invariant” residues, Trp48, Phe49, Asn51 and Arg53
(WEXNXR), which are found in all homeodomains (33). As has been shown, Trp48 and
Arg53 make key phosphate backbone contacts while both Trp48 and Phe49 are critical in
the formation of a stable hydrophobic core. However, the key residue is Asn51. This
residue makes a conserved bidentate contact to adenine3 in the consensus homeodomain
operator site TjA;A3T, in all known homeodomain-DNA complexes. This common
interaction along with phosphate contacts made by six highly conserved residues, Tyr25,
GlInd4, Trp48, Arg53, Lys55 and Lys57, fix the position of helix 3 in the major groove
(61). Beginning with these conserved interactions, one can attempt to model base contacts
made by other side chains in helix 3. It has been shown that DNA specificity is imparted
by residues 47, 50 and 54 (33). Interestingly, these residues, as well as Asn51, are located
in the middle of the recognition helix. This is different from the canonical prokaryotic
HTH proteins, in which residues near the NH,-terminus of the recognition helix are used
for contacting bases, and reflects the significantly different docking mechansims used by
these two HTH subfamilies.

Although isolated homeodomains can bind DNA with a specificity similar to that of
the intact protein, it has been demonstrated that the DNA binding affinities and specificities
of isolated homeodomains can be altered by several factors, including additional covalently
attached DNA-binding domains, different oligomerization states and/or interactions with
other proteins (57). DNA-binding by Mat a2 , for example, is modulated not only by
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dimerzation but also by interactions with at least two other proteins, MCM2 and al (61).
The DNA-binding activities of homeodomain proteins with a POU domain, which was
named for the first POU proteins isolated, Pit-1, Oct-2 and unc86 (37), can be altered by
protein-protein interactions such as seen for the Oct-1-VP16 complex (62). However, in
addition to the POU homeodomain, DNA-binding by POU domains ultimately relies on a
covalently attached POU specific domain and thus provide an example of a homeodomain
containing protein whose DNA binding activity is modulated by an additional covalently
attached DNA-binding domain (37). In these proteins the POU specific domain is located
NH,-terminal to the POU homeodomain. The NMR structure of the POU specific domain
of Oct-1 revealed that this domain also contains an HTH motif (65). In the POU specific
domain the HTH motif is embedded in a four helix domain which bears a striking
resemblance to the DNA-binding domains of the A and 434 repressors. Futhermore,
several residues in the HTH element are conserved between these quite divergent proteins.

The X-ray structure determination of the entire Oct-1 POU domain complexed to
the octamer half site, A;T,G3C4AsAA; Ty, provided the first opportunity to view a
homeodomain in the context of a larger protein (62) (Fig. 4C). In this structure the POU
specific domain contacts the 5' half of the octamer site, AT,G;3C4A;A A, Ty, (indicated
in bold). As predicted from the NMR structure, the docking and contacts made by this
domain to the DNA are remarkably similar to those made by the A and 434 repressors.
The Oct-1 homeodomain contacts the 3' half of the octamer half-site,
A1 T)G3C4A5A6A; Ty, and even in the context of a larger protein, docks against the DNA
and makes the same DNA contacts, including the conserved asparagine to adenine contact,
that are observed for all other homeodomains. A much anticipated feature of this structure
is that it reveals, for the first time, the NH,-terminal arm of a homeodomain in the context
of a larger protein. Although this "arm" is attached to a flexible linker of 24 residues that
connects the POU specific domain to the POU homeodomain, it makes minor groove
contacts similar to those previously observed in all other isolated homeodomain-DNA
structures (58-61).

Interestingly, there are no protein-protein contacts between the POU specific
domain and the homeodomain and the two domains bind major grooves on opposite faces
of the DNA (Fig. 4C). This type of arrangement leaves the surface of the POU-specific
and the POU homeodomains fully accessible for interactions with other proteins, such as
VP16. Despite the lack of POU specific-POU homeodomain interactions, residues from
these two domains do make overlapping phosphate contacts near the center of the octamer
site which would, perhaps, favor cooperative binding of Oct-1 to the octamer site.
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Whereas homeodomain proteins that are monomeric utilize NH,-terminal arms to
promote binding strength and specificity towards their target DNA sites, a recently
identified structural family of eukaryotic HTH variants containin g a so-called "winged-
helix" motif, similarly employs loops (the "wings") to assist in the binding of their
monomeric HTH units to target DNA sites. The winged helix motif was first identified in
the hepatocyte nuclear factors (HNF-3¢, HNF-3§ and HNF-3y) and the Drosophila
protein, forkhead, and consists of a conserved region of approximately 110 amino acids
which is both necessary and sufficient for specific DNA binding (66). Since this motif was
first identified, several additional proteins containing this motif have been identified in both
vertebrate and drosophila. In situ hybridization and antibody studies in various adult and
embryo tissues have suggested that these proteins function during development.

Moreover, very specific early development roles were found for HNF-3¢ and HNF-3p3
and the winged helix protein, BF-1 in mammals (38,66).

The crystal structure of the DNA-binding domain of HNF-3y (residues 107-223)
bound to the 13 base pair transthyretin (TTR) promoter target site,
G1A2C3T4A5A6G7TgCoA 19A 11C12Cy 3 , was the first to reveal this new motif and inspired
the designation, "winged helix" (67). The protein contains an o/p structure consisting of
three helices, H1 (residues 124-134), H2 (residues 142-151) and H3 (residues 160-173)
and a three-stranded antiparallel B sheet composed of strands S1 (residues 139-141), S2
(residues 177-183) and S3 (residues 192-194). Two loops, W1 (184-191) and W2 (195-
217) are located between S2 and S3 and at the COOH-terminus, respectively. These loops
constitute the "wings" of the winged-helix motif and helices, H2 and H3, constitute the
HTH motif.

The DNA-binding domain of HNF-3y makes extensive contacts with the TTR
promoter, mainly by residues from the recognition helix, H3 and the wings, W1 and W2.
Interestingly, all side chain-base contacts are restricted to the sense strand and include one
minor groove contact, between Arg210 and T, and major groove contacts between His169
and Tg and Asnl65 and Ay An unusual water mediated contact is also found between the
side chains of Asn214 and Asn174 and G;. All phosphate contacts are made by residues
from H3,W1 and W2 with three exceptions: Leul42 from H2 makes van der Waal
interactions with the ribose of G5 , the side chain of Tyr193 hydrogen bonds to the
phosphate groups surrounding T, and the side chain of Trp193 hydrogen bonds to the
phosphate of G, . The manner in which HNF-3y(107-223) docks onto the TTR promoter
site somewhat resembles a butterfly perched on a rod in which H3 is the thorax and W1
and W2are the wings, hence the name "winged helix".



Comparison of the structure of the winged helix of HNF-3y with structures of the
globular domain of histone H5 (GHS) (69) and the more recent structures of the DNA
binding domain of the human ets protein, Fli-1 (70) and the DNA activator binding domain
of the bacteriophage Mu transposase, MuA, (71) has revealed that these proteins share
striking structural homology despite a lack of sequence homology. This structural
homology has prompted the inclusion of all proteins with this similar fold into a structural
“winged helix" family. The DNA-binding domains of these proteins are roughly 90-110
residues and are characterized by the presence of three helices, two of which constitute the
HTH motif. Members of the structural winged helix family can be divided further into two
subfamilies depending on whether there is a single B-strand or a B-hairpin between the first
helix and the HTH motif. The first structural subfamily, which includes CAP (50,56), the
heat shock transcription factor (72) and Fli-1(70), has a H1-S1-S2-H2-T-H3-S3-W1-S4
-W2 fold, where H indicates o-helix, S indicates B-strand and W indicates a loop or wing.
The second subfamily includes GH5 (69), the biotin repressor or BirA (72) and the HNF-
3/forkhead family (68), and displays a H1-S1-H2-T-H3-S2-W1-S3-W2 topology (Fig.
7). In both subfamilies the H2, T and H3 elements constitute the HTH motif. The angle
between the two helices of the HTH varies in these proteins from 90° to 120°, however, the
positioning of H1 with respect to H2 is conserved throughout both subfamilies and an
angle of 45° is formed between H1 and H2. The most divergent member of the structural
winged helix family is MuA(1-76) (71). However, the structural topology of MuA is most
consistent with the second subfamily except that H1 has been supplanted from the NH,-
terminus to the COOH terminus of the domain to Lgive the overall topology, S1-H1-T-H2-
S2-W1-S3-H3 (Fig. 7).

To date the structures of only three other members of the structural win ged helix
family have been determined in the presence of their cognate DNA sites. These members
include the prokaryotic protein, CAP, MuA(1-76) and the ets protein, Fli-1. Like most
prokaryotic HTH proteins, CAP binds its DNA site as a dimer. Fli-1, like HNF-3yand
other members of the "true" winged helix family, binds its DNA site as a monomer.
However, MuA exists as a functional tetramer when carryin g out its function of
transposition on DNA. The structures of these proteins complexed to DNA serve to
underscore a recurring difference that has been observed between protein-DNA complexes
of prokarytic canonical HTH and eukaryotic HTH proteins. This is the use of residues
from different positions in the recognition helix for making DNA contacts. Again,
eukaryotic HTH proteins employ residues located in the middle of their reco gnition helices
for making DNA contacts, while prokaryotic HTH proteins use residues located in the
NH,-terminus of their recognition helices.
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An unusual variation on the HTH theme in which two HTH elements are
covalently attached and bind to DNA in tandem was revealed by the NMR structure of the
minimum DNA-binding domain (called R2R3) of mouse c-Myb protein bound to a DNA
site containing the consensus Myb sequence, AACTG (73). c-myb is a proto-oncogene
that controls the proliferation and differentiation of hematopoietic cells. Deregulation of c-
Myb DNA binding leads to oncogenic activation. ¢c-Myb has three functional domains
which are responsible for DNA binding, transcriptional activation and negative regulation.
Interestingly, the DNA-binding domain consists of three imperfect tandem repeats of 51 or
52 amino acids. However, only the second and third repeat, R2 and R3, are required for
DNA binding. The solution structure showed that R2 and R3 each contain three helices
with H2, H3 and an extended turn forming an HTH element. However, the manner in
which the recognition helix of the HTH of c-Myb is docked against the DNA is distinct
from all other HTH and variant HTH proteins. Unlike typical HTH proteins in which the
recognition helix lies parallel to the edges of the major groove bases or in the case of the
homeodomains, slightly tilted, the recognition helices of R2 and R3 are dramatically tilted
toward the helical axis of the DNA in manner more akin to the classic, TFIIIA-like zinc
fingers (74-75), which are also covalently connected in tandem.

As is evident from the HTH structures just described, the original definition of the
HTH element, with four amino acids in the turn, is too restrictive. Antennepedia provided
the first example of a divergent HTH with the substitution of a cysteine for the "invariant"
glycine 9, suggesting that other residues may be tolerated at this key position within the
turn. This was followed by more extreme divergences such as ¢c-Myb, GHS, HNF-3y and
the POU specific domain in which one, two, four and six additional residues are
accomodated within the turn. Perhaps the most divergent HTH member to date is the
HNF1 homeodomain in which there is a 21 residue insertion with the HTH element.
Despite these deviations from the original "rules", the HTH motifs of Antp, c-Myb, GHS,
HNF-3y, HNF1 and the other divergent members ali take on the characteristic HTH fold.
The large number and diverse members of proteins, from both prokaryotes and eukaryotes,
containing the HTH fold attest to its evolutionary success and indicate that it is one of
natures most successful designs for DNA-binding proteins.
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b. Zinc binding proteins

A large group of DNA-binding proteins contain zinc as a structural element. To
date, four major classes of such proteins, which are found primarily in eukaryotes, have
been characterized structurally. The first class of proteins, which will be called the class I
zinc binding proteins, contain the original "zinc finger" motif, first identified in the
Xenopus transcription factor, TFIIIA (75-76). This motif is a 30 residue domain in which
one zinc ion is liganded by two cysteines and two histidines following the pattern,

Cys-X; 4-Cys-X,-His-X; 5-His. The second class or class II zinc binding proteins, is an
approximately 70 residue domain found in the steroid and related hormone-like receptors
(77). This domain contains two zinc ions each liganded by four cysteines. The class IIT
zinc binding proteins includes a set of yeast activators including GALA4 (78). The zinc
domains of these proteins contain a binuclear cluster which consists of two closely bound
zinc ions sharing six cysteines. The class IV zinc binding proteins include the retroviral
nucleocapsid proteins (79). These proteins bind a single zinc ion by three cysteines and
one histidine found within the sequence, Cys-X,-Cys-X4-His-X,-Cys. In addition to
these well characterized structural zinc domain classes, six other zinc binding domains,
implicated to be important in DNA binding, have been identified. These include the GATA
family of cell specific regulatory proteins (80), the eukaryotic transcription elongation
factor, TFIIS (81), MetRS (82), LIM (83-84), RING finger (85) and PKC CRD domains
(86).

Three-dimensional structures have been determined for protein-DNA complexes
from at least one member of each of the four primary classes of zinc binding proteins (Fig.
8). The class I zinc proteins are perhaps the most prolific class of zinc binding proteins
with over 3000 putative members, including, proteins involved in gene development, those
induced by differentiation and growth signals, proto-oncogenes and general transcription
factors. These proteins generally bind with high affinity to operator sites which are very
GCrich. This class of zinc binding proteins is also, structurally, the best characterized, as
the small size of their domains (20 residues) makes them hi ghly amenable for study by
NMR spectroscopy. Structures of these domains have revealed that they all contain an
antiparallel B-sheet and an o-helix (Fig. 8A). Thus, this domain has been called the Bpo
fold. Two cysteines near the turn in the B-sheet region and two histidines, in the o-helix,
coordinate a central zinc jon forming an independent and compact globular domain (39-
40). Most proteins containing these modules have three or more fingers in direct
succession.

The direct concatenation of the class I zinc fingers suggested that they form a
repeating structure when bound to DNA. This was confirmed by the X-ray structure
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determination of the three zinc fingers of the mouse immediate early protein, Zif268 bound
to the GCrich Zif268 consensus site, A;GyC3G4TsG¢G7GgCyG1T4;(74). This structure
shows that the zinc fingers bind in the major groove (Figs. 8A and 9). Each finger docks
against the DNA in a similar manner and makes base contacts with a three base pair subsite.
The bases contacted are on only one strand of the DNA and the first finger contacts the 3'
subsite (GgCyG;p), the second finger contacts the middle subsite ( T5GgG;) and the third
finger contacts the first or 5' subsite (G,C;G,) (Fig. 8A and 9). The antiparallel B-sheet of
each finger is at the back of the a-helix away from the base pairs while the o-helix contacts
the major groove. The zinc fingers use an arginine, (indicated by asterisk in Fig. 9) found
in all three fingers, that immediately precedes the o-helix as well as the second, third and
sixth residues of the a-helix, to contact the base pairs. None of the individual Zif fin gers
contact all three base pairs in their subsites. In all three fingers, the arginine preceding the
o-helix contacts the third base on each subsite (5 _ G3'), the third residue of the o-helix
of finger 2, which is a histidine, contacts the second base in its subsite (5_G_3') and the
sixth residue of the a-helices of fingers 1 and 3 contact the first base in their subsites (5G_
_3) with an arginine. Phosphate contacts, common to all three fingers, are provided by an
arginine in the second B-strand and the first zinc binding histidine. These relatively simple
patterns reflect the finding that each of the three fingers docks against the DNA in a very
similar manner with each finger related to the next by a simple helical motion. In this
motion, neighboring fingers are arranged such that a rotation of approximately 96 degrees
(3 X 32 degrees) around the DNA axis and a translation of approximately 10 A (3 X 3.4 A
/ base pair) along the DNA superimposes one finger on the next.

The modular design of zinc fingers and their similar docking mechanisms provided
hope that a simple code could be described for the class I zinc finger DNA-binding
domains. Indeed, zinc finger polypeptide design and mutagenesis experiments carried out
on fingers closely related to Zif provided evidence that the three residues implicated in the
Zif268-DNA structure were, indeed, the key specificity determining elements (87-88).
However, the hope for this simple code was eventually dashed when structures were
determinationed for two divergent class I members, Tramtrack (89) and GLI (90), bound to
DNA.

The drosophila protein, Tramtrack , functions as a transcriptional regulator of the
fushi-tarazu gene. The structure of the two-fingered DNA-binding domain of Tramtrack
bound to the Tramtrack DNA site,
C1T2A3A4TsAA7GgGgA 10T 1A15A13C14G15T16C17C13G 19, provided the first example
of a zinc finger bound to an AT rich site (89). The two Tramtrack fingers dock against the
DNA just like the Zif fingers. Also, residues at key positions minus one, two, three and
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six in the a-helices play the dominant role in base recognition. Despite these similarities,
there are notable and unanticipated differences between the Tramtrack and Zif complexes.
Although each Tramtrack finger contacts a three base pair subsite as in Zif, the contacts
overlap as both the first and second fingers make contacts to base pair 9; Finger 1 contacts
Gy, Ajp and Ty; and finger 2 contacts Cy, Gg and A;. The contact made to Cq by finger 2
also represents a departure from Zif which only makes contacts to a single DNA strand.
Additionally there are structural difference between Zif and Tramtrack where finger 1 of
Tramtrack contains an extra 3-strand. The structure of the Tramtrack-DNA complex
indicates that this added B-strand is critical for structural stability and not DNA binding.
Unlike the Zif268-DNA complex, the DNA in the Tramtrack structure reveals a large
protein-induced DNA deformation. This deformation is manifested in a 20° bend in the
A10T13A 7 sequence. This bend is towards the protein in the binding site of finger 1. As a
result of this deformation, T;; is displaced towards the protein by 2.5 A compared with the
equivalent base in the finger two binding site. This displacement allows Ser124, the
second residue in finger 1, to interact with T;;, a contact which would not be possible with
normal B-DNA.

Another class I zinc protein, GLI, is an oncogene found amplified in glioblastomas
and other tumors. The structure of GLI bound to the high affinity DNA site,
A1CG3T4G5GA7C3CoA 19C11C19C13A 14A 15G16A17C18G19A20A 1, confirmed the
presence of five fingers in the GLI DNA-binding domain. Unexpectedly, however, this
structure showed that despite the fact that all five fingers are of the Zif268 type, only
fingers 4 and 5 contact the DNA specifically (90). Finger 1 does not contact the DNA at all
but rather interacts with and stabilizes finger 2. Fingers 2 and 3 interact nonspecifically
with the DNA and finger 2 makes the only direct base contact of these two fingers. Unlike
the Zif268 fingers which contact contigous three base pair subsites, fingers 4 and 5 of GLI
contact noncontigous subsites. Furthermore, finger 4 contacts the five base pair region
(C11C12C13A4A,5) and finger 5 contacts the four base pair region ( GgA,CgCy). Like the
Zif268 fingers, fingers 4 and 5 of GLI make most of their base specific contacts with
residues from the NH,-terminal portions of their a-helices. Finger 4 uses the residue
preceding the a-helix and the first, second third and sixth residues of the o-helix for
contacting bases while finger 5 also uses the residue preceding the a-helix and the second,
third and sixth a-helical residues. Finger 5 makes an additional base specific contact with
the fifth residue of its o-helix, a contact that has no analogy in any other zinc finger-DNA
complex. The large differences between the Zif268-DNA and GLI-DNA complexes may
indicate that subfamilies within the class I zinc proteins may use quite different binding
mechanisms. GLI is a more distant relative of Zif and belongs to a subfamily which
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includes GLI3, tra-1 and Cid. Alternatively, it may be that the DNA site used in the
crystallographic studies does not represent a physiological GLI site. Indeed, the GLI site
used was patterned after a consensus site which was obtained by ir vitro selection from
genomic DNA. Another factor that may influence DNA binding by GLI is its interactions
with other proteins. Evidence for the importance of one such interaction was provided by
studies which demonstrated that GLI and E1A act synergistically in the transformation of
rodent cells (91).

The aforementioned structures of class I zinc finger-DNA complexes imply that
DNA interactions made by fingers belonging to homologous class I subfamilies might be
reliably modelled. However, as underscored by the Tramtrack-DNA structure, the DNA
need not be a passive partner. Therefore, this structure may provide an example where the
inherent ability of a given DNA sequence to adopt a certain conformation contributes to the
specificity of the complex.

The second class of zinc binding proteins consists of the steroid receptors. These
proteins are an important family of regulatory proteins that include receptors for steroid
hormones, retinoids, vitamin D and thyroid hormones. Genetic and biochemical studies
have shown that these proteins contain a number of separate domains; an NH,-terminal
activating domain and a COOH-terminal hormone-binding/dimerization domain. Found
between these two domains is the DNA-binding domain which is approximately 70-80
residues and the most highly conserved domain in these proteins. This region also
possesses a weak dimerization property as well as a nuclear localization signal.

While some members of the zinc class II family function as monomers, most bind
as dimers to their DNA hormone response elements (HRE) with each monomer identifying
a six base pair half site. Of those receptors that bind as dimers, some are able to form both
homo- and heterodimers, including the thyroid, retinoic acid and vitamin D receptors.
These proteins recognize half sites with a variety of spacings and orientations. Other
receptors, such as the estrogen receptor (ER) and the glucocorticoid receptor (GR), bind
solely as homodimers to palindromes in which each half site is separated by three
intervening base pairs (92).

Structures have been determined for the DNA-binding domains of several hormone
receptors including the GR (93), ER (94), retinoid X receptor (95) and retinoic acid
receptor (96). The structures showed that all these domains fold into a similar, independent
globular domain containing two zinc binding motifs in which each zinc is tetrahedrally
coordinated by four conserved cysteines (Fig. 8B). Although each of the zinc binding
motifs in these receptors is somewhat reminiscent of an individual finger from the class I
zinc binding proteins, they do not form stable independently folded domains. Instead, they



are interwoven into a single globular domain with extensive interactions existing between
each individual zinc binding motif.

The GR and ER receptors recognize one of two consensus half sites, either a GRE
(glucocorticoid response element) or an ERE (estrogen response element). The combined
structures of the GR DNA-binding domain bound to a GRE (glucocorticoid response
element) (93) and the ER DNA-binding domain bound to a ERE (estrogen response
element) (94) provide insight into how these different subfamilies of hormone receptors
differentiate between the two consensus half sites. The structure of the DNA-binding
domain of the GR bound to an unnatural GRE site, which was separated by four base
pairs (GRE ) rather than three, revealed for the first time that the DN A-binding domains
of a hormone receptor can dimerize upon DNA binding (93). This structure also
demonstrated that the dimerization region becomes structurally ordered upon DNA binding
as the solution structure of the GR DNA-binding domain without DNA was monomeric
and displayed disordered structure for the dimerization region (94). The reason for using
the GRE; was that it provided a target site with exact symmetry, an experimental
expediment that seemed justified based on the inital solution structure which demonstrated
that the GR DNA-binding domain is monomeric when uncomplexed with DNA. The
results of the GRE, study prompted a study of the GRE, specific complex. Interestingly,
the GR-GREy, complex affords a view of a complex which is half specific and half non-
specific which further implies that the stability of the GR subunit interface must exceed the
increment in stability that would be provided by specific base interactions of a half site,
otherwise the subunits would be separated into monomers that bind two GRE half sites.

Comparison of the structures of the ER-ERE (94) and the specific half site of the
GR-GRE, complex (93) provides the first important step in our understanding of how
these two subfamilies of receptors discriminate between the ER half site,
(A1G2G3T4CsA¢), and the GR half site, (A;G,A3A,CsAg), which differ at only two base
pairs. Such a detailed comparison demands that the specific half site of the GR-GRE, be
used rather than the GR-GRE;; complex because of the limited resolution of the latter
(4 A). Therefore, this comparison relies on the assumption that the contacts observed at the
specific half site of the GR-GRE, complex are the same as would be observed in a native
GRE with correct spacing.

Specific contacts from both proteins to the central four base pairs of the six base
pair half site are provided by residues on the surface of the first helix. In comparing the
ER-ERE and GR-GRE compexes, the logical assumption is that residues, which make
DNA contacts and which are conserved between the two proteins, would contact the DNA
identically. Consistent with this idea were mutagenesis studies demonstrating that
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discrimination is achieved by just three residues (numbered differently in two structures).
In the ER these residues are Glu25, Gly26 and Ala29 (94) while in the GR, the
corresponding residues are Gly458, Ser459 and Val462 (93). Furthermore, swapping the
corresponding amino acids in ER to those found in GR switches the specificity of the ER to
a GRE binding protein. Indeed, the GR-GRE structure shows that the valine, Val462,
makes hydrophobic contacts to Ty, which is one of the two specificity determining base
pairs. The equivalent ER residue, Ala29, makes no DNA contact . In the ER-ERE
complex, the base at position 4' is an adenine and is contacted by the divergent glutamic
acid, Glu25, through a water mediated interaction. Glu25 futher promotes specificity by
directly hydrogen bonding with C3.. In the GR-GRE complex, the equivalent residue is
Gly458 and it makes not DNA contacts. Suprisingly, in the GR complex no contacts are
made to the second specificity determining base pair, 3.

The DNA interactions made by side chains conserved between GR and ER
presents another suprise as the predicted preservation of identical contacts is not found.
For example, the base specific contact made by Lys28 to G, is similar in both structures
but in the ER complex, the interaction is subtly changed by a buttressing salt bridge
between Lys28 and Glu25. The interactions made by the conserved residue, Arg33, differ
even more between the two structures. In the GR complex, this residue makes the
expected bidentate interaction with G but in the ER complex, Arg33 takes on a different
conformation such that it makes only one hydrogen bond to Gs, but additionally makes a
direct hydrogen bond to a phosphate group, two water-mediated phosphate contacts and
two water-mediated contacts to Gs and T,. Interestingly, Lys32 is also conserved in ER
and GR but it appears to play no role in DNA binding in GR while in ER its side chain
interacts with central base pairs which are specific to the ERE. These suprising
observations serve to underscore yet again the complexity of specific protein-DNA contacts
that can be influenced by interactions between two or more protein side chains and water
molecules.

The third class of zinc binding proteins is represented by a group of at least 11
fungal DNA-binding proteins containing the repeated sequence, Cys-X,-Cys-X4-Cys and
includes the proteins LAC9, PPR1, QA-1F, QUTA1, ARGR11, HAP1, MALG63, PDRa,
LEU3, PUT3, AMDR and GALA4 (78,97). GALA4, which activates the transcription of
genes required for catabolism of galactose and melibiose, is the best characterized of these
proteins. GALA recognizes DNA sequences that are 17 base pairs in length containing
conserved CCG triplets and separated by 11 base pairs. Functions have been ascribed for
various parts of the 881 amino acid GALA4 protein. Residues 1-65 function in DNA
binding and residues 66-94 function in dimerization. In addition, three acidic activating
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regions, consisting of residues 95-106, 148-196 and 768-881 have been identified.
Residues 851-881 also contain the binding site for the inhibitor, GALS0.

The structure of the 65 residue DNA-binding domain of GALA4, GAL(1-65),
bound to the 19 base pair deoxyoligonucleotide,
C1C2G3G4A5G6G7A8C9A10G11T12C13C14T15C16C17G18G19 (where dyad related
triplets separated by 11 base pairs are indicated in bold) revealed that, similar to the ER and
GR DNA-binding domains, GALA4(1-65) dimerizes upon DNA binding (97) (Fig. 8C).
The NH,-terminal metal binding domains mediate sequence specific contacts with bases in
the major groove while COOH-terminal residues 50-65 form a weak coiled-coiled o-helical
dimerization element. The metal binding modules consist of two o-helices in which two
zinc ions are tetrahedrally coordinated by six cysteines. Two of the cysteines ligate both
metals, creating an unusual binuclear cluster. The two metal binding sites of the dimer lie
in the major groove separated by one-and-one-half turns of DNA and are centered over the
conserved CCG triplets. Phosphate contacts by GIn9, Arg15, Lys20, Cys21 and Lys23
anchor the recognition modules to the DNA so that the COOH-terminal end of the first o
helix points into the major groove. Interestingly, the side chain of only one residue from
each half site of GAL4 (1-65), Lys18, is positioned to make direct base contacts. In this
interaction, Lys18 donates hydrogen bonds to two of the conserved bases of the triplets.
Additional base specific contacts are provided by the carbonyls of Lys18 and Lys17.

The ability of GALA to recognize its binding site also depends on the presence of
an 11 base pair spacer between the CCG triplets. This spacer is specified by the length of
the linker region, or dimerization region, between the GAL4 DNA-bindin g modules. The
extended conformation of the GALA4(1-65) dimer and the lack of significant contacts
outside the metal-binding domain, leave nearly a full turn of DNA exposed with its major
groove on the opposite face of the protein. Despite the fact that substitutions in the DNA
linker region have little effect on GAL4 binding in vitro, they are well conserved in all in
vivo GALA DNA sites, raising the possibility that this portion of the DNA could serve as a
binding site for another protein, a potential candidate being GAL11 (97). Cooperative
interactions with such an accessory proteins could alter the DNA binding strength and
specificity of GAL4.

The fourth class of zinc binding proteins include retroviral fingers, such as the
human immunodeficiency virus I (HIV-1) nucleocapsid protein, with the sequence, Cys-
X,-Cys-X4-His-X4-Cys (CCHC) (98). Structures of these proteins show that the first two
zinc coordinating cysteines are located on an antiparallel hairpin, similar to the class I zinc
fingers. The CCHC finger is, however, much smaller than in class I proteins, with four
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residues separating the second (Cys) and third (His) zinc ligands. In these proteins the
histidine is found on a loop which continues to the fourth zinc ligand.

The NMR structure of a synthetic peptide corresponding to the NH,-terminal
CCHC finger of the HIV-1 nucleocapsid protein, Zn(HIV1-F1), complexed with single
stranded deoxyoligonucleotides as RNA mimics revealed a sin gle requirement for guanine
(99) (Fig. 8D). Therefore, further structural studies were carried out using the
deoxyoligonucleotide, ACGCC which corresponds to a region of the HIV-1 psi-site. This
study showed that the finger did not change conformation upon DNA bindin g and that the
DNA was A-form. The resulting HTV1-F1-DNA model revealed that several highly
conserved hydrophobic and aromatic residues in the NH,-terminal portion of the peptide
contact the DNA. In the structure, a backbone carbonyl oxygen and two backbone amide
nitrogen groups are in position to hydrogen bond to the conserved guanine (Fig. 8D).

In addition to the four established classes of zinc binding proteins, the structures of
several new zinc binding motifs, which have been implicated to be involved in DNA
binding, have recently been characterized. A potential class V DNA-binding zinc motif is
comprised of the so-called GATA family of cell specific regulatory proteins. These
proteins are characterized by the presence of two metal binding regions of the form,
Cys-X-Cys-X4-Cys-X,-Cys. The first member of this family to be identified was the
erythroid specific transcription factor, GATA-1. This protein is responsible for regulating
the transcription of erythroid expressed genes and is essential for the development of the
erythroid lineage (80). All GATA proteins bind with high affinity to DNA targets
containing the consensus site, (T/A)GATA(A/G), and use only one of their two metal
binding regions in binding. In GATA-1 mutational and deletion studies established that the
NH,-terminal metal binding region is not required for DNA binding. Thus, unlike the
class II or class III proteins which bind DNA as dimers and class I and class IV proteins
which use tandem arrays of covalently attached zinc domains, the GATA proteins are
unique among the zinc binding/DNA binding classes in their ability to specifically bind
DNA as monomers.

The NMR structure of the DNA binding domain of GATA-1 bound to an
AGATAA containing deoxyoliogonucleotide, showed that this domain binds DNA
specifically in a metal dependent manner (Fig. 8E). Interestingly, the in vivo metal binding
preference of GATA-1 is unknown and although Zn2+, Fe2+, and Co?* all support DNA
binding, Fe?* promotes higher levels of DNA binding than either Zn2* or Co2+ (80). The
significance of this in the context of erythroid cells is unclear. The NMR structure revealed
a protein topology for GATA-1 in which the zinc-binding core contacts the Iajor groove
while a COOH-terminal arm contacts the minor groove (100). The zinc binding core
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consists of two short, irregular, two-stranded B—sheets connected by a loop and followed
by an a-helix. Cysteine residues found in the first B-sheet and the NH,-terminus of the o-
helix coordinate the metal tetrahedrally (Fig. 8E). This zinc binding core is structurally
similar to the NH,-terminal zinc-binding module of the hormone receptor family (class II
zinc proteins) and the superimposition of the corresponding Cors of GATA-1and the GR
results in an rmsd of 1.4 A.

GATA-1 makes base specific contacts to the major groove by residues in the o:-
helix and the loop between B-strands two and three. It is notable that contacts to the AT
rich conserved GATA site are primarily hydrophobic in nature. The carboxy terminal tail
of GATA-1 is absolutely essential, as indicated by deletion studies, for DNA binding. As
revealed in the GATA-1 structure, this extended region makes specific contacts with bases
in the DNA minor groove in a manner reminiscent of the NH,-terminal arms of
homeodomains. Thus, the GATA-1 structure provides the first example of a zinc binding
protein which uses an extended region outside the zinc core to specifically interact with
DNA.

A novel zinc binding motif was recently uncovered with the structure determination
of the Cys, DNA binding domain of the eukaryotic transcription elongation factor, TFIIS
(81). TFIIS, which also contains an RNA Polymerase I (RNAPII) binding domain,
enables RNAPII to read through pause or termination sites. The TFIIS DNA binding
domain (residues 231-280) consists of a three-stranded p-sheet and disordered loop in
which the zinc is tetrahedrally coordinated between four cysteines, a motif which has been
called the zinc ribbon (81). How DNA binding is mediated by this motif and what sites it
binds is unclear, but studies indicate that it has a preference for single-stranded
oligopyrimidines. As DNA sequences in RNAPII pause and termination sites are
unusually A rich, it is possible that this motif may interact with the U rich single-stranded
RNA. Sequence analyses indicate that analogous zinc ribbons may occur in other proteins
involved in DNA or RNA transactions, including RNAPII itself.

The remaining zinc binding proteins with potential DNA binding activities include
the LIM, RING finger, CRD containing proteins and MetRS. The LIM domain has been
found in over 20 proteins, often in repeats. The name "LIM" derives from the three
transcription factors in which it was first observed, Lin-11, Isl-1 and Mec-3c (83-84).
Although several of the proteins containing the LIM domain are transcription factors and
often contain homeodomains, there is no evidence that this domain binds DNA. The RING
finger (Really Interesting New Gene') is found in over 40 proteins (85). Despite the
location of these proteins in the nucleus, DNA-binding activity has yet to be confirmed for
any RING finger member. The CRD, or cysteine rich subdomain, was first observed
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within the protein kinase C (PKC), an important enzyme in signal transduction, and
homologous CRDs have been found in some oncogene products (86). The zinc binding
motif found within the Methionyl-tRNA Synthetase protein, MetRS, is structurally
homologous to the zinc binding domains of class IV and may represent on offshoot of that
family (82). Members from each have been structurally characterized but are beyond the
scope of this introduction.



c. b/ZIP, b/HLH and b/HLH/ZIP

The use of dimerization as a means to expand DNA binding specificity is exploited
exquisitely by a group of related eukaryotic transcription factors called basic region leucine
zipper (b/ZIP), basic region helix-loop-helix, (b/HLH) and basic region helix-loop-helix
leucine zipper (b/HLH/ZIP) proteins (41). The b/ZIP, b/HLH and b/HLH/ZIP motifs of
these transcription factors are found in the context of larger proteins and form the minimum
essential region for DNA binding. Each of these related motifs is composed of a COOH-
terminal dimerization segment which consists of either a leucine zipper (ZIP), a helix-loop-
helix (HLH) or a helix-loop-helix leucine zipper (HLH/ZIP) and a NH,-terminal DNA
binding segment called the basic region (b) because it is rich in basic amino acids.

The basic region, which is unstructured in solution, becomes o-helical upon DNA
binding and thus, provides another example of DNA induced structural ordering (41). The
basic region a-helix is utilized by all these proteins as the DNA binding "recognition helix"
and all of these proteins use similar strategies for DNA-binding by inserting a dimer of
these recognition a-helices into an eight to ten base pair binding site in the DNA major
groove. Because these proteins can associate, in many cases, as either homodimers or
heterodimers, the dimerization elements are critical for DNA binding specificity as they help
determine which subunits form stable dimers. This ability to form homo- and heterodimers
results in a vast number of potential multi-protein complexes with diverse DNA binding
properties and thus, diverse biological effects.

Some members of these proteins are cell specific and play central roles in
determining cell identity. With a few exceptions, heterodimerization is limited to members
of each subfamily, i.e., the b/ZIP proteins only heterodimerize with other b/ZIP proteins,
the b/HLH only heterodimerize with other b/HLH proteins and the b/HLH/ZIP proteins
only heterodimerize with other b/HLH/ZIP proteins. Interestingly, members of this family
that do not contain a DNA binding basic region can function as negative regulators by
sequestering functional members into inactive heterodimers.

Crystal structures of the b/ZIP, b/HLH and b/HLH/ZIP domains of several
proteins bound to DNA have been determined (Fig. 10). Although these structures are
prototypical of b/ZIP, b/HLH and b/HLH/ZIP proteins, they suggest that, once again, a
simple DNA-binding code, even for a distinct DNA-bindin g motif, cannot be readily
deduced. The b/ZIP protein, GCN4, which functions in the activation of amino acid
biosynthesis, provides a remarkable example of a DNA bindin g protein that can bind two
different DNA sites with near equal affinity (101). Specifically, GCN4 can bind the CREB
response element (CRE) and the AP-1 site which differ in the spacing of the -TGA(C/G)-
half sites. The CRE is a palindrome of abutting -TGAC- half sites (T1GA5C,G5TsCrAy),
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whereas the AP-1 site comprises overlapping -TGAC- and -TGAG- half sites
(T1GA3C4TsC4A7). The crystal structure has been determined for both complexes,
GCN4-CREB (102) and GCN4-AP-1 (103). In both structures, the b/ZIP dimer consists
of two smoothly curving a-helices in which the basic region ¢-helix and leucine zipper o-
helix actually form a single continous a-helix. The basic region helices fit into the major
groove of half sites on opposite sides of the DNA and the leucine zippers form a parallel
coiled-coil dimerization interface.

The primary sequence of the GCN4 leucine zipper, like all leucine zippers, is a
repeating heptad, a-b-c-d-e-f-g, with predominately hydrophobic and apolar residues at
positions a and d and predominately polar and charged residues at other positions (41).
Residues e and g often contain charged residues which can form intrahelical and
interhelical salt bridges (104). These salt bridges play a critical role in determining the
dimerization preferences of b/ZIP proteins. In the well characterized case of the selective
heterodimerization of the proto-oncogenes, ¢-Jun and c-Fos, which are sequentially very
similar to GCN4 and also bind AP-1 sites, charge repulsion between acidic e and g
residues destabilizes the ¢-Fos homodimer, shifting the equilibrium in favor of the ¢-Jun/c-
Fos heterodimer (105-106). Residues e and g are also critical in shielding the hydrophobic
dimer interface. This interface is stabilized by interactions between residues in positions a
and d with leucine being the preferred residue at position d.

Comparison of the GCN4(b/ZIP)-CRE and GCN. 4(b/ZIP)-AP-1 complexes
reveals the suprising finding that GCN4 accomodates the extra central base pair of the CRE
site by a slight distortion of the CRE DNA with minimal changes in the protein (102). This
distortion of the DNA enables GCN4 to make similar contacts to both the CRE and AP-1
sites. In both complexes a conserved asparagine, Asn235, from each monomer subunit
hydrogen bonds to the two contigous base pairs at the center of each half site which
corresponds to base pairs of GyA3 and T¢C; in the CRE site and G,A3 and T5Cg in the AP-
1 site. Additional contacts are provided by two alanines from each monomer, Ala238 and
Ala239, which make van der Waals contacts with thymine methyl groups. Ser242 also
makes van der Waals contacts via its CB (Fig. 11A).

The differences in the central base pairs of the two sites are accomodated by
slightly different contacts which are mediated in large part by Arg243. In the
GCN4(b/ZIP)-CRE complex, symmetric contactsi are made by the each Arg243 to the N7
of the central guanines, G, and Gs, as well as the phosphate group from the adjacent base
pair. Because the pseudosymmetric AP-1 site contains only a single central C-G base pair,
the two Arg243 side chains make asymmetric contacts. One of the Arg243 side chains
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hydrogen bonds to the central guanine while the other hydrogen bonds to two phosphate
groups.

While the DNA in the GCN4(b/ZIP)-AP-1 complex showed little departure from
standard B-DNA, the DNA in the GCN4(b/ZIP)-CRE complex is bent symmetrically by
20° atits center. This distortion, which is manifested in a helical shift of the
phosphodiester backbone, allows GCN4 to make contacts analogous to those in the AP-1
complex and, thus explains how the GCN4(b/ZIP) can recognize either site. It also
underscores the potential importance of DNA flexibility in specifying protein-DNA
interactions.

The recent structure determination of the c-Fos/c-Jun heterodimer b/ZIP bound to
an AP-1 containing site (107) confirmed the predicted similarity of this heterodimer to
GCN4 in both the structure of the b/ZIP as well its DNA contacts. The structure also
shows that the c-Fos-c-Jun heterodimer can bind the asymmetric AP-1 site in two
orientations which are related by a 180° rotation. The different orientations result in only
one asymmetry in DNA contacts: In the first complex it is the conserved arginine in Fos,
corresponding to Arg243 in GCN4, which contacts the central guanine, whereas in the
second complex it is the conserved arginine in Jun which mediates this contact. The other
DNA contacts are exactly homologous to those seen in the GCN4-DNA structures and
include the contacts made by the conserved asparagine corresponding to Asn235 in GCN4
and the hydrophobic contacts made by two conserved alanines and a cysteine (mutated
from serine) which correspond to Ala238, Ala239 and Ser242 in GCN4. As predicted, g-
e salt bridges are critical for the stability of the heterodimer. Also important are a-g
contacts.

The b/HLH and b/HLH/ZIP transcription factors, which occur in diverse
eukaryotes ranging from mammals to yeast, play key roles in regulating metabolism, cell
differentiation and development (108). b/HLH proteins which are expressed ubiquitously
include E47, Pho4, E12 and HEB. These proteins bind related DNA sites called E boxes
and can dimerize with tissue specific b/HLH proteins such as MyoD, SC and tal-1/SCL.
Members of the b/HLH/ZIP group include MAX, MAD, the MYC proteins and USF.
These proteins contain an additional leucine zipper COOH-terminal to the HLH element.
Structures of four b/HLH and b/HLH/ZIP protein-DNA complexes have been determined:
MAX(b/HLH/ZIP), USF(b/HLH), E47(b/HLH) and MyoD(b/HLH).

MAX, a b/HLH/ZIP protein dimerizes with the MYC oncoproteins and recent
characterization of other b/HLH/ZIP proteins, which also dimerize with MAX, indicate that
it may play a central role in orchestrating the biological activity of the b/HLH/ZIP proteins.
The crystal structure of MAX(b/HLH/ZIP) bound to a DNA site containing the adenovirus



major late promoter (109), shows that the DNA binding domain of MAX consists of two
long o-helices separated by a loop. The NH,-terminal a-helix, consists of the basic region
and the first helix of the HLH region, H1. The second o-helix is also contiguous and is
composed of the second helix of the HLH element, H2, and the leucine zipper o-helix. In
this structure, Max binds to the DNA as a homodimer and the two monomers fold in to a
parallel, left-handed four helix bundle. In the dimerization interface, H2 is slightly bent
towards the DNA and away from H2' of the opposing subunit, giving the b/HLH region of
MAX a less upright appearance than the b/ZIP basic region of GCN4. Apolar residues are
found at the a and d positions of H1 and H2 as in GCN4, however, unlike GCN4, the e
positions of the these regions are also apolar.

Most b/HLH containing proteins bind the DNA hexamer sequence,

C1A N3N, T5Gg, where the N indicates any base. In the cocrystal structure, the MAX
homodimer makes numerous contacts with the conserved base pairs of the hexamer site,
the most critical being hydrogen bonds from a conserved glutamic acid, found in the basic
region of each subunit, (corresponding to Glu32 in MAX) to the C; and A, of one half site
and the Cg and As of the other half site (Fig. 11B). This side chain also packs tightly
against the thymine methyl groups of T, and Ts. In MAX, His28, located one helical turn,
NH,-terminal to Glu32 in the basic region, also contributes to the binding at the conserved
hexamer bases by donating a hydrogen bond to G, and Gy,

The binding specificity observed between b/HLH and b/HLH/ZIP is dependent
upon the identity of the central base pairs, N3N, and it had previously been established
that b/HLH and b/HLH/ZIP proteins exist in two so-called specificity groups. The first
specificity group binds hexamer sites containing central CG sequences and the second
binds hexamers containing a central GC sequence. Proteins of either specificity class are
distinguished by the identity of the residue that is located four residues COOH-terminal to
the conserved glutamic acid, implicating this residue as the specificity determining residue.
The specificity class containing MAX, contains an arginine at this position and prefer
hexamers with central CG sequences, while the second class contains apolar residues at
this position and prefer hexamers with a central GC sequence. In the MAX(b/HLH/ZIP)-
DNA structure this arginine from one subunit hydrogen bonds to the central guanine, Gg,,
while the corresponding arginine from the other subunit makes an equivalent hydrogen
bond to G4. No other protein contacts are made to the central base pairs in the the
MAX(b/HLH/ZIP)-DNA structure. Thus, this arginine appears to play the anticipated role
as the DNA specificity determining residue. Finally, numerous contacts are made to the
entire backbone of the hexamer sequence by residues from the basic region.
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Structures of the b/HLH regions of the b/HLH/ZIP protein, USF (110), and the
b/HLH regions of the b/HLH proteins, E47 (111) and MyoD (112) (Figs. 10B and 11B),
bound to DNA , have confirmed the critical protein -DNA contacts seen in the MAX
structure and have also revealed the unexpected importance of other residues in DNA
binding. Like MAX, the b/HLH of USF, the upstream stimulatory factor, contains a
"specificity determining" arginine and the crystal structure of the b/HLH of USF bound to a
DNA site containing the hexamer sequence, C;A,C3G,TsGg, revealed protein-DNA
interactions consistent with the MAX structure (109). Interestingly, USF, which is a
b/HLH/ZIP protein, can homotetramerize and this tetramerization depends on the integrity
of the leucine zipper. Unfortunately, because the USF-DNA structure was determined in
the absence of the ZIP region, a better understanding of this tetramerization and its
mechanism must await further structural studies.

The b/HLH proteins E47 and MyoD are from the second specificity determining
class, which bind hexamers with a central GC sequence. E47 deviates slightly from other
members of this class in preferring the nonpalindromic hexamer site, CACCTG instead of
CAGCTG. Structures of the b/HLH regions of E47 (111) and MyoD (112) bound to DNA
have begun to reveal the unforseen means by which discrimination can be conferred at the
central base pairs. Rather suprisingly, it turns out that the key "specificity determining”
residue, which is apolar for members of this class, does not contact the DNA in either the
E47 or the MyoD complex. In the E47(b/HLH)-DNA structure, only one side chain-base
contact is observed to the central base pairs. Arg346, from one subunit located one
residue NH,-terminal to the conserved glutamic acid, contacts a central guanine. However,
this contact is only seen in one half site due to the nonpalindromic nature of the central base
pairs. The MyoD(b/HLH)-DNA structure, although it makes protein-DNA interactions
consistent with the MAX structure, is more suprising, as no protein contacts to the central
base pairs are observed in this strucutre (Fig. 11B). Therefore, its preference for the
hexamer, CAGCTG, is left unexplained.
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d. B-sheet binding proteins

As underscored by the preceding sections, most well-characterized DNA binding
transcription factors employ o-helices for the recognition of bases in the major groove.
However, the structures of several prokaryotic and viral proteins, which use B-sheets for
DNA recognition, have recently expanded the possibilites of what may constitute a DNA
major groove recognition element (42). Thus far, two classes of B-sheet DNA binding
proteins have been identifed (35). The first class includes the E. coli Met) repressor and
the arc and mnt repressors from the Salmonella phage P22. The second class includes the
bacterial protein, HU, which forms condensed nucleoprotein structures in many
prokaryotes, the E. coli integration host factor, IHF, and the TF1 transcription factor from
B. subtilis phage. The eukaryotic TATA-binding proteins comprise a third class of
proteins that use B-sheets in DNA binding, however, unlike the preceding classes, these
proteins bind in the DNA minor groove and, therefore, will be discussed in section 2b.

Thus far, structures of the class one proteins, MetJ (113) and Arc (114) have been
determined bound to DNA (Fig. 12). These structures, unlike most of the protein-DNA
structures discussed thus far, include the entire protein. This result is, in part, due to the
relatively small size of these proteins. The DNA-binding domains of these proteins contain
a similar ribbon-helix-helix structure. Dimerization of these proteins is required for stable
folding as both monomers are essential for the formation of a hydrophobic core. B-strands
of each monomer pair to form the antiparallel B-sheet that ultimately binds in the DNA
major groove. Because the dimer contains two ribbon-helix-helix elements, in which helix
1 is referred to as helix A and helix 2 is helix B, the dimer fold has been named the (B-o-
o), motif. The naturally occuring operator sites for the Arc repressor have adjacent
binding sites for two (B-ai-ot), elements as do the Met] binding sites, which are called Met
boxes. The adjacent arrangement of the binding sites in the Arc and MetJ operators, as
well as biochemical studies, suggested that the biélogically active, DNA bound form of
these proteins are tetramers and that each dimer binds in an adjacent binding site (115-117).
This was confirmed by the cocrystal structures of both Arc and MetJ bound to DNA.

Comparison of the cocrystal structures of MetJ bound to the 19 base pair MetJ
operator site, T;T;A3G4A5C6G7TgCoT 0A11G13A13C14G 15T 16C 17T A g
containing two consensus Met boxes (in bold) (Fig. 12A) and Arc bound to its wild type
22 base pair operator site,
T1AT3A4G5TA7GgA9C10T1G12C13T 14T 15C16T17A 18T 19C20A 2, T,y (Fig. 12B),
(binding sites for each dimer in bold) reveal important similarites and differences between
the two proteins and their DNA complexes (113-114). Similarities include the formation of
a tetramer upon DNA binding, the general position and orientation of the (B-o-ox), motif
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relative to each DNA half-site, the use of residues from the antiparallel B-sheet in making
all critical base contacts to the DNA and similar phosphate contacts made by residues from
an NH,-terminal tandem turn region. Interestingly, the tandem turn region, which
precedes the B-strand, becomes ordered only upon DNA binding. Differences between the
two complexes include the spacing of the operator half-sites, the DNA structure of the two
operators, the requirement of the corepressor, S-adenosylmethionine, for DNA binding by
MetJ and no such small molecule binding requirement for Arc and the regions of the
proteins used for dimer-dimer interactions. The different dimerization interfaces of Met)
and Arc reflects the different operator half-site spacings of their binding sites. A further
notable difference between the two complexes, which can be deduced by comparing
structures of complexed and uncomplexed Arc and MetJ, is that DNA binding by Arc, but
not MetJ, is accompanied by conformational changes in the B-sheet involved in DNA
binding.

In both protein-DNA complexes, phosphate contacts are crucial for proper docking
of the (B-o-0), element to the DNA and in orientin g the B-sheet properly for making
specific base contacts. Taking as a reference frame the B-sheets in the major groove shows
that both Arc and MetJ contact three homologous phosphates on each DNA strand.
Furthermore, corresponding regions of both proteins contact the same phosphates. These
contacts are made by analogous main chain amides and side chains from the tandem turn
regions of Arc and MetJ as well as the NH,-terminus of o-helix B. There are also non-
conserved backbone contacts, although biochemical and mutant analyses indicate that these
are not critical for DNA binding. Interestingly, although both proteins contact their DNA
sites in a similar manner, there are large difference in DNA conformation between the two
complexes. In the Arc-DNA structure, the DNA is bent 50° with the majority of the
bending occuring in the center of the operator. Also, the Arc bound operator DNA reveals
a widened major groove and compressed minor groove. Althou gh the DNA in the Met]-
DNA complex is also bent by 50°, most of the bending is located near the center of each
half site, rather than the center of the operator. As a result the MetJ bound operator DNA
displays compressed major grooves. Moreover, the central TygpAq; step is overwound
and the flanking steps are underwound. This distortion, which may reflect a sequence
dependent distortion, is associated with the anomolous positioning of the phosphates
directly adjacent to the T opA,; step. These phosphates are displaced by 2 A from their
postions in regular B DNA. This displacement is critical as it allows these phosphate
groups to make contacts with the NH,-terminus of helices B and B'. As these interactions
may rely on the sequence dependent deformability or flexibility of the DNA, they may
constitute an example of indirect readout.



The ability of Arc and MetJ to recognize their operator sites with high affinity
depends on the direct readout of bases in the major groove by residues in the antiparallel B-
sheets of each protein. The general way in which the B-sheets of the two proteins approach
the DNA is very similar (Ca; postion of corresponding B-sheet residues have an rmsd of
1.15 A). Given this similarity, it is surprising that the side chain-base contacts made by B-
sheet residues are completely different in the two complexes (Fig. 13). Additionally, the -
sheet region of Arc undergoes conformational adjustments upon DNA binding whereby the
side chains of Phe10 and PhelQ' (where the prime indicates the other monomer subunit)
swing out from their buried postions and pack between adjacent phosphate groups.
Concomitantly, the Ca atoms of residues 9, 9', 10 and 10' move by 1.0-1.7 A to fill the
cavity left by this movement. The main chain movements of GIn9 and GIn9' help to
position these side chains for base contacts. These side chains from one Arc dimer make
symmetric contacts with adenines on opposite DNA strands, Ag and A4, of the first half
site while the corresponding side chains on the other dimer make homologus contacts,
although the bases are slightly different. The homologous B-sheet residues in MetJ| , Lys23
and Lys23', make symmetric contacts with G, and Gy, respectively. As can be seen in
Fig. 13, the contacts made by residues from Arc and Met] show dramatically different
spacings, which appear to arise from the differences in the side chain rotations of the
residues involved. The only other side chain-base contact found in MetJ is between Thr25S
and Thr25' to Ag and As respectively. The corresponding residue from one monomer
subunit in Arc is Asn11. This residue contacts the analogous position in the Arc operator,
Cg. However, Asnll’, from the other monomer subunit, contacts T,. Thus, the contacts
made by the two Asnl1 and Asn11' are asymmetric. A third residue in Arc, Argl3 and
Argl3', makes additional asymmetric contacts with guanines, Ggand G4. In Met], the
corresponding residues are Ser27 and Ser27'. No DNA contacts are provided by these
residues as they are too short to reach the bases (Fig. 13).

As discussed, the high affinity binding of MetJ to its operator site depends on
corepressor (S-adenosylmethione or SAM) binding to MetJ. This binding increases the
affinity of MetJ for its operator by 1,000 fold. In the MetJ-DNA complex (114), the SAM
molecules that bind to each monomer, interact with the faces of the repressors, remote from
the DNA, with their positively charged sulfur atoms positioned at the COOH-terminus of
the B helices. Unexpectedly, SAM binding does not cause significant structural changes in
MetJ (118). Furthermore, the overall structure of the holorepressor when bound to DNA is
little changed from the structure of the holorepressor itself. Therefore, these results cannot
directly explain corepressor activation of MetJ. A result, which implicates charge as a
mechanism, was provided by studies showing that S-adenosylhomocysteine, a SAM
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analog lacking the S-methyl group and containing a neutral rather than positively charged
sulfur atom, binds to MetJ with high affinity but does not affect its affinity for operator.
This suggests that long-range electrostatic interactions between bound corepressor and
DNA phosphate groups may explain activation (119).



e. Others

In addition to the aforementioned, well established families of DNA binding
proteins, X-ray studies have revealed other DNA binding motifs which, so far, appear to
be structurally distinct. Examples include the DNA binding domains of the bovine
papillomavirus 1 (BPV-1) E2 protein (46), the eukaryotic tumor supressor, pS3 (45) and
the rel homology protein, NF-kB (43-44). Full length B2, consisting of 410 amino acids,
is a trans-acting transcription regulator and the truncated forms, E2TR and E8/E2, which
are missing the NH,-terminal trans-activation domain, act as repressors. The X-ray crystal
structure of the COOH-terminal DNA-binding/dimerization domain, residues 326-410,
bound to an E2 DNA target site, revealed that E2(326-410) forms an eight-stranded
antiparallel B-barrel made up of four strands from each subunit (42). Residues from a pair
of a-helices, which are symmetrically disposed on the outer circumference of the B-barrel
make all base-specific contacts to a conserved set of three base pairs found in each half site.
The DNA is smoothly bent in the complex forming an extensive network of specific
interactions that are coupled with 48 phosphate contacts.

The tumor supressor, p53, also consists of an NH,-terminal trans-activation
domain. However, its oligomerization domain, conferring tetramer formation, is located at
the extreme COOH-terminus of the protein, following the highly conserved DNA binding
domain, residues 102-292. The crystal structure of the p53 DNA-binding domain bound to
a p53 half site, shows that the DNA binding domain of p53 can be divided into two
functional regions. The first region contacts the major groove and the second region
contacts the minor groove (45). Contacts to the major groove are provided by the so-called
"loop-sheet-helix" motif which is composed of noncontiguous regions. Contacts to the
minor groove are provided by two large loops which are structurally stabilized by the
tetrahedral coordination of a zinc. Three cysteines located on loops and one histidine from
a small helix, coordinate this zinc. Residues of the loop-sheet-helix motif and the two
loops, perhaps expectedly, constitute the most conserved regions of pS3 and contain the
majority of the p53 mutations identified in tumors.

The transcription factor NF-xB, composed of a heterodimer of p50 and p65
proteins, was initially identified as a protein which specifically binds the x immunoglobin
light chain enhancer. It was subsequently found to regulate a large number of genes
involved in the infection response and stress. NF-kB, unlike E2 and p53, is a member of a
large, well-established family of homologous proteins which all contain a rel homology
region (named after the rel oncogene) (43-44). Thus, the recent structure determinations of
the NF-kB p50 homodimer bound to kB sites, can serve as a model for other rel members

(43-44). The rel homology region (RHR) of p50, like all rel proteins, contains both an
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NH,-terminal DNA binding domain and a COOH-terminal dimerization domain. It also
contains a nuclear localization sequence, (NLS), COOH-terminal to the dimerization
domain, that is also largely responsible for the binding of I-kB, the NF-kB inhibitor.

The structure of the NF-kB-DNA complexes resembles a butterfly with the protein
playing the part of the wings, and the DNA the body. Interestingly, DNA contacts are
made by flexible loop regions rather than regions of regular secondary structure. Most of
the contacts are provided by the immunoglobin-like DNA binding domain. However, the
dimerization domain, which also contains an immunoglobin-like fold, makes several
important contacts to the DNA. The use of flexible loops in making DNA contacts may
allow for a more adjustable binding specificity. A critical detail, which points out the
complexity of the the NF-xB-DNA interface, is that the base contacts contributed by one
subunit of the NF-xkB p50 dimer, interleave with those of the opposing subunit. This
presents a problem in predicting the various rel homology protein structures which include
homodimeric and heterodimeric proteins.
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2. Minor groove recognition
a. Homeodomain NH,-terminal arms

The structures of homeodomain-DNA complexes have established that base
specific contacts to bases in the major groove are made by residues found within helix 3,
the recognition helix. However, these few interactions and, even the accompanying
phosphate contacts, cannot explain the specificity and affinity of a given monomeric
homeodomain for its DNA site. Additional and essential contacts are provided by a highly
conserved region, the "NH,-terminal arm". This arm fits into the minor groove and makes
contacts near the 5' end of the core consensus of each homeodomain operator site. In both
the engrailed and Oct-1 homeodomain-DNA complexes, two conserved basic residues at
positions three and five in the arm make contacts in the minor groove. In engrailed, the
side chain of Arg3 appears to make a hydrogen bond to T,. (where the prime, again,
indicates the complementary DNA strand) in the sequence, T;A,A;T,, as well as
contacting a sugar oxygen (60). In Oct-1, the analogous residue is a lysine, Lys3. The
side chain of this residue also appears to make minor groove contacts, but, unfortunately, a
combination of the relatively low resolution (3 A) and poor electron density in this area
prevent an unambigous assignment of its contacts (62). The situation is much clearer for
residue 5, which is an arginine in both engrailed and Oct-1. This residue makes analogous
contacts in both structures, whereby the side chain contacts the base at position 1'. In Oct-
1, this base is an thymine as the Oct-1 homeodomain binds the sequence, A;A,A3T,. In
Oct-1, Arg5 hydrogen bonds to the O2 of T, whereas in engrailed Arg5 contacts the O2 of
T,. These structures provide an explanation for the observed preference of an AT or TA
base pair at position 1 in homeodomain opera'éors as the N3 of adenine and the O2 of
thymine represent analogous hydrogen bond acceptors, whereas a GC base pair would
interfere with binding as the arginine side chains would clash with the exocyclic N2 group
of guanine.

The Oct-1-DNA structure is especially critical in examining contacts made by the
"arm" as it provides the opportunity to observe these contacts in the context of a larger
protein. For Oct-1, the "arm" is attached to the COOH-terminus of the POU specific
domain (62). Despite this constraint, the Oct-1 homeodomain is similarly docked and its
"arm” makes similar contacts to the DNA as those described for the engrailed
homeodomain-DNA complex (Fig. 4C). The yeast protein, Mat o2, contains a divergent
homeodomain that, nonetheless, posseses not only the three-helix homeodomain fold but
docks against and contacts the DNA in the same manner as the engrailed and Oct-1
homeodomains (61). The sequence of the "arm" of Mat o2 differs significantly from other

homeodomains, despite being rich in basic amino acids. One of the basic residues, Arg7,



contacts base pairs 1 and 2 in the minor groove of the sequence, T1A;A3A,T5 The contact
to base pair 2 is somewhat analogous to the contact to base pair 1 in the engrailed and Oct-1
homeodomains. The contact to base pair 1 in Mat a2, however, has no homologue in the
engrailed and Oct-1 DNA complexes.

Hence, contacts made by the "arms" of the homeodomain proteins provide an
explanation for the observed discrimination against GC base pairs at postions 1 and 2 in
homeodomain operators and thus, provide an example of specificity conferred by minor
groove binding.
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b. The TATA binding protein

A well documented example of a specific minor groove binding protein is the
TATA-box binding protein, TBP. TBP serves as a linchpin for the assembly of basal
preinitiation complexes and is required by all three eukaryotic nuclear RNA polymerases
(120). The mechanisms of action of TBP are best understood for the initiation of class IT
nuclear genes that utilize RNA polymerase IT and general initiation factors, TFIIA, -B, -E,
-F, -G/J, -H and -I (121-123). In pol II initiation complexes, TBP is associated with TBP-
associated factors (TAFs) in a 700K complex known as TFIID, which binds the TATA
element of class Il promoters (124). The amino-terminal segment of TBP varies in length
and sequence depending on its cellular source and is not required for basal transcription.
By contrast, the COOH-terminal, 180 residue, domain is highly conserved
phylogenetically, is extremely sensitive to mutations and is essential for basal transcription.
Two crystal structures of the COOH-terminal domain of TBP, one from yeast, yITBP, and
one from Arabidopsis thaliana, TBP2, bound to TATA elements, show similar dramatic
changes in DNA conformation and provide a basis for understanding the minor groove
specificity of TBP (125-126).

In these structures, the COOH-terminal domain of TBP, which contains two 90
residue repeats sharing 28% identity, forms two highly symmetric aff regions each
comprised of a five-stranded antiparallel B-sheet and two o-helices. The two five-stranded
B-sheets of each domain form a continuous ten-stranded B-sheet between domains. The
overall structure resembles a molecular saddle with a concave underside lined by eight
strands of the interdomain ten-stranded B-sheet. The convex surface of the saddle is
composed of four a-helices, a basic peptide which links the two domains and parts of the
first B-strands. This surface appears to be responsible for most of the myriad interactions

between TBP and other proteins.

In the TBP cocrystal structures, the TATA element (TATAa/tAajt), is severely
bent, providing the first examples of protein induced DNA bending toward the major
groove. This bending is mainly mediated by the insertion of two conserved phenylalanines
between base pairs 1 and 2 and 7 and 8 in the TATA elements, T1A;T3A,TsAgA7Ag and
T1A;T3A4A5A A Gg, of the yeast TBP and Arabidopsis thaliana, TBP cocrystal
structures, respectively. The insertion of these phenylalanines splays open the minor
groove, exposing it to the underside of the TBP molecular saddle. Suprisingly, the TBP-
minor groove interface is mainly hydrophobic in nature with only six hydrogen bonds
formed between TBP and bases of the DNA. These interactions occur at the center of the
TATA box and involve hydrogen bonds from asparagine side chains, which donate
hydrogen bonds to base pair 4 and 5. Additionally, the N3 groups of Ay and A, also
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accept hydrogen bonds from threonine side chains from each domain. Reminiscent of the
homedomain arm, the preference for the AT and TA over GC or CG base pairs in TBP can
be explained by steric clash that would result from the presence of the exocyclic N2 group
of guanine. This selection against GC or CG base pairs provides part of the explanation
for the specificity of TBP for its TATA element. Sigler et al. have also implicated 'indirect
readout’ as being a contributing factor in TBP DNA binding specificity based on the
observation that alternating pyrimidine/purine sequences, especially TATA, are especially
flexible (125). This, Sigler, speculates, may be important in the 5' half of the TATA
element in providing a mechanism for the directionality with which TBP binds to the TATA
element.

The most notable features of the DNA in the TBP-DNA complexes are the large
kinks (127) which are introduced between base pairs land 2 and between 7 and 8 which
result in unusually large roll angles ranging from 37° to 47°. Remarkably, the DNA
outside the eight base pair TATA element, in each structure, returns abruptly to B-DNA.
These structures, along with the CAP-DNA complex (50) and the PurR-hypoxanthine-purF
complex, reported in this thesis, provide the only direct examples of protein induced DNA
kinking. The unusual DNA kinking toward the major groove observed in the TBP-TATA
structures and now the PurR-hypoxanthine-purF complex, provides a precedent for other
DNA binding proteins, a notable example being the eukaryotic protein, SRY (sex
determining region on chromosome Y). Indeed, NMR data has suggested that SRY may
kink its DNA site away from itself and towards the major groove (128). The biological
implications of DNA kinking towards or away from the major groove have yet to be
established.
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D. Structure Determination by X-ray Crystallography

Much of the modern field of biology owes its sophistication to the success of
macromolecular X-ray crystallography. Indeed, before three-dimensional structures
became available through X-ray work no one really knew how proteins such as enzymes
might work. In this section, some of the theory behind macromolecular crystallography
will be described. A more detailed discussion covering the fine points of crystallography
theory can be found elsewhere (129-133) .

Macromolecular crystallography may be defined as the application of the
techniques of X-ray diffraction to crystals of macromolecules. Such crystals are ordered
three-dimensional arrays of macromolecular aggregates that repeat periodically in all
directions. The basic building block of the crystal is the unit cell which is characterized by
six parameters, three axial lengths and three interaxial angles (130). The lengths of the unit
cell edges are designated a, b and ¢ and the interaxial angles are a, B and y where o is the
angle between b and ¢, B the angle between a and ¢ and Y the angle between a and b.
These six cell parameters are used to characterize each of the seven basic crystal systems
(triclinic, monoclinic, orthorhombic, trigonal, tetragonal, hexagonal and cubic). The
triclinic case represents the system with the lowest symmetry where all six parameters can
assume any value. In the other six systems, symmetry decreases the number of
independent parameters as indicated in Table 1. In the monoclinic system, which is
represented in this thesis by the CBD crystals and the TMMP hemoglobins crystals, the
convention has been established that the b axis, which is perpendicular to both the a and ¢
axes, is unique and the angle B > 90°. This indicates that for the monoclinic case, there are
four independent parameters, a, b, ¢ and B, that need to be determined. The other crystal
system discussed in this thesis and represented by the PurR-hypoxanthine-purF operator
crystals, is the orthorhombic lattice. In this system, a #b# ¢ and o = B=vy=90".

The seven crystal systems just discussed contain a lattice point at each corner of the
unit cell. Such lattices are termed primitive and are designated by the letter P. In addition
to these primitive lattice systems, there are seven other crystal systems termed nonprimitive
that contain two or more lattice points per unit cell. Nonprimitive lattices with a pair of
lattice points centered on opposite faces of the unit cell are termed A, B or C depending on
whether the the be, ac or ab faces are centered. If a lattice has a point at the center of its
unit cell it is designated I (interior) and if all faces of the unit cell contain points at their
centers, the corresponding lattice is termed F (face centered).

In an array of lattice points it is always possible to define a triclinic, primitive cell
regardless of symmetry. However, to disregard symmetry would be to neglect the
simplification it provides. Thus, the cardinal rule in the selection of a unit cell is to chose it
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such that the lattice conforms to the highest symmetry present. Thus, the origin of the unit
cell is determined to take advantage of symmetry elements. Examples of such elements are
rotary axes, mirrors, centers of symmetry and rotary inversion axes. Crystals can be
classified in terms of the groups of symmetry operators relating their faces. Each of these
groups, termed point groups, denotes one of the possible unique combinations of
crystallographic symmetry elements. There are 32 possible such point groups. The
combination of these 32 point groups with the 14 Bravais lattices leads to 230 unique
arrangements of points in three dimensional space. These 230 unique arrangements, called
space groups, describe the ways in which identical objects can be arranged in an infinite
lattice. They result from a combination of point groups with translational elements and
include screw axes and glide planes. Not all 230 space groups are allowed for protein
crystals because the application of mirror planes and inversion centers would change the
asymmetry of the amino acids from the L to the D isomer. This limits the number of
possible space groups to 65, leaving only those without symmetry (triclinic) or exclusively
with rotary or screw axes (130-131).

If the crystal lattice has a symmetry higher than triclinic, each molecule in the unit
cell will be repeated a number of times as determined by the symmetry operators which
define the given system. For example, in C222,, the space group of the PurR-
hypoxanthine-purF operator crystals, there are eight equal molecular assemblies, called
asymmetric units in the unit cell that are all related by crystallographic symmetry. An
important aspect of the asymmetric unit is that each one has an identical environment. If a
molecule itself has two-fold symmetry, it is possible that its two-fold axis may coincide
with a crystallographic two-fold axis. Such a molecule occurs in a "special position". An
example of such a case is the PurR-hypoxanthine-DNA structure where there is a PurR
monomer, hypoxanthine molecule and purF half-site in the asymmetric unit and thus the
PurR dimer and full DNA site is generated by the crystallographic two-fold relating the
positions X, y, z and x, -y, -z. The converse situation is found for the CBD crystals which
contain a CBD dimer in the asymmetric unit. In this case, each CBD monomer is in a
different environment, as reflected by the slight structural differences between the two
subunits.

The diffraction of X-rays by macromolecular crystals was first observed by Max
von Laue in 1912. This observation established the wave nature of X-rays. In order for an
object to diffract light, the wavelength must be no larger than the object. Visible light,
which is electromagnetic radiation with wavelengths of 400-700 nm, cannot produce an
image of the individual atoms which are found in macromolecules where bonded atoms are
only about 0.15 nm (1.5 A) apart. Electromagnetic radiation of this wavelength (0.1 - 100

49



A) falls in the ran ge of X-rays. Although individual atoms diffract X-rays, it is not possible
to obtain an image of a single molecule for two reasons. First, X-rays cannot be focused by
lenses and second, a single molecule is a very weak diffractor of X-rays. Analyzing
diffraction from macromolecular crystals, however, solves this problem because a crystal
contains many ordered molecules in identical orientations such that each molecule diffracts
identically and therefore, the diffracted beam for all molecules augment each other to
produce strong and detectable diffraction patterns.

W. L. Bragg was the first to describe X-ray diffraction from crystals as reflection
from lattice planes and he deduced a simple equation based on this description (134). This
equation, known as Bragg's law, is a cornerstone in X-ray diffraction and can be derived
by considering an X-ray beam that is incident on a pair of lattice planes, P; and P, with
interplanar spacing d (Fig. 14A). The parallel incident X-rays, 1 and 2, make an angle, 9,
with these planes. The electrons at positions C and D are forced to vibrate by the
oscillating incident beam and will radiate in all directions. However, for the particular
direction where the parallel secondary rays, 1' and 2', emerge at angle, also 8, a diffracted
beam of maximum intensity will result if the waves represented by these rays are in phase.
Dropping perpendiculars from D to A and B, respectively, shows that <ADC = <BDC = 0
and thus, AC = BC and waves in ray 2' will be in phase with those in 1' if AC + CB =
2AC is an integral number of wavelengths. This can be expressed as 2AC = nA where n is
an integer and A is the wavelength. By definition, AC/d = sin® and appropriate
substitution gives:

2dsin® = nA (Bragg's law)

Examination of Bragg's law in the form sin® = (nA/2)(1/d) reveals that sin® is
inversely proportional to d, the interplanar spacing in the crystal lattice. Sin® is a measure
of the diffracted beams deviation from the direct beam and therefore crystals containing
elements with large d with show compressed diffraction patterns. Interpretation of the X-
ray diffraction pattern can be facilitated by replacing this inverse relation between sin® and
d with a direct one through a theoretical construction defined as the reciprocal lattice. The
reciprocal lattice is advantagous in that it allows the direction of scattering to be easily
constructed. The reciprocal lattice can be constructed as follows: First consider normals to
all direct lattice planes, of the form h.k,], that radiate from some lattice point taken as the
origin. Next terminate each normal at a distance equal to 1/d,,, from the origin where d,_, is
the perpendicular distance between planes of the set h, k, 1. This set of points constitutes
the reciprocal lattice.
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P. P. Ewald noted a geometrical representation of Bragg's law that links reciprocal
space to diffraction (135). As seen in figure 14B, if the Bragg's reflection angle is 6 then
the total angle of deflection is 26. If one places an intersection of X-ray beams with a plane
at the center of a sphere, the Ewald's sphere, that has radius of reciprocal wavelength, then
one can make the following observation: 1/2(OR)/ (1/\) = sin® or A = (2sinB)/OR. Or if
one substitutes OR = 1/d then one obtains Bragg's law with n = 1. What is significant
about this construction is that the chord OR is perpendicular to the reflecting plane and
when one defines its length to be the reciprocal of the distance between diffracting planes,
Bragg's law is obeyed. This establishes that whenever a reciprocal lattice point coincides
with a circle constructed as described, Bragg's law is satisfied and reflection occurs. Thus,
this construction directly connects the concept of the reciprocal lattice to diffraction.

Knowledge of the direction of the diffracted X-rays allows for the determination of
the dimensions of the unit cell, however, the direction of X-ray scattering does not reveal
the content of the unit cell, which is the information of interest. The molecular structure and
arrangement of the molecules in the cell determine the intensities of the diffracted beams
and thus, a relationship between the intensities and the structure must be determined.
Because X-rays are scattered exclusively by electrons, this relationship is actually between
the diffraction data and the electron density distribution within the unit cell. Each diffracted
X-ray that is recorded, because of its periodic nature, can be described by a Fourier series
(136-137). The Fourier series that describes a diffracted X-ray is called a structure factor
equation. The structure factor, F,,;» can be represented as a Fourier series in which each

term gives the contribution of each atom to the reflection hkl as:

N
F, =X f exp2rithx; +ky; +1z)

where f; is the scattering factor of the j atom and X;,y; and z; are the coordinates of each

j™ atom in the unit cell and hkl denotes the indices of each reflection in reciprocal space. In
this equation each atom is treated as a simple sphere of electron density. Alternatively, F,,

can be expressed as the sum of contributions from each volume element of electron density
in the unit cell as:

F, = I p(x,y,z)exp2mi(hx+ ky + 1z)
v
where V is the volume of the unit cell. These equations describe diffraction in terms of the
unit cell's electron density, however, the crystallographer initially is much more interested
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in the determination of p(x,y,z) rather than F,,. This is accomplished by Fourier
transformation as F,, | is the Fourier transform of p(x,y,z) and therefore:

p(x,y.z) =(1/V)X X X | F,, lexp(-2mi(hx + ky + 1z) + it )
h kil

where V, again, is the unit cell volume. This equation tells the crystallographer how to
calculate electron density, however, only the structure factor amplitudes,|F, |, of each
reflection can be experimentally obtained. The remaining variable in the above equation
that needs to be determined is o', or the phase of each reflection. Therefore, in order to
compute p(x,y,z), the phase of each reflection must somehow be determined. This is
known as the phase problem. In macromolecular crystallography, there are several ways in
which to determine phases. The two methods that were utilized in this thesis, multiple
isomorphous replacement (MIR) and molecular replacement (MR), are the most common.
These two techniques will be described in more detail in subsequent sections.

The determination of the structure of a macromolecule by X-ray crystallography
requires several steps:

I. Growth of data quality crystals.

IL. Determination of cell type/space group and unit cell dimensions.
II. Collection of three-dimensional intensity data.

IV. Determination of phases.

The first step in macromolecular structure determination, the growth of data quality
crystals, is the least understood step and is mainly a trial-and-error procedure (138). The
first parameter that should be checked before any crystallization attempts are made is the
purity of the macromolecule under study. Impurities may prevent crystallization or
preclude the growth of data quality crystals. Once the purity of the sample has been
established and it has been prepared at a sufficiently high concentration, the most common
approach to macromolecular crystallization is to bring the macromolecule solution,
gradually, to supersaturation, i.c., to force the macromolecule out of solution. The
strategies used to do this are to deprive the macromolecule of sufficient ions or water to
maintain hydration, to disrupt their hydration layers, or to exclude them from the bulk
solvent. These changes are brought about by the addition of certain precipitating reagents,
such as high salt or polyethylene glycol. An alternative approach is to decrease the
dielectric properties of the solution by the addition of organic solvents. The hope in all of
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these strategies is that a condition will be found which favors intermolecular interactions
leading to well-ordered crystals.

Several microtechniques have been developed for the crystallization of
macromolecules where an important consideration is often the small amounts of sample
usually available. However, all of these techniques depend on the same principles of
supersaturation. The most common microtechnique, which was utilized in the work
described in this thesis, is the hanging drop-vapor diffusion technique. This method,
which allows one to screen rapidly a large number of precipitants, is carried out by mixing
a small amount of macromolecule solution (2u1) with an equal volume of precipitant on a
siliconized cover slip, turning the cover slip over and sealin g the cover slip over a microtiter
dish that contains 1 ml of the precipitant. In this closed system, water is gradually
transferred through the vapor phase from the macromolecule "drop" to the more
concentrated precipitant in the reservoir until the two are in equilibrium.

The macromolecular crystallographer has not only to crystallize the
macromolecule, however, but also to grow crystals of substantial size. This is necessary
because the intensity of the X-ray diffraction of a given crystal is roughly proportional to a
crystal's volume. There are three general stages in obtaining large macromolecular
crystals. The first is the formation of stable nuclei, the second is the growth of the nuclei
to form mature crystals and the last is the termination of growth. An important
consideration is that the conditions which favor nucleation do not favor optimal growth.
Thus, to obtain large crystals, supersaturation must be reduced to the lowest level at which
nucleation can occur. Also, crystallization is a multiparameter problem such that several
parameters may be varied in searching for optimal crystallization conditions. The most
obvious parameters are protein concentration, the nature and concentration of the
precipitant, pH and temperature. An appropriate statistical design to approach this
multiparameter problem is the factorial or incomplete factorial method in which a table is
constructed with a number of values entered for each parameter (139). After conditions are
found which yield crystals, the conditions can then be optimized. Although such methods
may hasten the identification of favorable crystallization conditions, macromolecular
crystallization remains a mostly emprical procedure and, usually a large number of
conditions must be tried before any success is gained.

Once suitable crystals have been obtained, the next step is to obtain its cell
parameters. To do this the crystal is mounted in a glass capillary which is then sealed at
both ends with synthetic mother liquor (usually solution from the crystallization reservoir)
to keep the crystal hydrated. Macromolecular crystals are usually anywhere from 30% to
70% solvent so that if they are not kept wet, they will dehydrate and the lattice will be
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destroyed. The cell parameters of the crystals in this thesis were all determined by
precession photography. Precession photography utilizes a moving crystal-moving film
device that allows for the mapping of an undistorted record of a reciprocal lattice plane onto
film. The X-ray source which was used in this thesis for this initial characterization is a
sealed tube X-ray source.

X-rays in the useful range for crystallography are usually produced by bombarding
a metal target, typically copper, with electrons produced from a heated filament and
accelerated by an electric field. The collision of high energy electrons with an electron in a
low-lying orbital of the target causes the target electron to be displaced. An electron from a
higher orbital drops into the now vacant orbital and the excess energy is emitted as an X-

ray photon. In the case of copper, electrons from the K shell are displaced and replaced by
either an L shell (L -> K, K,,) or an M shell electron (M -> K, Kg). Typically the Kg

radiation is removed by a nickel filter, producing a near monochromatic K, radiation with

wavelength = 1.5418 A. There are three X-ray sources used in macromolecular
crystallography; sealed X-ray tubes, rotating anodes and particle accelerators. X-ray tubes
and rotating anodes are more common. Output from sealed tubes, however, is limited by
the amount of heat that can be dissipated by the circulating water used to cool the target.
Higher X-ray output is achieved by the rotating anode in which the target is a rapidly
rotating copper disk. This allows for much greater heat dissipation by spreading the
electron bombardment over a much larger area. As a result, rotating anodes are more than
10 times as powerful as fixed anode tubes. Particle accelerators do not use a copper target
to generate X-rays but instead utilize rapidly circulating electrons or positrons. Charged
particles, such as these, emit energy called synchrotron radiation when forced into curved
trajectories and in accelerators the energy is emitted as X-rays. These systems provide the
most powerful X-rays and allow for multiple wavelength selection.

In precession photography, the X-rays strike the crystal which has been mounted
on a goniometer. Beyond the crystal are an annular-screen holder and a film holder. The
machinery moves the crystal, screen and film in a precessing motion about the X-ray beam.
In order to obtain a picture of a reciprocal lattice plane, from which symmetry, unit cell
dimensions and the space group can be determined, the crystal must be aligned such that
one of the real space axes is parallel to the beam. In this orientation, a zero-level reciprocal
lattice plane will be tangent to the sphere of reflection at the origin. For example, in an
orthogonal system such as a PurR-hypoxanthine-purF operator crystal, when the ¢ axis
(hence also the c* axis in this system) is parallel to the beam, the hk0 plane is tangent to the
sphere of reflection at the origin. If the crystal is now precessed about an angle, |, and the

film precessed in the same manner, the zero-level reflections of the hk0 plane will be
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recorded onto the film. Because nets other than the zero-level net will pass through the
sphere of reflection, a screen is placed on the screen holder, in front of the film to prevent
recording these nets on film. If the crystal to film distance (CF) is accurately known, the
separation of the reflections on the film can be converted into the corresponding separations
in the reciprocal lattice by similar triangles as shown in Figure 15.

RF/CF = PO/CO

In this equation, the distance in reciprocal lattice units of reciprocal lattice point P from the
origin O is the ratio of the distance of corresponding reflection, R, from the film center, F,
to the crystal (CF) times the wavelength, (CO). This relationship can be utilized to obtain
the crystal's unit cell dimensions. The space group is determined by examining the
recorded reciprocal lattice plane and noting any symmetry and systematic absences. There
are 65 possible space groups for macromolecules with symmetry elements being limited to
2, 3, 4 and 6 fold axes along with screw axes and centering. Systematic absences are
indicative of screw axes and centering (130). For example, in the CBD P2, crystals, there
is a screw axis along b. This is indicated by the absence of reflections when k is odd in the
0kO reflections. This can be understood mathematically by considering the special form of
the structure factor equation for equivalent positions for the P2, case where x,y,z and

-X,y+1/2,-z are equal:

Fpy = fe2mi(x +ky +12) 4 fe-2mithx - ky - k/2 +12)
Fyyq = fe2miky[e2nitkx +12) 4 g-2mithx + Iz) o]

Thus, in case of 0k0 reflections:

FOkO = fe2niky( 1+ e"ik)
Foxo=2fe?mky  for k = 2n (even reflections)
Fyo=0 for k = 2n + 1 (odd reflections)

A final parameter that can be well estimated from the unit cell volume is the number
of molecules in the unit cell (Z). This estimation is made by a method proposed by Dr.
B.W. Matthews (140). He found that for most protein crystals, the ratio of the unit cell
volume to the protein molecular weight is between 1.7 and 3.5 A3 /Da. This number is
called V,,. This number helps determine how many molecules are contained within the
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asymmetric unit. Also, from the Vi the volume fraction of solvent in the unit cell can be

estimated as follows:

Virotein = (ZM, x specific volume of protein)/N/V. mlM,

= specific volume of protein in cm3/g/V,, in A3 /Da.N mol-1

where N is Avogadro's number. The specific volume of a protein molecule is
approximately 0.74 cm3/g and thus:

Vprotein =1.23/v m and Vsolvent = I=i{ .23V m)

Once the unit cell is characterized, an efficient data collection strategy can be
devised. The goal of data collection is a set of consistently measured, indexed intensities
for as many reflections as possible. After the data are collected they must be processed in a
procedure called data reduction which improves the consistency of the data and implements
certain corrections. This ultimately provides the structure factor amplitude for each
reflection.

Data collection for the projects described in this thesis were carried out on the
SDMS area detector using a RIGAKU RU200-H rotating anode generator operating at 40
kV and 150 mA. This system utilizes a four circle goniostat which is a system of movable
circles upon which the goniometer containing the crystal is placed. The goniostat allows
rotation of the goniometer (angle phi, ¢), movement of the goniometer around a circle
centered on the X-ray beam (angle chi, %) and rotation of the X circle around an axis
perpendicular to the beam (angle omega, ). The position of the detector with respect to
the beam is denoted by the angle 26. This arrangement of moveable angles allows the
crystal to be rotated to bring any reciprocal lattice plane that lies within the limiting sphere,
as determined by A, into the plane of the detector and into contact with the sphere of
reflection. The position of the detectors determines the maximum resolution that can be
obtained. During data collection the detector is locked into place and only the crystal
orientation is changed by stepped rotation about the @ axis. The design of the SDMS area
detector is based on a gas-filled ionization chamber with two cathodes and an anode. The
cathodes and anode consist of parallel wires which act as position sensitive detectors of X-
ray ionization (141).

Before data collection can begin an orientation matrix must be determined for each
crystal. This is obtained by locating and correctly indexing a small group of reflections in
reciprocal space. To do this, the crystal cell parameters are also needed. The alignment
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angles, which are determined, define a preliminary matrix from which the angular settings
of other reflections can be calculated. After final refinement of the alignment angles and
machine parameters, which is carried out by the SDMS software (142), data collection can
begin.

The intensity data collected are converted into structure factor amplitudes, IF; J,
through data reduction. The relationship between IF4sl and the collected intensity depends

on certain geometric factors and the data collection apparatus used as follows:
|Fpial = (KIpy/Lp)1/2

Where p is the polarization factor, L is the Lorentz factor and K is normally a constant for a
given set of measurements. The polarization term, P, is equal to (1 + cos220/2) and is a
function of 20 and arises because of the nature of the X-ray beam and the manner in which
its reflection efficiency varies with reflection angle. The Lorentz factor, L, accounts for the
rate at which a reflection passes through Ewald's sphere. This correction is large for
reflections which are near the rotation axis and remain in diffracting condition for longer
periods of time.

Once the data are processed by the SDMS software, the overall error can be
estimated by comparing symmetry related reflections, which would ideally be identical.
Thus, for n independent reflections and i observations of a given reflection:

Reym(D = hiz IL(hkI) - I(hkI)|

£5 L(hki)
hkli

where I(hkl) is the average intensity of the reflection, hkl.

Once reflection amplitudes have been determined, what remains to be established
are the phases for each reflection. The two major methods used in the determination of
phases in macromolecular X-ray crystallography are multiple isomorphous replacement
(MIR) and molecular replacement (MR). Both methods utilize a Fourier series called the
Patterson function, P(u,v,w). The Patterson function is useful at this point because it is
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phase independent. Each term in the Patterson function contains the square of the structure
factor amplitude and is thus, proportional to each measured intensity. The general form of
the Patterson function is as follows:

P(u,v,w) = 1/VZZX IF,, 2lexp-2ri(hu + kv + lw)
hkl

Unlike a contour map of the electron density, p(x,y,z), which displays areas of high
electron density, a Patterson map displays peaks corresponding to vectors between atoms.
The methods of MIR and MR utilize different forms of the Patterson funtion.

Of the two methods, MR is generally the most rapid. In this method, molecular
coordinates presumed to be identical or nearly identical to the unknown structure are
required. These coordinates constitute a probe model or search model. A rough rule of
thumb that has been suggested is that the sequence of the probe model and the sequence of
the unknown should be at least 50% identical for this technique to be straightforward
(132).

A significant problem can result using probes with low homology and
corresponding low structural homology because if a solution is obtained, the phases will be
poor estimates of the true phases. Because the new structure is highly biased towards the
probe structure it may be difficult to correct such a structure. This problem is made clear
by considering that what one is essentially doing in MR is "plugging in" the probe model
phases with the native structure factor amplitudes as follows:

p(x.y,z) = I/VIXZIF,,  lexp(-2mi(hx +ky +lz) + ict, modl)

Indeed, it has been shown that phases are much more critical in the determination
of p(x,y,z) as incorrect structure factor amplitudes combined with correct phases may lead
to an interpretable map, whereas the correct structure factor amplitudes combined with
incorrect phases leads to an uninterpretable map (143). Another caution in using MR,
which is underscored in this thesis, is that even a probe model which is identical, i.e., the
same protein, may not work in MR if it is in a significantly different conformation, for
example the open versus the closed form of the CBD of PurR. Judicious breaking of the
probe model into smaller rigid pieces or subdomains can be helpful in such cases.

Besides a probe model, the only other requirement for structure determination by
MR is a native data set containing reliable data in the 10 A to 3 A range. The general idea
behind MR is to fit the probe structure into the unit cell of the unknown by carrying out two
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three-dimensional searches, in which the first search is to find the three rotation angles, o,
B and v, and the second to determine the three x, ¥y, Z translation components. The rotation
angles are determined first by the rotation function, R(c, B, ¥). Although there are several
specific methods that have been formulated to determine R, all originate from the Patterson
function. In the determination of the rotation function one is looking at the angular
relationship between the probe model and the unknown. Therefore, what is compared are
the Patterson vectors which are found close to the origin and which lie within a radius equal
to the dimensions of the probe model. These vectors are called the self-Patterson vectors
and they correspond to intramolecular vectors or vectors between atoms within a molecule.
The basis of the rotation function is that if the self-Patterson of the probe is rotated onto the
self-Patterson of the unknown, maximum overlap will occur when they are superimposed.
The rotation function, R, may therefore, be defined as (144):

R(e, B, ) = | Pu)P,(u,)8u
U

U is the volume in the Patterson map in which the self vectors are found, P(u) is the self-
Patterson of the unrotated unknown molecule (u represents u,v,w) and P (u,) is the rotated
self-Patterson of the probe. P(u) and P,(u,) can be expanded as follows:

P(u) = 1/VE[F(h)2exp(-2nihu)
h
P(u,) = 1/VE[F(h")2exp(-2nih'u,)

hI

where h or h' is used to represent a given reflection, hkl. Applying a rotation, represented
by matrix [C] to Patterson positions u, (u,v,w), results in u,, that is u, = [C]u, therefore :

P (u,) = 1/VZ|F(h")2exp(-2rih'[C]u)
h'

Because h'[C] = [C-1] h':

P,(u,) = 1/VE|F(h")2exp(-2mi[C-1] h'u)

59



h'

P(u) and P,(u,) can now be superimposed and for every position, u, within U, P(u)P,(u,)
can be calculated to obtain R(a, B, 7) :

R(a, B, ¥) = 1/VZZI|F(h)I2[F(h")2[exp(-2xi[h + [C1] h']u)du
hh' U

The integral in the above expression may be simplified by making the assumption that
U(p(x, y, z) = p) inside the body of U and U(p(x,y,z) = 0) outside, where U is at the
origin of the unit cell. The expression for R can then be simplified to:

R(a, B, v) = U/V3ZZIF(h)2[F(h")2G[-(h +[C-1] h")]
hh'

where

G = 3(sin2n[(h +[C-1] h")r] - 2x[(h +[C-1] h"r]cos2n[(h +[C-1] h")r])

@x[(h +[C-1] h")r])3

and r is the probe molecular radius. This interference function, G, has a maximum value
when [C-1] h' = -h which limits the number of terms that need to be calculated.

Several conventions for the rotation angle directions, names, signs and origins
exist. However, the usual system utilizes the Eulerian angles o, B and y. As shown in
Figure 16, in this system a rotation by the angle o around the z orthogonal axis is followed
by a rotation around the new x axis by the angle B and finally, a rotation by y about the new
z axis. This describes the rotation function as implemented by Rossmann and Blow. One
problem with this method of rotation is that for steps of a given angular increment, the
fineness of the search is not constant. For example, when B =0 or B = 180°, the search
consists of a closely packed set of orientations around o (or Y), but when B = 90°, the
difference in the orientation corresponding to each angular setting increases. Lattman
modified the Rossmann and Blow method to "fix" this problem by defining the "distance"

between two orientations and redefining the an gular motions to ensure uniform sampling
(145). In this method the Eulerian angles are redefined as 0+, 62 and 0- where:



O+=a+v,02=Band 6-=c -7

The major problem with this method and the Rossmann and Blow method is the lengthy
computational time. In 1971 Crowther outlined a new approach that is still based on the
Patterson function however, in this method the Patterson functions are expanded as
spherical harmonics, which casts the rotation function in the more amenable form of a
spherical function (146). This function, which has been called the Crowther fast rotation
function, is up to 100 times faster than the Lattman function and can be expressed as:

R(Q) = Z ¢ppyD, 1 (Q)
oo

Where ¢y, refers to the Patterson coefficients. Dy,n! are the coefficients which contain
the rotational aspect of the problem and refer to rotations of spherical harmonics.
Calculation of the fast rotation function results in values for o and v for each B. A best
strategy in the calculation of the rotation function is to first obtain a rough set of values for
the rotation angles using the Crowther fast function and then carry out a fine search around
the main peaks using the Lattman function. This is the strategy that was employed in the
MR determinations in this thesis.

After the probe has been correctly oriented using the rotation function, the
translation function is employed. There are several different methods that have been
developed to determine the translation function. The most straightforward method, again,
involves Patterson functions. Specifically, cross-Patterson vectors, which are
intermolecular vectors or vectors between two different molecules, are used. A translation
function is calculated that gives the correlation between a set of model cross-Patterson
vectors and the observed Patterson function (147). The cross-Patterson vectors are derived
from vectors between atoms from two molecules related by a crystallographic operation.
The final form of the translation function is a Fourier summation given as:

T(t) = ZIF 44 (h)12 F,, (h)F,, *(h[Cl)exp(-2ri[ht])
h

Where t is the intermolecular vector, h, again, represents hkl reflections, [Fops ()l is the
observed structure factor amplitude, F,,(h) is the calculated structure factor from the model
and [C] is a crystallographic rotation. The goal is to determine the value of ¢ which gives
the maximum overlap in the function.
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Another method used for the determination of the translation function is the
calculation of the R-factor, or correlation coefficient, as a function of the molecular postion
(148). In this, basically trial-and-error procedure, the probe is moved through the
asymmetric unit and the corresponding structure factor amplitudes are calculated and
compared with the observed structure factor amplitudes in the following manner:

R=XIF,!-kIF,,l
hkl-

2 IF

bkl

obs

where k is a scale factor for intensities.

Another translation method is the packing function (148). This function attempts
to determine allowed positions of the oriented molecule in the unknown cell by identifying
translations that result in a minimum of intermolecular penetration. The basic idea is to
translate systematically the oriented molecule throughout the unknown cell and calculate the
number of close intermolecular contacts at each step. The utility of this function is that it
delimits regions of space that the probe model can occupy, on the basis of the packing
considerations of the given cell type. Thus, this method complements nicely other
techniques, such as the R-factor correlation and the cross-Patterson translation function, in
that it can be used to confirm a result obtained from one of these methods.

Once solutions for the rotation and translation functions have been obtained, they
are applied to the probe model, producing a starting model. In this starting model, usually
the relative positions of the atoms are quite good, however, their absolute positions (within
the unit cell) will still be in error by a great deal. This occurs because the rotation and
translation functions may have been in error by several degrees and, perhaps, an angstrom,
respectively. Therefore, the first step in the refinement of a new model derived from MR
should be rigid body refinement. In this technique the model is moved as a single rigid unit
in order to optimize its placement within the unit cell. Refinement will be described in
greater detail at the end of this section.

The technique utilized most often in the structure determination of a new
macromolecule is multiple isomorphous replacement (MIR). The basis for this technique is
that the incorporation of a few heavy atoms into the crystal leads to measureable intensity
differences, which can then be used to obtain initial phase information. The requirement
that the crystal remains isomorphous, meaning that there are no substantial changes in the
underlying protein structure upon heavy atom incorporation, is critical.
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MIR requires the following steps:

1. The preparation of several isomorphous heavy atom derivatives (at least two are
required).

2. The collection of X-ray intensity data for the derivative crystals as well as the native
crystal.

3. The determination of heavy atom positions through difference Patterson functions.

4. Refinement of heavy atom parameters and calculation of protein phase an gles.

5. Calculation of electron density map.

The first step, the preparation of heavy atom derivatives, is basically empirical.
Dozens of heavy atom reagents can be tried. Some indication of whether a given reagent
may be successful can be gained by knowledge of whether heavy atom reactive residues,
such as cysteines and methionine, are present in the protein which has been crystallized.
Crystals of protein-DNA complexes present a potential advantage in this method as
iodinated or brominated oligonucleotides may be substituted for the original
oligonucleotide. If isomorphous crystals can be grown with these substituted
oligonucleotides, not only does one have a heavy atom derivative of known occupancy but,
because the location of the substitution will be known, the initial chain tracing of the DNA
is aided substantially. In protein crystals, however, this is not an option and heavy atom
preparation involves soaking the protein crystal in a solution of the heavy atom reagent and
then looking for intensity differences, initially by comparing a "derivative" precession
photograph with a native precession photograph taken of the same reciprocal lattice zone.
When the soaking method is used, variable soaking times and heavy atom reagent
concentrations are tried in order to optimize the derivatization.

Once a potential derivative has been identified by precession photography,
intensity data can be collected. The data sets obtained from potential heavy atom
derivatives must be carefully scaled to the native data set. In the work in this thesis, the
program Loscale was used for this purpose. The potential usefulness of a heavy atom
derivative can be estimated by calculating the derivative R-factor (Isomorphous R):

R geriy = Z Fpgy(hkD)! - IE,(hkD)II/EIFp(hkI)
hkl hkl

where Fpy; represents the derivative structure factor amplitude and Fp, the native structure
factor amplitude. Successful derivatives generally have Ry, in the range from 0.1 to
0.25. Once the derivative intensity data are scaled to the native intensity data, difference
Patterson maps may be calculated by:
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P(u,v,w) = 1/VZ(IlFpyl - | Fpll)2cos(2n(hu + kv + 1w))
hkl

Because the diffraction contributions of all the electrons to a reflection are additive, the
difference in amplitudes, [Fpyl - | Fpl, represents the contribution of the heavy atom alone.
Therefore, the difference Patterson map is simplified to vectors between heavy atoms.

Once one derivative has been located from difference Pattersons, it is necessary to
place all subsequent derivatives on the same origin. This can be accomplished by utilizing
phases based on the first derivative, as will be described, and calculating a cross Fourier,
which is one form of a difference Fourier, using:

P(x.y,2) = I/VE(IFpyey - | Fplexp(-2mi(hx + ky + 1z) + ictp(h))
h

In the above equation, [Fpy,l are structure factor amplitudes for the second derivative and
op(h) represents phases calculated from data based on the first derivative. After the
positions of the heavy atom derivatives have all been located and placed on the same origin,
the x, y, z coordinates and occupancy parameters of each are refined. Refinement by
correlation of origin-removed Pattersons is one method of heavy atom refinement that is
implemented in the program, Heavy, which was utilized in this thesis in the initial
refinement. After heavy atom refinement has converged, phases can be calculated because,
at this point, in addition to knowing the structure factor amplitudes for the derivative, |Fpy
|, and protein , IFpl, the heavy atom structure factors, Fy, can be calculated with:

n
Fy = Zfexp(-2nithx; + ky; + 1z))
j=1

Where f; is the scattering factor for each heavy atom and the sum is taken for each heavy
atom of a given type within the unit cell. With this information the protein phases can be
obtained from the Harker construction as represented in Figure 17B (129). The principle
of the Harker construction is as follows: First draw a circle with radius [Fpl. From the
center of this circle draw vector -Fy, which as a vector has both length and direction.
Next, draw a second circle of radius [Fpy | with its center at the end of -Fy. The
intersection of the two circles corresponds to two equally probable phase angles because
for both phase angles a triangle of Fpyy = Fp + Fy closes exactly. Because of this ambiguity
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of two equally probable phases for acentric relections, a second derivative is required to
resolve which phase angle is correct.

In the determination of phases, the treatment of errors is critical as, in practice,
large errors arise from the inherent inaccuracies in intensity measurements and the lack of
perfect isomorphism. As a result, the the circles in the Harker construction for several
derivatives do not normally intersect at clear points. The calculation of errors can be used
to further refine heavy atom parameters and, ultimately, they are essential in calculating a
weighting function that weights individual phases according to the probability that they are
correct. The method that is used to minimize the errors resulting from inaccurate intensities
and lack of perfect isomorphism, is called the "lack of closure" method (149). This method
requires preliminary phase values. With these values the vector triangle Fpy =Fp + Fy can
be drawn. Generally it is found that IFpg | ;. will be either too short or too long to reach
Fy given the inital phase (Fig 17A). This difference constitutes the "lack of closure error”,
€. The goal of the refinement is to minimize this error. For each reflection, IFpy leale i8

obtained from the cosine rule as follows:
IFpy lcatc = { [Fpl? + [Fyl2 +2IFplIFyl cos(oyy-oip) } 112
For a given heavy atom derivative, j, €; is defined as:
& = {kj(IFpy lobs )j - (Fpy learo);)
Where k; is a scaling factor. The actual function which is minimized is:

E_] = thklej (hkl)2
hki

Where my is the weighting function mentioned previously and is called the figure of
merit. The values which are optimized in this minimization are the heavy atom coordinates
and occupancy. These values determine the length and direction of Fy and therefore, its
endpoint. Thus, this represents a further refinement of the heavy atom parameters. After a
few cycles of such a refinement scheme, new and improved phase angles can be
determined by the Harker construction.

As noted, phase angles must be determined for all the reflections. For phase
angles in which g; is small, there is a higher probability that the phase is correct. A
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Gaussian distribution is assumed for g; and for every reflection of each derivative as

follows:
P(a) = P(¢) = Nexp[-€2(o)/2E2]

Where N is a normalization factor originating from the fact that each phase is between 0 and
2x. Given a single heavy atom derivative P(o) can be calculated as a function of . The
result is a curve with two equally high peaks, as expected using a single derivative. The
total probability of each reflection can be obtained by multiplying separate derivative
probabilities, indicated by j, as follows:

P(0) = IT P(0:) = N'exp[-Ze (00)/2E2]
=1 j

Therefore, electron density calculated with the phase angles au(hkl) is equal to Pyg(o).
However, this map is not necessarily the best map, which would be defined as the map
with the minimum mean square error due to errors in the phase angle. The reason is that
the function Py (ar) does not always have a single maximum. The best estimate of the
structure factor, Fy(best) is given by the least squares criterion:

Q = J[Pyy(0)|Eyglexpliod - Fyy (best) 125

o

in which Q should be a minimum or 8Q/8 Fria(best) = 0. Taking this partial derivative

results in:

Fyyq(best) = [[Pyyq(er) Byyglexplia]180 = [Fyyylm

o

where

m = [Py (e)explia]]dor 0 < Iml < 1
o
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This indicates that the best value of Fix can be obtained by taking the weighted average
over the possible range of Fys. Fyy(best) points to the center of gravity of the probability
distribution and can be calculated as follows:

Fjq(best) = [Fplmexplic(best)]

where m = [Fy(best)l/IF; | and is called the figure of merit. This is the weighting
function mentioned previously. It can be shown that the figure of merit is the weighted
mean of the cosine of error in the phase angle and thus, a figure of merit of 1 indicates 0
error in a given phase angle.

With F,(best) calculated, an initial electron density map can be calculated. The
next step is the interpretation of this map or “tracing the chain". This is usually carried out
using an interactive computer graphics program such as FRODO (150). If a major part of
the macromolecule can be identified and built into the density, refinement of the structure
can proceed. Often, however, an initial MIR map is of insufficient quality to allow for
unambiguous chain tracing. In such cases, phase improvement is often necessary. There
are several methods to improve phases, including solvent flattening, averaging and
histogram matching. The method which was instrumental in the structure determination of
the PurR-hypoxanthine-purF operator complex was solvent flattening. This method is a
fairly simple one that takes advantage of the large amount of solvent in macromolecular
crystals. However, in order for this method to be utilized, the solvent fraction of the given
crystal must be determined either by calculation, using Vy, or, more accurately by crystal
density measurements with xylene/carbon tetrachloride solutions or Ficoll. The general
principle behind this method is that the electron density in the solvent region in
macromolecular crystals generally has a very low and constant value due to its dynamic
nature.

The procedure followed in solvent flattening (151) is to first calculate an electron
density map and set all nonpositive values to zero. After Fourier transformation, the
modified coefficients are used to calculate a new map in a back transform. If the solvent
fraction is known, a level of density in the map can be chosen so that a certain percentage
of density points are below it. This serves to define the molecular envelope. After the
density points in the solvent region are set to zero and the map is transformed, new
coefficients are once again calculated. The process continues until convergence is reached.

Another method to improve phases, also used in this thesis, is phase combination.
This method is applicable when a partial model has been obtained, usually by MIR. To
help locate the remaining structural elements, the phase information from the known part of
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the model (partial model) can be combined with the MIR phases. To do this, a general and
convenient way of combining phases would be useful. Such a method was proposed by
Hendrickson and Lattman (152) in the form of:

P (o) = Niexp[k, + A,cosx + Bsina, + C,cos200 + Dgsin2a ]

Where N; is a constant, Py(x) is the probability for phase angle o from source s, k, and the
coefficients A, By, C; and Dy, contain structure factor amplitudes but not phase angles.
The calculation of the overall probability, Py(o), including information from MIR and the
partial model, is now much simplified to an addition of all k, and the coefficients A, B,,
C; and D, by:

P(a) =TTP (cx) =N'exp[Zk + (ZA,)coso+ (ZBy)sina + (ZC)cos2a +
E3 s 5

-3 s

(ZD,)sin20 ]
s

If phase improvement is successful, the result is a "new" initial model which
contains most or all of the structural elements. Such an initial model, however, ususally
represents a poor model in terms of its fit to the data. Although not as extreme, this is also
true for models generated by MR. The "fit" of the model to the data is described in terms
of the agreement index (R-factor) between the calculated and observed structure factors as;

R = ZlF gyl - I I/EIE,, | x 100
hkl hkl

An R-factor of 59% would result for a random acentric structure. However, it is not
uncommon for a starting MIR model to have an R-factor of 50% and still be correct in
terms of the fold. In this case, it is generally the exact placement of the atoms which are in
erTor.

Refinement is the last step in structure determination, whereby the model is
adjusted to maximize its agreement with the data. The refinement strategy will depend on
the errors in the model, which ultimately depends on how the model was obtained. As
noted, when a structure is determined by MR, the relative atomic positions are good but
their absolute positions may be in error by a great deal. The refinement strategy followed
in such a case is to begin with a few cycles of rigid body refinement in which the molecule
is rotated and translated as a single unit. This may necessitate breaking the molecule into
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subdomains after the whole molecule has been optimumly positioned. Rigid body
refinement is usually carried out with fairly low resolution data, for example 10 A to 3 A.
This is because the maximization is for the overall molecule, which depends on gross
secondary and tertiary and possibly, quaternary structural features. These features are best
reflected in data from this range. Once convergence is reached with rigid body refinement,
positional or x, y, z and temperature factor or B refinement, can begin. Also, the data may,
at this point, be extended to the resolution limit.

A model resulting from MIR, unlike one generated with MR, will not require
rotational or translational adjustments, but will have many misplaced atoms. To fix such
errors, large shifts in atomic position will be required. The best initial range of data to use
in this case is, again, low resolution data. A good starting strategy is to do a round of
loosening and then tightening of the geometry which will allow the atoms to find their
preferred positions. This usually leads to large improvements in the R-factor, which can
serve as a guide as to how the refinement is proceeding. Once the R-factor has converged,
a new electron density map is calculated and another attempt is made to fix the model in real
space via interactive computing. This is an iterative process and the data are added
gradually until the resolution limit is reached.

The refinement techniques in macromolecular crystallography are based on the
principle of least squares. Least squares is an iterative process by which the observations
have fixed values and certain parameters are varied so that the calculated values approach
the observations as closely as possible. Usually many cycles are needed before refinement
converges to the final parameter set. The range of convergence is the maximum distance
for the atoms to move to their final positions and thus, if they are too far away, there is a
good chance that they may become trapped in a local minimum that is not the true
minimum. The theoretically derived radius of convergence is dpin/4 where d_;, is the
lattice plane spacing of the reflection of highest resolution used in refinement. Therefore,
inclusion of data from higher resolution, although providing more information, decreases
the radius of convergence which is why the initial refinement of an MIR model should start
with moderate resolution data.

In practice, refinement is carried out in cycles in which real space intervention is
carried out to fix the model followed by reciprocal space refinement. The name reciprocal
space is given to such techniques because they attempt to maximize the agreement between
the data and the model in the terms of structure factor amplitudes and not electron density.

Reciprocal space is where the least squares fitting takes place and the function minimized is:
Q = Zw(hkD)(IF 4l - IF ;.12
hkl

69



where w(hkl) is the weighting factor, usually 1/62, where © is the standard deviation from
multiple measurements of IF;|. Taking the partial derivatives of the right side of the
above equation with respect to each of the variables and settin g them equal to zero results in
a set of normal equations summarized in matrix form by [A] x [€] = [b]. [A] is the element
varied, [b] is the known gradient vector and [g] is the unknown vector containing parameter
shifts necessary for minimization. The shifts can be determined by [€] =[A-1] x [b]. The
parameters of IF,.| which are varied can be noted by expanding IF il as follows:

Fcalc = GanfJexp2nl(hxj + ky_] + IZJ) X exp-[BJ(Sine)/)L)Z]

Here G is a scale factor used to place all F,,;.s on a common numerical scale, n; is the
occupancy of atom j, fjis its scattering factor, X;, y;and lz; are its coordinates and B; is the
temperature factor of the jth atom.

To obtain a higher ratio of observations to unknown parameters, additional
"observations" are incorporated into the refinement process. In the TNT refinement
program (153), several stereochemical terms are added to the crystallographic terms. These
restraints are derived from stereochemical data from very high resolution (therefore
accurate), small molecule structures and can be included with the crystallographic terms as

follows:
Q=Zw(hkl)[IF |- IF, ;. |)? (1)
hkl
4 EWDG)(djideal_djmodel)Z (2)
dist j

+ X ZWP(i,k)(merk-dk)Z (3)
plancs k coplanarity,i

+ Zwe(l) (VlideaLVImodel)z 4)
chiral conters, 1

18 EWN(m)(dmmin_dmmodel)4 (5)

nonbond. contacts, m

+ ZWT(I)(Xtideal_Xtmodely (6)

torsion angles,t
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Term (1) is the crystallographic term and the remaining terms are stereochemical restraints.
By using restraints these terms are allowed to vary somewhat around standard values.
Term (2) restrains the distance between atoms, defining bond lengths, bond angles and
dihedral angles. Term (3) imposes the planarity of aromatic rings. Term (4) restrains the
configuration to the correct enantiomer. Term (5) introduces restraints for nonbonded or
van der Waals contacts, preventing close approach of atoms not connected by chemical
bond. Finally, term (6) restrains torsion angles.

The last stages of refinement consist of alternating cycles of computed reciprocal
space refinement and map fitting. At this stage, the model may be checked by omit maps,
in which aregion of the model is omitted from the refinement, several rounds of refinement
carried out and a new map calculated based on the refined structure with the omitted
regions. This removes bias from this region as it no longer contributes to the phases which
are calculated. Omit maps were calculated for all structures described in this thesis to check
their accuracy. In the final stages of refinement, ordered water molecules may also be
located and added to the model.
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Figure 1. Alignment of the proteins of the Lacl family and the D-ribose
binding protein. Pairwise comparisons made with Gap and Bestfit programs in Release
6.2 of the Genetics Computer Group Sequence Analysis Software Package, BLAST and
the Fasta program were used to construct this multiple alignment with the
SequenceEditingAligner. The proteins shown are the Galactose repressor, GalR; Galactose
isorepressor, GalS; Lactose repressor from E. coli, Lacl; Lactose repressor from K.
pneumoniae, Lacl K.p.; Amylase repressor from B. subtilis, CcpA B.s.; Cytidine
repressor, CytR; evolved B-galactosidase repressor, EbgR; divergent endoglucanase
reading frame from B. polymyxa, EndR B.p.; Fructose repressor from E. coli, FruR;
Fructose repressor from S. typhimurium, FruR S.t.; Maltose repressor, Mall; Purine
repressor, PurR; Raffinose repressor, RafR; Ribitol repressor from K. aerogenes, RbtR
K.a.; Sucrose repressor from K. aerogenes, ScIR K.a.; Sucrose repressor from §.
typhimurium, SciR S.t.; Sucrose repressor fragment from V. alginolyticus, SctR V.a.;
Opine utilization repressor from A. rhizogenes, OpnR A.r.; potential Amylase repressor
from S. violaceus (identified as opening reading frame), B77 S.v.; D-ribose binding
protein from E. coli, RbsB; and the D-ribose binding protein from S. ryphimurium, RbsB
S.z. The signal sequence of the D-ribose binding proteins is not included in the figure.
The purported helix-turn-helix DNA binding region and the amino acids believed to be
involved in inducer binding (I; shaded), dimerization (D; open box) and the tetramerization
(T; cross-hatched) of Lacl are indicated above the corresponding regions. Residues
highlighted in green; Ser, Thr, Pro, Ala, Gly: yellow; Met, 1le, Leu, Val: light blue; Asn,
Asp, Glu, Gln: red; Cys, His, Arg, Lys: orange; Phe, Tyr, Trp. Highly conserved
residues are indicated in the same color by a box. Reproduced, with permission from
Weickert, M.J. and Adhya, S. (1992). J. Biol. Chem. 267, 15869-15874.
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Figure 2. Outline of the de novo purine biosynthetic pathway. Given are the

common substrate abbreviations and E. coli gene designations and map positions (in
minutes) for the genes encoding the de novo purine biosynthetic enzymes.



PRPP AMP GMP

1 T 12 T 14
PRA SAMP XMP
12 11 13
GAR IMP
l3 T 10
FGAR FAICAR
d 4 To
FGAM AICAR
ds Ts
AIR — CAIR — SAICAR
6 7
E. colii Map
1. glutamine PRPP amidotransferase purF 50.0 PRPP, 5'-phosphorobosyl-
pyrophosphate
2. GAR synthetase purD 90.3 PRA, 5'-phosphoribosylamine
3. GAR transformylase purN 53.5 GAR, 5'-phosphoribosyl
glycinamide
4. FGAM synthetase purL 552 FGAR, 5'-phosphoribosyl-
N-formylglycinamide
5. AIR synthetase purM 535 FGAM, 5'-phosphoribosyl-
N- formylglycinamidine
6. AIR carboxylase pwEK 122 AIR, 5'-phosphoribosyl-
aminoimidazole
7. SAICAR synthetase purC 533 CAIR,5'phopshoribosyl-
aminoimidazole carboxylate
8. adenylosuccinate lyase purB 25.2 SAICAR,5'phosphoribosyl-
(4(N-succin-ocarboxamide)-5-
aminoimidazole
9. AICAR transformylase purH 90.3 SAICAR
10. IMP cyclohydrolase purH 90.3 AICAR, 5'-phosphoribosyl-4-
carboxamide-5-aminoimidazole
11. adenylosuccinate synthetase purA 95.0 FAICAR, 5'-phosphoribosyl-4-
carboxamide-5-formyl-
aminoimidazole
12. adenylosuccinate lyase purB 25.2 IMP, inosine monophosphate
13. IMP dehydrogenase guaB 54.0 SAMP, adenylosuccinate
14. GMP synthetase guaA 54.0 XMP, xanthosine

monophosphate



Figure 3. Schematic diagram of the PurR regulated pur regulon. The PurR
regulatory circuit involves genes encoding enzymes for de novo purine biosynthesis, de
novo pyrimidine biosynthesis, pyrimidine salvage, the production of one carbon units
(8lyA encoding serine hydroxymethyltransferase), polyamine synthesis (speA encoding
arginine decarboxylase), PRPP synthesis (prsA encoding PRPP synthetase). PurR is also
autoregulated.
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Figure 4. Examples of helix-turn-helix (HTH) DNA binding proteins. Each
protein is represented as a ribbon diagram and the DNA is shown in white sticks. Each
HTH element is colored blue and the N and C termini are labelled. A) The dimeric DNA
binding domain of the A repressor-DNA complex. B) The dimeric CAP DNA complex. C)
The POU domain of Oct-1 bound to DNA. The N-terminal POU-specific domain and the
COOH-terminal POU homeodomain are distinguished by labels.
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Figure 5. Stereo diagram of a canonical helix-turn-helix (HTH) motif. The
positions subject to stereochemical constraints are shaded and numbered. The first helix of
the HTH element is labelled "Helix 1" and the second helix, the recognition helix, is
labelled "Helix 2". The HTH from the PurR-hypoxanthine-DNA complex was used to
generate the figure.
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Figure 6. A repressor DNA contacts. The HTH is colored blue as in Figure 4.

Contacts critical for DNA binding specificity are shown in stick form. Important hydrogen
bonds are also shown.
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Figure 7. Schematic drawings illustrating the known subclasses of
structural winged-helix DNA-binding domains. o-helices are represented by
elongated ellipses and labelled H and B-strands by rectangles and labelled S. The
recognition helices are hatched. The first subfamily, which includes CAP and HNF-3/fork
head, contains a H1-$1-S2-H2-T-H3-$3-W1-34-W2 topology. The second subfamily
contains a H1-S1-H2-T-H3-S2-W1-S3-W2 topology. MuA represents a divergent
winged-helix with the topology S1-H1-T-H2-S2-W1-83-H3.
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Figure 8. Examples of zinc domain DNA binding proteins. The zinc containing
DNA binding domains of each are represented by ribbon diagrams and colored green. The
zinc atoms are represented as balls and colored yellow and the DNA is represented as white
sticks. The N and C termini are labelled. A) Zif268 bound to DNA. Each of the three
fingers are labelled. B) Glucocortocoid bound to DNA. C) GALA4 bound to DNA. D)
Zinc finger of the HIV (human immunodeficiency virus) nucleocapsid protein, Zn(HIV-F1)
bound to DNA. E.) GATA-1 bound to DNA.
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Figure 9. Zif268 DNA contacts. The protein is colored as in Figure 7. Residues
making contacts from each finger are colored yellow. The conserved Arg, which is located
one residue NH,-terminal to the helix, and contacts guanine in each case, is indicated by an
asterisk. The 5" and 3' ends of the DNA and the N and C termini of the protein are labelled,
underscoring the opposite polarity of binding in which the protein binds from N to C
termini in the 3' to 5' direction.
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107
Figure 10. Examples of b/ZIP and b/HLH DNA binding domains. The
proteins are shown as ribbon diagrams and are colored blue-green. The DNA is
represented as white sticks. The N and C termini are labelled. A) the dimeric b/ZIP region
of GCN4 bound to an AP-1 site. B) the dimeric b/HLH of MyoD bound to DNA.
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Figure 11. b/ZIP and b/HLH contacts compared. A) Looking down the basic
region helix of one GCN4 dimer bound to the asymmetric AP-1 site. Hydrogen bonds are
provided by Asn235, which is conserved in nearly all b/ZIP proteins. Hydrophobic
contacts are provided by Ala238, Ala239 and Ser242. Arg232 makes key phosphate
contacts. Asymmetric contacts between the monomers are made by Arg243. In this half-
site, Arg243 contacts the phosphate backbone. In the other half-site (not shown) Arg243
contacts a guanine. B) Looking down the basic region helix of one MyoD monomer.
Glul1s, like the Asn of the b/ZIP proteins, is highly conserved among the b/HLH and
b/HLH/ZIP proteins and makes important hydrogen bonds to the DNA. The Glu side
chain also makes key van der Waals interactions with thymine methyl groups. Argl2l
contacts the phopshate backbone and forms a salt bridge with Glul18, stabilizing its
interactions with DNA bases. Thr115 makes van der Waals contact to a thymine and
Argl11 contacts a guanine. The conformation of this arginine appears to differ between the
b/HLH proteins solved thus far.

109



110




Figure 12. Examples of B-sheet DNA binding proteins. The proteins are
represented as ribbons, the DNA by white sticks. The NH,- and COOH-termini of one
monomer subunit is, in each case, labelled. Colors used to represent monomers are red,
purple, green and blue. A) Dimer of MetJ bound to DNA. The other crystallographically
related dimer, not shown, combines with the dimer shown to bind DNA as a tetramer with
each dimer making identical contacts, as implied by the crystallographic symmetry. B) The
crystallographic tetramer of Arc bound to DNA. Each dimer in Arc makes different contacts
to each DNA half-site.
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Figure 13. Schematic diagram comparing MetJ and Arc DNA contacts.
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Figure 14. A) Bragg's law. B) Ewald's sphere.
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Figure 15. Reciprocal lattice separations by similar triangles.
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Figure 16. Eulerian angles «, B, ¥ used in the rotation function to relate the
rotated axes X,', X', X;3' to the original unrotated angles, X;, X,, X;.
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121
Figure 17A) Diagram showing the vector nature of Fy , Fpy and Fp and the
lack of closure error. 17B) Harker construction showing resulting phase
ambiguity from SIR (Single Isomorphous Replacement) and its resolution
by MIR (Multiple Isomorphous Replacement).
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ABSTRACT

The purine repressor, PurR is a member of a superfamily of E. coli DNA-binding
proteins, including Lacl, the lac repressor, which are purported to bind DNA by an NH,-
terminal helix-turn-helix domain. The members of this family also display strong sequence
homology within their larger COOH-terminal effector binding/oligomerization domains.
Analysis of the PurR amino acid sequence and secondary structure reveals that this protein
is highly homologous to another group of E. coli binding proteins, namely the periplasmic
binding proteins, especially to RBP (the ribose binding protein) and GGBP (the D-
glucose/D-galactose binding protein). The high-resolution X-ray structure of RBP allows
this protein to serve as a template with which to model the secondary structure of the
corepressor binding domain of PurR. Similarly, PurR's NH,-terminal DNA-binding
domain can be modelled using the structure of the corresponding NMR-determined region
(residues 1-59) from LacI as a template. Combining the two, results in a complete
description of the secondary structure topology of PurR and implicates residues important
for corepressor binding and dimerization. CD spectroscopic studies on PurR, its
corepressor binding domain and RBP result in secondary structure estimates nearly
identical with those obtained by sequence analyses, thereby providing further corroborating
physical evidence for this topologocial assignment.
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INTRODUCTION

In E. coli, the genes encoding enzymes required for purine biosynthesis are scattered
throughout the chromosome in the form of polycistronic and monocistronic operons. Ten
of these genes are regulated by a 38 kDa DNA-binding protein, the purine repressor or
PurR. In addition, PurR also participates in the regulation of five other genes involved in
pyrimidine biosynthesis, pyrimidine salvage and the generation of one carbon units (Zalkin
& Dixon, 1992). Finally, PurR is itself autoregulated (Rolfes & Zalkin, 1990a). PurR is
activated to bind its cognate DNA by binding of corepressors, hypoxanthine or guanine.
This leads to repression of the Pur regulon (Rolfes & Zalkin, 1990b).

PurR is a member of the Lacl family, which includes the cytidine repressor protein
(Valentin-Hansen et al., 1986), galactose repressor protein (von Wilcken-Bergmann and
Miiller-Hill, 1982), ribose repressor protein (Mauzy & Hermodson, 1992a), maltose
repressor protein (Reidl et al., 1989), raffinose repressor protein (Aslanidis & Schmitt,
1990), evolved B-galactosidase repressor protein (Stokes & Hall, 1985), fructose Tepressor
protein (Henkin et al., 1991) and fructose repressor protein (Jahreis et al., 1991; Vartak et
al., 1991). Proteins in this family contain two separate functional domains, a smaller NH,-
terminal HTH DNA-binding domain (Brennan & Matthews, 1989) and a larger COOH-
terminal effector binding/oligomerization domain. LacI is unique in this family in that it
exists as a tetramer (Riggs & Bourgeois, 1968; Barkley et al., 1975; Culard & Maurizot,
1981; Whitson & Matthews, 1986) whereas the other members appear to exist only as
dimers. Specific proteolytic cleavage of PurR after Arg52 provides support for this two
domain organization within PurR. This cleavage produces an NH,-terminal DNA-binding
domain (residues 1-52) and a core corepressor binding domain (residues 53-341), CBD or
Clipped PurR (Choi & Zalkan, 1992).

Homology between this family of DNA-binding proteins and another group of E. coli
binding proteins, the periplasmic proteins, has been noted (Miiller-Hill, 1983; Vartak et al.,
1991; Mauzy & Hermodson, 1992b; Weickert & Adhya,1992). This homology exists
despite lack of significant sequence identity. The periplasmic proteins (PBPs) are also
structurally organized into two domains, consisting of a small NH,-terminal signal-
sequence, which targets these proteins to the bacterial inner membrane and is subsequently
cleaved, and a larger COOH-terminal metabolite-binding domain. Importantly, the
structures of several of these proteins have been solved to high resolution by X-ray
crystallography, showing them to have a conserved a/b type structure (Quiocho, 1991).
Strong homology between the periplasmic proteins and the Lacl superfamily is found
between the effector binding domains of the Lacl members and the metabolite-binding
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domains of the periplasmic proteins. Because the structure of several of the periplasmic
proteins is known, they can potentially be used as scaffolds upon which to model the
structures of the effector binding domains of Lacl members. To further our structural
understanding of PurR , we have carried out computer aided sequence homology studies,
secondary structure analyses and CD spectroscopic studies on PurR, its corepressor
binding domain and RBP. A complete secondary structure topology of PurR is presented
and its functional ramifications discussed.
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EXPERIMENTAL PROCEDURES

Sequence Homology - A sequence identity comparison program (Ohlendorf et al.,
1983; Brennan et al., 1984) was used to analyze the primary sequences of GGBP, RBP,
PurR, Lacl and CytR. The secondary structure prediction of PurR was carried out using
the method of Wilmont and Thorton (Wilmont and Thorton, 1988) and sequence
alignments were made based on the algorithm of Feng and Doolittle (Feng and Doolittle,
1990).

The final "knowledge-based" alignment of PurR was carried out in five steps. First, as
a control, the secondary structures of GGBP and RBP were predicted using the above
described methods and compared to the known secondary structures from X-ray data. The
secondary structure of PurR was similarly predicted by this method. The three sequences
were subsequently aligned employing the algorithm of progressive alignments of Feng and
Doolittle. The final alignment of PurR was refined and confirmed by calculating the
significance of the alignment via direct amino acid comparisons (DAAC) and minimum
base change per codon (MBC/C) comparisons between eight variable-length stretches of
RBP and CBD (Ohlendorf ez al., 1983; Brennan et al., 1986) and by using the recent
sequence alignment of RBP against the E. coli and Salmonella typhimurium GBP
(Mowbray, 1992). To complete the topological analysis, the NMR-determined secondary
structure of the Lacl headpiece region (Kaptein et al., 1985) was used to model the
secondary structure of the NH,-terminal region of PurR.

CD Spectroscopy - CD spectra of CBD, PurR and RBP were taken on a JASCO J-
500A spectrophotometer. Measurements were made using a 0.1 mm path length cell
(Helma) thermostatted cell at room temperature. The instrument was calibrated by using
(+)-10-camphorsulfonic acid (A€ = +2.37 M-1lcm-! at 290.5 nm and -4.95 at 192.5 nm).
Data were collected on an IBM/PC-XT using the IF-500 interface and software provided by
JASCO. Spectra and buffer base lines were the average of four to eight scans each
recorded at 0.1-nm intervals, using a scanning rate of 5nm/min and a 4-s time constant
taken at room temperature. The buffer used for the spectral measurements of CBD and
RBP was 10 mM potassium phosphate, pH 7.5, and because of the decreased solubility at
low ionic strength, 100 mM potassium phosphate, pH 7.5, for PurR. All proteins were
purified as described previously (Choi and Zalkin, 1992; Mowbray and Cole, 1992). The
protein concentrations were determined by amino acid analysis and were ~0.5-1.0 mg/ml.
Before spectral deconvolution for secondary structure analysis, the buffer base line was
subtracted, and the resulting spectrum was smoothed using the smoothing program
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provided by JASCO. The CD spectra for each protein were deconvoluted for secondary
structure content using the singular-value and variable selection methods described in detail
elsewhere (Compton et al., 1987). All secondary structure values resulting from each
combination which met these criteria were averaged to give the final secondary structure
values for each experimental spectra.
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RESULTS AND DISCUSSION

Corepressor Binding Domain - The analysis of PurR was undertaken to establish the
extent of this protein's homology to the PBP and to determine which PBP family it most
closely resembles. The periplasmic binding proteins contain several hallmark features that
are highly conserved among members (Spurlino et al., 1991). All mature PBP, i.e., after
signal sequence cleavage, are divided into two structural domains, an N terminus-
containing domain and a COOH-terminus containing domain. Especially striking is the
finding that in all periplasmic binding proteins, the x-ray structures of which have been
determined, the first six secondary structural elements, which comprise approximately 100
residues, have the identical topological arrangement, [, 0 Bg0 B0y (Quiocho, 1991;
Mowbray and Cole, 1992). The N- and C- terminal domains are connected by two to three
peptide crossovers, which although not sequentially close, are structurally close. These
peptide crossovers have been used in to delineate members of the PBPs into two families

and indicate the secondary structures being connected. The first family, the ABP family,
includes RBP, ABP, GBP-S and GBP-E and exhibits f—a crossovers for the first two

crossovers and a B—p crossover for the third. The second family, the SBP family,
includes SBP and maltose-binding protein and exhibits B— crossovers for the first two
crossovers and an o—« crossover for the last.

The structural analysis of PurR commenced by initially focusing on the corepressor
binding domain. Primary and secondary structure analyses and comparisons were carried
out against selected PBP, the high resolution x-ray structures of which are known, and
followed by DAAC and MBC/C significance analyses (Fig. 1 and Table 1). Interestingly,
the secondary structure predicted for the CBD is that of the repreating B/c structure, with
simiarly located and sized helices and B-strands as seen in the PBP (Fig. 1). On the basis
of all independent and corroborating methods used, it became evident that the first six
secondary structural elements of the CBD follow the 8, ;g0 B0y topology of the
PBP. These elements begin with residue 61 of PurR and end at residue 137. Thus, they

are contained within 100 residues as observed in the PBP. Secondary structural analysis
reveals a second similar COOH-terminal motif which spans BroyBgoyByoy. An

analogous B/o motif is found in the PBP as well. Interestingly, self-alignment of CBD
sequences 61-183 against 184-318 reveals little sequence identity (~12%). This is
consistent with similar internal comparisons made between domains within the PBP in
which sequence identities are only ~14%. Indeed, sequence identity was shown to be
greater between the corresponding domains of RBP and GBP-E (~24%) (Mowbray, 1992)
and RBP and CBD (~24%) (this study).
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To determine which family of periplasmic binding proteins PurR most closely
resembles, the potential crossover regions need to be identified. This presented a problem
as the secondary structure prediction data were ambiguous in the regions in which the
crossovers were likely to occur. This problem was first addressed by studying the
alignment data. Here it was noticed that, whereas the sequence of PurR aligns well with
SBP family members within the NH,-terminal subdomain (data not shown), it aligns well
with ABP family members, especially GBP-E and RBP, throughout its entire sequence,
including the crossover regions (Fig. 1). For example, the helix in the first f—a
crossover in RBP and GBP-E contains several highly conserved residues. In particular,
residues Gly!99, Gly!!3 and Ile!16 of RBP cor;'espond to Glyl16, Gly120 and Hel23 of
GBP-E. PurR has the corresponding glycines at positions 166 and 170 and a conservative
change at position 173, a leucine for isoleucine (Fig. 1). Further comparison of PurR with
RBP reveals even more striking identity within this region in that Gly165, Alal69 and
Tyr172 of PurR correspond directly to Gly!98, Alall2 and Tyr!!5 of RBP. Additionally,
several other conservative subsitutions within the RBP, GBP-E and PurR sequences are
found within this region (Fig. 1). Together, these identities strongly implicate this region
as being the first crossover helix in PurR. Further corroborating this assignment is the
secondary structure analysis which strongly predicts residues 162-176 of PurR to be helical
(Fig. 1). On the basis of this assignment, PurR belongs to, or is closely related to,
members of the ABP family. Therefore, a second —o crossover should be located near
residue 292in PurR after B-strand J (Fig. 1). In accordance with this supposition CBD
residues 300-311 are predicted to be helical. ’

The analysis of PurR's third crossover was aided greatly by the recent x-ray structure of
RBP (Mowbray and Cole, 1992). In that structure, the third crossover is f—f, from B—

strand K (residues 260-263) to B-strand L (residues 266-268) (Fig. 1). Corresponding
PurR residues 318-321 and 324-326 are predicted to be PB-strands by alignment and
sequence identity data (Fig. 1). Additional evidence implicating PurR residues 318-326 as
the third crossover region is the near identity between the sequences of residues 324-326 of
PurR 266-268 of RBP, respectively. In RBP, these residues are Lys-Leu-Val whereas in
PurR the corresponding residues are Arg-Leu-Ile. This B-strand, L, in RBP forms an
antiparallel (3-sheet with f-strand J. B-strand J is also is highly similar between the two
proteins; Ala-Thr-Ile-Ala in RBP and Thr-Thr-Ile-His in PurR. The finding that PurR
exhibits such similariy to RBP in these two distant regions, which form the only
antiparallel B-sheet in RBP, suggests strongly that it contains the same secondary structure.

Further support for CBD's striking similarity to RBP and other ABP family members
comes from the recent structural comparison of the high resolution structures of RBP,
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GBP-S and GBP-E (Mowbray, 1992). This study identified several conserved residues as
being key structural elements, whereby the regions of highest sequence identity are those
involved in forming the hydrophobic cores of these proteins. Remarkably, these same
regions are also the most conserved between RBP and PurR (Fig. 1). For example, PurR
residues Ile62, Leu92,Leul20, Met230 and Leu?34 correspond directly to RBP residue Ile?,
Leu34,LeutZ, Met!73 and Leul77, respectively. Importantly, these identities span both the
N- and COOH-terminal domains. Conserved residues in RBP and GBP-E were also noted
as forming unusual and highly specific interactions within these proteins. For example,
Asp19! in RBP and Asp?!2 in GBP-E, located within helices adjacent to a ligand binding
site residue, are buried within the protein. Critical to the stabilization of this buried charge
are hydrogen bonds to main chain amide nitrogens from a nearby loop and to the side chain
of Thr?32 in RBP and Thr253 in GBP-E. The presence of this interaction in PurR is
strongly implicated by the presence of the corresponding pair Asp?4® and Thr289.
Furthermore, Asp?48 is predicted to be within a helix (Fig. 1). An unusual interaction in
RBP is a 1-3 hydrogen bonding interaction involving residues 88-90, which contains a
central aspartate residue, Asp89, that is also involved in sugar binding. The equivalent
position in PurR is Aspl48, pointing out again the extraordinary conservation between RBP
and PurR in residues known to be structurally important in RBP, despite the lack of
significant global sequence identity between these two proteins. The main differences
between RBP and GGBP have been noted as occurring in regions where GGBP binds
Ca?* (Mowbray et al., 1990; Vyas et al., 1991). Since RBP does not bind Ca2* the
corresponding sequences in RBP contain deletions within the alignment (Mowbray and
Cole, 1992). Gaps also occur in these regions for PurR, indicating, as expected, that there
are no Ca?* binding sites within PurR (Fig. 1).

To provide statistical verification for the remarkable similarity between RBP and CBD,
DAAC and MBC/C analyses were carried out by comparing various stretches of RBP
against the entire sequence of CBD (Ohlendorf ef al., 1983; Brennan et al., 1986). The
results of DAAC and MBC/C comparisons between eight variable length segments of RBP
and the entire CBD are shown in Table 1 and reveal overall 27.3% amino acid sequence
identity. These segments were chosen around the few gaps and insertions that were
necessary to align the two sequences optimally. Overall, in both DAAC and MBC/C
analyses, the better scores are those obtained from comparisons between the NH,-terminal
regions, with the lower scores corresponding to the COOH-terminal region. The
significance scores (Table 1, fourth column) for the DAAC analysis for the eight aligned
pairs of sequences of RBP versus CBD are 4.21, 4.10, 4.56, 3.96, 5.07, 5.23, 3.86 and
3.9 and underscore the very strong homologies between these segments. Remarkably, the
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best scores were found in regions in which the predicted secondary structure of PurR
matches exactly the known secondary structure of RBP. The values of the given MBC/C
also support this homology with significance values of 4.72, 3.62, 3.78, 4.21, 3.00, 2.66,
3.39 and 2.88 (Table 1, sixth column). However, in the MBC/C analyses, two segments
of RBP (residues 191-230 and 251-258) score better with regions of PurR other than the
aligned stretches shown in Fig.1. The former segment, which contains the most divergent
residues between RBP and PurR, residues 218-230 and 275-287, respectively,
corresponds to a region in Lacl and CytR which hs been implicated in dimerization (Daly
and Matthews, 1986; Chakerian and Matthews, 1991; Barbier and Short, 1992; Weickert
and Adhya, 1992) (Fig. 2). This being the case, one might expect this region to diverge
structurally between PurR and the monomeric PBP. In accordance with this supposition,
PurR residues 275-287 are predicted to be aperiodic unlike the corresponding regions in
RBP and GBP-E which form helix VIII.

The above analyses have been combined to generate the alignment seen in Fig.1. It

should be emphasized that this is the best alignment achievable based on predictive and
comparative methods, and therefore the beginning and ends of each predicted structural
element are the most subject to error. Only with the x-ray structure in hand will the exact
secondary, tertiary and quaternary structures be known. However, it can be seen that the
predicted secondary structural elements of CBD align very well with those observed in the
x-ray structures of RBP and to a significant, but lesser extent , with those of GBP-E,
thereby providing strong support that these proteins are structurally similar.
Ligand Binding Residues - A remarkable feature displayed by RBP and GBP-E , as well as
other PBP, is the conservation of those residues involved in ligand binding, despite the
differences in ligand specificity (Vyas et al., 1991; Mowbray and Cole, 1992). Specificity
is attained almost entirely by direct protein-ligand hydrogen bonding. However, the RBP
and GBP-E ligand complexes are further stabilized by stacking interactions (Vyas, 1991;
Mowbray and Cole, 1992). This type of interaction is expected to be even more significant
in PurR's interaction with its planar, aromatic ligands, hypoxanthine and guanine. The
residues of the PBP involved in ligand binding are widely dispersed throughout their
primary structures making it more difficult to predict the functionally analogous residues in
PurR. However, the alignment of PurR with RBP and GBP-E clearly suggests residues
that may form, in part, the ligand binding pocket. That is to say, although specific PurR-
ligand contacts cannot be predicted, by virtue of locating probable loop locations, the site of
PBP-ligand interaction, certain PurR residues can be implicated in ligand binding.

Specific examples include the three polar groups that have been shown to be critical in
protein-ligand hydrogen bonding interactions for GBP-E and RBP (Vyas, 1991; Mowbray
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and Cole, 1992). In RBP these are Asp??, Argl4! and Asp?!5, and Asn9!, Arg!5® and
Asp?36 in GBP-E (Table II). The corresponding PurR residues are Asp!46, Arg196 and
Asp?”5. In RBP and GBP-E these amino acids make extensive cooperative and bidentate
hydrogen bonds with other protein residues as well as the ligand. Stacking interactions
have also been shown to be important in RBP and GBP-E, acting to "sandwich" the sugar
ligands. For the purine repressor with its planar, aromatic ligands, hypoxanthine and
guanine, such stacking interactions will likely be of greater importance in the formation of a
stable protein-ligand complex. Indeed, residues Tyr’3 and Phe?2! clearly correspond to
stacking residues Phel® and Trpl83 in GBP-E and Phel5 and Phe!64 in RBP (Fig. 1).
Phe!6 of RBP is also involved in stacking and an analogous stacking interaction could be
made by the homologous PurR residue, Phe’4. Another important PBP-ligand interaction
is the hydrogen bond formed between Arg® (RBP) and Lys2 (GBP-E) and their
respective carbohydrates. Interestingly, the corresponding residue in PurR is Trp!47. It is
possible that in PurR this Trp provides an additional stacking interaction or is involved in
ligand hydrogen bonding through its indole ring nitrogen.

Other residues in PurR, which correspond to ligand binding residues in GBP-E and
RBP, include Ala’! and Gly?*?. In GBP-E abd RBP, the corresponding residues are polar
and planar, either aspartates or asparagines, and function in hydrogen bonding and van der
Waals interactions. It is possible that in PurR, these small, nonpolar residues exist in
regions within the binding cleft where small residues are needed to accomodate the larger,
more hydrophobic, planar purines. A summary of possible ligand binding residues is
presented in Table IL.

DNA Binding Domain - Upon corepressor binding to the effector binding domain, the
DNA binding domain of PurR is activated to bind to its cognate DNA (Rolfes and Zalkin,
1990b). As described above, members of this family display a high degree of sequence
homology throughout their sequences with their DNA binding domains particularly well
conserved (Weickert and Adhya, 1992) . The proposed DNA-binding domain of these
proteins is one such region. Sequence alignment of PurR with Lacl reveals almost 50%
sequence identity within this region (residues 1-60) (Fig. 2). NMR studies on the Lacl
DNA binding domain (residues 1-51) confirm the presence of a helix-turn-helix within
residues 6-25 and also identify a third helix in residues 34 to 45 after as extended loop
(Kaptein et al., 1984) . The corresponding residues of the DNA binding domain of PurR,
residues 4-23 and 32-43, respectively, display greater than 55% sequence identity and 68%
similarity, strongly suggesting the presence of a similar helix-turn-helix-loop-helix motif.
An additional 9-residue stretch in PurR, residues 52-60, is predicted to contain a small
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helix. However, no structural data have been presented for this region in any Lacl family
member.

Subunit Interactions - PurR, like most members of the Lacl family and unlike members
of the periplasmic proteins, exists as an dimer (Choi and Zalkin, 1992). Those residues
involved in the subunit interface can be surmised, in part, by previous mutagenesis on Lacl
and CytR, which implicated residues 269-291 and residues 288-310, respectively, as
critical in subunit interaction (Daly and Matthews, 1986; Chakerian and Matthews, 1991;
Barbier and Short,1992). The sequences in these regions diverge the most from the PBP
and are predicted to be loops instead of a helix as observed in the PBP (Vyas et al., 1991;
Mowbray, 1992). However, this region does display significant sequence identity among
all Lacl members, over which PurR, Lacl and CytR are ~60% identical (Fig. 2). The
sequence homology and predicted structural differences between the PBP and LacI proteins
are consistent with this region's involvement in oligomerization.

Support for this assertion is provided by the observation that one residue within this
region, Tyr282 in Lacl and Cys?8? in CytR are essential for dimerization in these proteins
(Chakerian and Matthews, 1991; Barbier and Short,1992). Mutation of of Lacl Tyr282 to
any amino acid other than phenylalanine or leucine abolishes dimerization, implying that a
large hydrophobic residue is required in this position for effective subunit interaction
(Chakerian and Matthews, 1991). In PurR, the corresponding residue, Phe283, is also a
large hydrophobic residue and presumably plays a like role. Similarly, substitutions for
Cys289 in CytR results in the production of only monomeric protein (Barbier and
Short,1992). In Lacl, Cys?8! has also been implicated as being important in subunit
interaction. Substitution of of Cys28! with virtually any amino acid does not affect
dimerization but does influence inducer affinity and cooperativity (Chakerian and
Matthews, 1991). It is interesting to speculate that the corresponding residue in PurR and
CytR, Tyr?82 and Phe?88, respectively, play analogous roles in ligand binding and subunit
cooperativity and that their aromatic nature reflects their aromatic ligands.

CD Analysis - The above described primary and secondary structure analyses strongly
suggest that the corepressor binding domain of PurR has a o/f} type structure and fold very
similar to that of RBP. When combined with NMR studies on the Lacl DNA binding
domain, these analyses also clearly indicate that PurR's NH,-terminal DNA binding
domain has a closely related helix-turn-helix-loop-helix structure. However, they provide
no direct physical evidence. Perhaps one of the best physical methods available for the
examination of protein structure, exclusive of x-ray crystallography and NMR, is circular
dichroism spectroscopy. By measuring primarily the amide chromophore, CD
spectroscopy is exquisitely sensitive to a protein's secondary structure (Johnson, 1990).
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If, indeed, the CBD and RBP have similar secondary structures. their CD spectra should
reveal this. Additionally, the intact form of PurR should also produce a similar spectrum,
albeit with a greater helical content than the CBD and a slightly lower helical content than
RBP. A greater helical content is reflected by a more positive absorbance at 192 nm and a
more negative absorbance 220 nm, two wavelengths that are particularly sensitive to a
protein's helical content. Therefore, CD spectroscopic studies were undertaken on RBP
and both the intact form and the CBD of PurR.

The CD spectra of RBP, CBD and PurR are shown in Fig. 3. The known or calculated
percentages of the various secondary structural elements present in all three proteins, taken
from either the x-ray crystallographically determined structure (RBP) or the optimum
alignment (CBD and PurR) are presented in Table III as are those values for each protein
calculated after deconvolution of its CD spectrum. These results correlate extremely well
with the predicted values for the CBD given that the correlation coefficients for the proteins
of CD versus x-ray are 0.97 for a-helix, 0.76 for B-sheet, 0.49 for B-turn and 0.86 for
other (Johnson, 1990). The close match between the amount of known secondary
structure of RBP as determined from the x-ray structure and that calculated by CD analysis
indicates that the CD spectral analysis is a very reliable method for determining the
secondary structure content of proteins with similar PBP folds and bolsters the sequence
analyses of CBD and PurR. Further support for the PurR structural prediction was
provided by from CD data for the intact PurR protein, which shows 40% helix compared
with the predicted value of 39%. As discussed above, PurR should show greater helix
content than the CBD because of the four additional helices that are predicted to lie within
the NH,-terminal DNA binding domain.

Although the amount of a-helix predicted for PurR agrees well with that determined by
CD analysis, the match for B-sheets an aperiodic structures is weaker. A plausible
explanation for this latter discrepancy, aside from the fact that these structures are not
predicted as reliably with CD, can be offered in light of the nature of PurR's tertiary and
quaternary structures. It is possible that the tertiary contacts between the DNA binding
domain and corepressor binding domain as well as quaternary contacts between subunits of
the intact PurR dimer lead to a more ordered structure in the region encompassing the
domain-domain or monomer-monomer contact points than is predicted by the algorithm
employed in this study, which only examines the linear sequence.
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CONCLUSIONS

A diagram describing the purine repressor protein's deduced secondary structure
topology is presented in Fig. 4. Both predictive and physical methods indicate that the
structure of PurR's corepressor binding domain is very similar to the B/ structure
observed for the metabolite binding domains of the PBP, especially RBP, and that PurR's
DNA binding domain assumes the structure of the helix-turn-helix-loop-helix DNA binding
domain of Lacl. A similarly conserved topology is anticipated for all members of the Lacl
family. Significantly, although the intact Lacl protein (Pace ez al., 1990) and the LacI core
(Steitz et al., 1980) have been crystallized, no inducer binding domain of the Lacl
superfamily has been solved. The high resolution x-ray structure determination of the
corepressor binding domain of PurR (in progress) could serve as a potential model for the
other inducer binding domains of the Lacl proteins (Schumacher et al., 1992).
Furthermore, this structure will allow the comparison of the predicted secondary structure
of PurR’s corepressor binding domain from sequence analyses and the CD analysis with
that found in the CBD's crystal structure. It is anticipated that CBD will have a structure
very similar to CBP-E and RBP. However, certain regions, in particular the purported
dimerization domain, will likely be different but conserved among the Lacl family
members. Knowledge of those subunit interactions that affect dimerization are essential to
understanding not only how and where dimerization occurs, but should shed considerable
light on the biochemistry and dynamics of cooperativity in ligand binding by PurR.
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Figure 1. Alignment of PurR against RBP and GBP-E. This alignment was
carried out using the following steps: 1) secondary structure prediction of PurR; 2) DAAC
and MBC/C analyses of PurR against PBP of known structure; and 3) alignment of PurR
against the PBP. The final refined alignment is based on the above results of DAAC and
MBC/C data stretches of RBP against the entire sequence of CBD. The predicted
secondary structure of CBD is shown below the sequence alignment.
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Table 1. Results for DAAC (direct amino acid comparisons) and MBC/C (minimum base
change per codon) of a search carried out using the entire sequence of the CBD of PurR
with various stretches of RBP (column 1a). The CBD segments which matched best those
in RBP column 1a (for DAAC) are indicated in column 1b, next to the corresponding
residues in RBP.
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TABLE I

Identity scores of contigous segments of RBP and the CBD of PurR
Results of a search carried out on the entire sequence of the CBD of PurR with various
stretches of RBP. Significance scores were calculated by the method of Ohlendorf et al.
1983.

Amino acid segment Disagreement Disagreement
score Significance score Significance
RBP PurR (DAAC) (DAAQ) (MBC/C)® (MBC/C)
2-41 60-100 0.77 4.21 0.98 472
41-62  99-120 0.73 4.10 1.00 3.62
83-126 140-183 0.77 4.56 1.11 3.78
126-159 183-216 0.76 3.96 1.00 421
160-190 217-247 0.71 5.07 1.16 3.00
191-230 248-287 0.73 5.23 1.20 2.66
231-247 288-304 0.71 3.86 0.88 3.39
251-258 310-317 0.63 3.99 0.88 2.88

¢ The DAAC disagreement score for two random sequences is
0.94.

®The MBC/C disagreement score for two random sequences is
1.44.
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Figure 2. Alignment of PurR against E. coli DNA-binding proteins, Lacl
and CytR. The region of the helix-turn-helix-loop-helix (H-T-H-L-H) in Lacl, as
determined by NMR, and the corresponding regions in PurR and CytR are appropriately
designated. Also designated is a fourth, predicted helix.
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Table II. The observed ligand-binding residues of GBP-E and RBP and the
corresponding predicted residues in PurR.
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TABLE II

Observed ligand-binding residues of GBP-E and RBP and the correpsonding predicted
residues in PurR.

GBP-E  Protein-ligand RBP  Protein-ligand PurR  Proposed

observed interaction  observed interaction predicted interaction

Asp!*  H-bonding Asn'3  H-bonding  Ala”™  None or van

der Waals
Phe!6 Stacking Phels Stacking Tyr?3 Stacking
Met!? None Phe!l6 Stacking Phe™ Stacking

Asn®! H-bonding Asp? H-bonding  Asp!*¢  H-bonding
Lys®? H-bonding Arg?0 H-bonding  Trp!¥  Stacking or

H-bonding
Argls8 H-bonding Argl4l H-bonding  Arg!®¢  H-bonding
Trp!83 Stacking Phe!64 Stacking Phe??!  Stacking
Asn?2!l  H-bonding Asnl% H-bonding  Gly?*” None or van

der Waals

Asp?¢  H-bonding Asp?’>  H-bonding  Asp?”® H-bonding




147
Figure 3. CD Spectra of the E. coli purine repressor protein, its

corepressor binding domain, and the E. coli ribose-binding protein and
secondary structure analysis of the CD spectra. H, o-helix; B, B-sheet; T, B-

turns; O, other; Total, total secondary structure content.
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Figure 4. Predicted secondary structure topology of the purine repressor

protein. The boxes indicate b-strands and the circles a-helices. Domain crossovers are
between Pg—oyy and By—oyy and By—B;.
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ABSTRACT

The Purine Repressor, PurR, is a DNA-binding protein, which together with a
purine corepressor, serves to regulate de novo purine and pyrimidine biosynthesis in E.
coli. PurR belongs to the structurally homologous lac repressor family of transcription
regulators. These proteins are functionally bipartite with an NH,-terminal Helix-Turn-
Helix DNA-binding domain and a larger COOH-terminal effector molecule binding domain
which is structurally related to the bacterial periplasmic binding proteins and several
mammalian ligand-binding proteins. To fully understand the structural basis of the DNA
and corepressor-binding functions of PurR and the mechanism by which the environmental
signal of corepressor binding is transduced to the DNA-binding domain, a PurR-
hypoxanthine-DNA complex has been crystallized. The DNA encompasses the high-
affinity purF operator site and is 16-base pairs long with 5'-deoxynucleoside overhangs on
each complementary strand. The crystals diffract to better than 2.6A and take the
orthorhombic space group C222; with unit cell dimensions a= 1759A,b=94.8A and ¢ =
81.8A. The structure determination of this PurR-hypoxanthine-DNA complex will provide
the first high resolution view of a Lacl member-DNA complex.
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The Purine Repressor, PurR, is a 38-kDa DNA-binding protein of 341 amino acid
residues that functions in E. coli as the master regulatory protein for de novo purine
biosynthesis and to a lesser extent, de novo pyrimidine biosynthesis (Rolfes & Zalkin,
1988; Zalkin & Dixon, 1992). In E. coli the genes encoding the enzymes utilized in de
novo purine biosynthesis are arranged in ten polycistronic and monocistronic operons.
PurR also regulates six genes encoding enzymes involved in de novo pyrimidine
biosynthesis and salvage and the generation of one carbon units needed for de novo purine
biosynthesis and 5'-phosphoribosyl-1'-pyrophosphate which is utilized for de novo and
salvage synthesis of nucleotides. In addition, PurR is autoregulated (Rolfes & Zalkin,
1990a; Meng et al., 1990). The DNA operator binding sites recognized by dimeric PurR
have been characterized and are pseudo-palindromes, 16-base pairs long and fairly AT-rich
(Rolfes & Zalkin, 1990a). One such high affinity site, the purF operator, is bound by
PurR with a Ky of 3.4 nM (Rolfes & Zalkin, 1990b). To bind its DNA operator sites,
PurR must first bind a purine corepressor, either hypoxanthine or guanine (Meng &
Nygaard, 1990; Rolfes & Zalkin, 1990b), which bind with equilibrium dissociation
constants of 9.3 uM and 1.5 uM, respectively (Choi & Zalkin, 1992).

PurR is a member of the Lacl family of transcription regulators (Vartak ez al., 1991;
Weickert & Adhya, 1992). As observed for all Lacl members, the biochemical functions
of PurR are structurally divided whereby the smaller NH,-terminal domain, approximately
the first 60 amino acid residues, binds DNA via a Helix-Turn-Helix motif and the larger
COOH-terminal domain binds corepressor. That the NH,-terminal domain binds cognate
DNA sites via a Helix-Turn-Helix motif has been confirmed most recently by NMR and
restrained molecular dynamics studies on residues 1-56 of the lac repressor bound to an 11-
base pair /ac operator half site (Chuprina et al., 1993). However, unlike any other
structurally characterized Helix-Turn-Helix DNA-binding protein, PurR is unusual in that
the "invariant” glycine of the Turn is an asparagine residue (Brennan & Matthews, 1989).
PurR as well as all other members of the lac family, diverges further from Lacl as the
former repressors do not have the COOH-terminal leucine zipper extension that is
responsible for the tetrameric state of Lacl (Chakerian et al., 1991; Alberti et al., 1993).
Interestingly, the ligand binding domains of all Lacl members appear to be structurally
homologous to the bacterial periplasmic binding proteins (Miiller-Hill ez al., 1983; Sams et
al., 1984; Bowie et al., 1991; Mauzy & Hermodson, 1992; Schumacher et al., 1993;
Nichols et al., 1993) which are also structurally related to lactoferrin (Anderson et al.,
1987). Very recently this structural relationship has been extended to the extracellular
domain of the mammalian metabotropic glutamate receptors (O'Hara et al., 1993) and
parathyroid Ca?*-sensing receptor (Brown et al., 1993; Conklin & Bourne, 1994),
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However, structural confirmation of this homology awaits the crystal structure
determinations of intact Lacl or its core (Pace et al., 1990; Steitz et al., 1980) and the
Corepressor Binding Domain of PurR (Schumacher et al., 1992).

To gain insight into the mechanism by which the signal of corepressor binding is
transduced to the DNA-binding domain of PurR, as well as other Lacl family members,
thereby inducing high-affinity binding to cognate DNA sites, the high resolution structure
of an intact protein-corepressor-DNA complex is necessary. To accomplish this we
undertook the crystallization of a PurR-corepressor-DNA operator complex.

All deoxyoligonucleotides used in these crystallization experiments encompassed
the high affinity pseudo-palindromic, 16-base pair purF operator site, the sequence of
which is
5-ACGCAAACGTTTTCTT-3' and its complement. Initially very large tetragonal
protein-corepressor-DNA crystals with dimensions of greater than 1.0 mm on a side were
obtained with a 21 or 22-base pair operator site using ammonium sulfate solutions as the
crystallization reagents. However, the limited resolution (5.5A) of these crystals made
them unsuitable for further crystallographic studies. A longer operator site, 26-base pairs,
also yielded large but poorly diffracting crystals. Crystals of a PurR-hypoxanthine-purF
operator complex that diffract to high resolution were obtained ultimately using a 16-base
pair operator site with 5'-nucleoside overhangs (Figure 1). Interestingly, the identity of
either 5'-overhang influenced neither crystallization nor diffraction quality. In a typical
"hanging drop" experiment (McPherson, 1990), 1.0 ul hypoxanthine-saturated PurR (0.5
mM protein in 1.0 mM DTT buffered by 160 mM sodium-potassium phosphate, pH 7.4)
was added to 1.2 pl purF oligonucleotide (0.6 mM DNA in 50 mM sodium cacodylate, pH
6.9), mixed with 2 pl of solution B (25% PEG 4000, 0.4 M ammonium sulfate, 50 mM
cobalt hexammine, 0.1 M ammonium phosphate, pH 7.5) and equilibrated over a 1 ml
reservoir of solution B at room temperature (20° C). Cobalt hexammine was critical to the
crystallization process.

Solution B is unusual in that its components are immiscible and must be vigorously
mixed immediately prior to addition to the protein-DNA drop. Phase separation is
noticeable within both the drop and the reservoir in less than one hour (Figure 1).
Crystallization also proceeds in an unusual manner. Two days after set-up thin two
dimensional plates appear in the drops. These plates slowly dissolve and give rise to three
dimensional crystals over a period of two weeks to two months. Often the crystals grow at
the interface of the two phases. The crystals are thombohedrally shaped and typically grow
to dimensions of 0.4 mm X 0.3 mm X 0.2 mm but occasionally grow to approximately
twice these dimensions. Native polyacrylamide gel electrophoresis confirmed the presence
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of both PurR and DNA (data not shown). Increasing the drop volume multiplicatively
improved the crystal volume.

The crystals diffract isotropically and typically to 2.6 A but diffraction to 2.4 A has
been observed on X-ray "stills". Precession photography reveals that these crystals take
the orthorhombic space group C222, with unit cell dimensions a = 175.9 A,b=948A

and ¢ = 81.8 A. Assuming one PurR dimer-hypoxanthine-purF operator complex per
asymmetric unit results in a calculated V,, value of 1.95 A3/dalton. This value is atypically
low for proteins and protein-DNA complexes (Matthews, 1968). Alternatively, a PurR
monomer-hypoxanthine-purF operator half site per asymmetric unit would give a more
reasonable V,, of 3.9 A3/dalton. However, this would dictate the DNA to be statistically
disordered as the purF operator site used in these crystallization experiments is only
pseudo-palindromic. An initial data set has been collected using a San Diego Multiwire
Systems area detector and Rigaku RU200-H X-ray generator set at 40 kV and 150 mA.
The data were collected at room temperature (20° C) and were 97% complete to 2.7 A with
an Rgyys of 5.6% and an average I/61 > 9.4 for all data and > 2.5 for data in the 2.8 Ato
2.7 A resolution shell.

The search for heavy atom derivatives has commenced. A successful strategy for
the generation of isomorphous heavy atom derivatives for protein-DNA complexes has
been to substitute thymidine with 5-iodouridine and to a lesser extent cytidine with 5-
iodocytidine (reviewed in Agarwaal, 1990). The former approach looks particularly
promising for the purR-hypoxanthine-purF operator crystals as the purF operator contains
ten possible substitution sites (Figure 1). Indeed, isomorphous crystals of this protein-
corepressor-DNA complex substituted with 5-iodouridine, singly or multiply, have been
grown recently to data-quality size. Intensity data collections for these derivatized crystals
are now underway.

The X-ray structure determination of this PurR-hypoxanthine-purF operator
complex will provide for the first time a high-resolution view of any intact Lacl family
member bound to DNA. Furthermore, this structure will provide considerable insight into
the biochemical mechanisms by which small effector molecules transduce environmental
signals into precise transcription regulation.
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Figure 1: Crystals of the PurR-hypoxanthine-purF operator complex. Notice the
presence of both "oils" and thin plates, the latter of which are beginning to disintegrate.
The rhombohedrally shaped crystal in this photograph has dimensions of approximately
0.22 mm X 0.17 X 0.12 mm. The sequence of the deoxyoligonucleotide cocrystallized in
this complex is
5-TACGCAAACGTTTTCTT-3' and its complement,
5'-AAAGAAAACGTTTGCGT-3', in which the purF operator site is
shown in bold.
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ABSTRACT

The three-dimensional structure of a ternary complex of the purine repressor, PurR, bound
to both its corepressor, hypoxanthine, and the 16-base pair purF operator site has been
solved at 2.7 A resolution by X-ray crystallography. The bipartite structure of PurR
consists of an NH,-terminal DNA-binding domain and a larger COOH-terminal
corepressor binding and dimerization domain, which is strikingly similar to that of the
bacterial periplasmic binding proteins. The DNA-binding domain contains a helix-turn-
helix motif that makes base-specific contacts in the major groove of the DNA. Base
contacts are also made by residues of symmetry-related o helices, the "hinge" helices,
which bind deeply in the minor groove. Critical to hinge helix-minor groove binding is the
intercalation of the side chains of Leu54 and its symmetry-related mate, Leu54', into the
central CpG base pair step. These residues thereby act as "leucine levers" to pry open the
minor groove and kink the purF operator by 45°.
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The purine repressor, PurR, is a 341 amino acid DNA-binding protein that
functions as the master regulator of de novo purine biosynthesis and, to a lesser extent, de
novo pyrimidine biosynthesis in Escherichia. coli (1). Specifically, PurR represses
transcription from ten polycistronic and monocistronic operons, which encode the enzymes
of de novo purine biosynthesis, and four genes encoding enzymes involved in de novo
pyrimidine biosynthesis and salvage. In addition, PurR regulates the transcription of glyA,
gcv and prs which encode enzymes for the synthesis of glycine, one-carbon units and 5-
phosphoribosyl-1-pyrophosphate (PRPP), respectively, all of which are necessary for de
novo purine biosynthesis. Finally, PurR is autoregulated (2).

PurR is a member of the LacI (lactose repressor) family of transcription regulators
of which there are more than 21 members (3). These proteins show strong sequence
similarity indicative of a structural relationship. Sequence identity is greatest in the amino-
terminus and often exceeds 60 percent. Genetic and biochemical studies have shown that
these proteins can be divided into two functional domains, an NH,-terminal DNA-binding
domain, approximately the first 60 residues, and a larger COOH-terminal domain,
approximately 280 residues, which imparts the functions of effector binding and
oligomerization (3). Whereas the lactose, fructose and raffinose repressors exist as
tetramers (4) all other Lacl members appear to be dimeric (3). These proteins function as
repressors by binding to operator sites, typically 16 to 18 base pairs (bp) long, that also
display significant sequence identity (3). For most Lacl family members, operator affinity
is highest for the unliganded state of the protein. However, for PurR, binding to operator
DNA is dependent upon a corepressor. The corepressors for PurR are hypoxanthine and
guanine (2), which bind cooperatively with equilibrium dissociation constants (K48) of 9.3
and 1.5 uM, respectively, (5).

Several studies have suggested that the structures of the effector binding domains of
Lacl family members are similar to the bacterial periplasmic binding proteins (PBPs) (6),
and three-dimensional models of the effector binding domains of Lacl (7) and the galactose
repressor, GalR, (8) have been constructed based on these studies. However, the only
three-dimensional structural data available for the Lacl proteins have been obtained from
nuclear magnetic resonance studies of the Lacl headpiece, both free (9) and bound to DNA
(10). From these studies, the presence of a helix-turn-helix (HTH) motif (11) was
confirmed and contacts between several side chains and bases, some of which had been
implicated genetically (12), were determined. However, these studies left in question the
structure of the effector binding and dimerization domain and the complete source of DNA
sequence discrimination. Additionally, these studies could not address the question of how
a signal in the form of a small effector molecule is transduced to effect gene regulation.
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We now describe the crystal structure of PurR bound to both its corepressor,

hypoxanthine, and a cognate DNA site containing the high affinity purF operator
K4=3.4X 10 M) (2). The structure of this Lacl member confirms that the COrepressor

binding domain has a PBP-like fold and an NH,-terminal HTH DNA-binding motif.
However, the key to DNA binding specificity resides not only in base specific contacts
made by the HTH in the major groove but also in DNA deformability and contacts made to
the minor groove by the "hinge" helix. Symmetry-related residues Leu54 and Leu54' from
each hinge helix act as levers to pry open the minor groove thereby unwinding and kinking
the DNA toward the major groove. The strong sequence similarity between the Lacl
members and their cognate DNA sites suggests that this is also the means by which other
Lacl members interact with their operators.
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PurR I bindi

The structure of the PurR-hypoxanthine-purF operator complex was solved by
multiple isomorphous replacement (Table 1). The asymmetric unit contains one PurR
monomer-hypoxanthine-purF operator half site, which requires the statistical disorder of
two base pairs and the 5'-nucleoside overhangs because each purF operator half-site is not
identical (Fig 1A). However, difference Fourier maps of an isomorphous complex, in
which the purF operator was replaced by a perfect 16 bp palindrome (Fig 1B), revealed no
significant differences between these PurR-hypoxanthine-purF operator complexes (13).
Our model, which includes residues 3 through 340, and 20 water molecules has a current
R-factor of 19.5 percent based on all data from 10.0 A to 2.7 A (Table 1). The
stereochemistry of the model is very good and only two violations of ¢, y space are found
(14). A typical section of the current 2(F - F..1c) €lectron density map and an "omit"
map are shown in Fig 2. A topology diagram of the PurR monomer and a stereo
view of the biologically relevant PurR-hypoxanthine-purF operator are shown in Fig 3.

The NH,-terminal DNA-binding domain of PurR can be divided into two
functionally important regions. The first contains the HTH motif that spans residues 4-23
(Fig 3). Following this structural element is a short loop, residues 24-29, helix 3, residues
30-43, and another short loop, residues 44-47. Helices 1 through 3 form a globular
subdomain that is connected to the corepressor binding domain by the "hinge" or more
properly, the "hinge" helix, residues 48-56, which is followed by four extended residues.
The hinge helix, helix 4, constitutes the second DNA-binding element of PurR.

The corepressor binding domain (CBD), residues 61-340, has the shape of an
oblate ellipsoid (axial ratio 2:1) and consists of two topologically similar subdomains,
namely, the CBD NH,-subdomain, which is directly attached to the DNA-binding domain,
and the CBD COOH-subdomain, which contains the COOH-terminus of PurR. The CBD
NH,-subdomain is composed of a core of six parallel B strands, A to E and J, that are
flanked on both sides by o helices, I, II, III, and IX, and follows the topology,
BeBABBpBLB; (Fig 3). The CBD COOH-subdomain is composed of a core of five
parallel B strands, F to I and K, flanked by a helices IV, V, VI, VII, and VIII. The B
sheet topology of this subdomain is BB;ByB;Bk. Three crossover regions connect the
two subdomains, the first two are from [ strands to o helices (Bg to oy and ;1o oy ) and
the last from [3 strand to B strand (B; to By). These crossover regions, like those of the

PBPs, presumably act as a hinge to allow relative movements of the two subdomains upon
ligand association and dissociation (15).
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Several studies have predicted that the CBD is structurally similar to the PBPs (6),
which are (i) monomeric, and (ii) constitute a large, structurally conserved family that
participates in transport of metabolites across the bacterial membrane and, in some cases,
chemotaxis (16). Comparisons of the CBD structure with several PBPs reveal that its
highest similarity is to the ribose binding protein (RBP) (17). An overlay of the
corresponding 144 alpha carbons (Cas) of the CBD and RBP results in a root mean
squared deviation (rmsd) of 2.29 A. A similar overlay with the glucose-galactose binding
protein yields an rmsd of 2.48 A. The corresponding CBD and RBP NH,-subdomains are
more similar than the CBD and RBP COOH-subdomains as their Co. overlays reveal
respective rmsds of 1.81 A and 2.34 A.

The CBD is solely responsible for binding corepressor (5) and the residues lining
the interface of the CBD NH,- and COOH-subdomains contribute to high affinity ligand
binding through a combination of polar, nonpolar and aromatic interactions (Fig 3 and 4).
Six direct and water-mediated protein-hypoxanthine hydrogen bonds are provided by
residues Asp275, Thr192 and Argl90. Asp275 hydrogen bonds to N9 of hypoxanthine
via its carboxylate O81 atom (2.73 A). This contact is anchored by Arg196, which donates
hydrogen bonds from its NH2 and NH1 to the O82 of Asp 275 (2.76 A and 2.98 A,
respectively) (Fig 4). This interaction also neutralizes the charges of these side chains
which are buried in the ligand binding pocket. The importance of both residues in
corepressor binding is underscored by the greatly diminished corepressor binding observed
upon substitution of either residue with alanine (18). Thr192, which forms a
side chain hydrogen bond with the N7 of hypoxanthine (Oy-N7, 2.60 A), also participates
in van der Waals contacts to the hypoxanthine by way of its Cy methyl group (Fig 4). As
observed in the structures of liganded-PBPs (16, 17), side chain-ligand stacking
interactions are also prevalent in PurR-hypoxanthine binding (Fig 4). Aromatic residues
Tyr73 and Phe221 form a "sandwich" interaction with the corepressor in which Phe221 is
located centrally "above” the hypoxanthine base and Tyr73 interacts on the opposite face
more with the purine imidazole ring. Phe74 completes the stack by contacting N1 and C6
(Fig 4).

Whereas the above described interactions are important for purine binding affinity,
Arg190 is the key to corepressor specificity in that its side chain e-NH and NH2
hydrogen bond to the O6 acceptor of hypoxanthine (e-NH-06, 3.10 A and NH2-06,

2.83 A) (Fig 4). These interactions allow PurR to read the exocyclic atom at position 6 of a
purine ring and consequently, discriminate against the NH2 donor group of adenine.
Arg190 further contributes to hypoxanthine binding by making a bridging hydrogen bond
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from its NH2 nitrogen to a water molecule (2.95 A), which is in turn hydrogen bonded to
the N1 of the purine ring (3.03 A).

Unlike the PBPs, PurR is a dimer (5), in which the dimerization interface of PurR
excludes 2242 A2 of protein surface area from the solvent and is formed, for the most part,
equally by both CDB subdomains (Fig 3). Subunit contacts between the two CBD NH,-
subdomains are provided by residues 68 through 115 and include part of the
loop before o, oy, By, 0ty and the turns in between (Fig 3). The dimerization region
between the two CBD COOH-subdomains is noncontiguous and spans residues 223-229,
249-267, 278-285 and 328-329 (Fig 3). This region includes residues from Oy, the NH,-
terminus of Oy, Oy and By, Two parallel three-helix bundles formed between Oy and
Oty Of one monomer and Oty of the other monomer comprise most of the CBD COOH-
subdomain interface. Contacts made between residues 328-329 and residues of Olyyy Of the
other subunit complete the dimerization interface.

Three cross-subunit contacts between the DNA-binding domain of one subunit and
the CBD of the other are found between the main chain carbonyl oxygen of Gln113 and the
backbone NH of Ala49', and the NH1 and NH2 of Argl15 and side chain Oy and main
chain CO of Ser46'. Linkage between the CBD NH,-subdomain of one subunit to the
CBD COOH-subdomain of the other is provided by two salt bridges between Arg278 and
Glu70' and Glu70 and Arg278'.

DNA binding

PurR makes extensive contacts to the bases and phosphate backbone in the major
groove of the purF operator through its HTH, the loop that follows and helix 3. The HTH
of PurR is unusual in that unlike other structurally characterized HTH motifs, the invariant
glycine of the turn is an asparagine. However, the side chain of this branched amino acid
does not alter the HTH structure and likely stabilizes the turn by making a hydrogen bond
to the peptide backbone CO of residue 10 thereby capping helix 1. Superposition of the 20
C_s of the HTH of PurR, residues 4-23, on the corresponding Cas of the A repressor
results in an mmsd of 0.55 A. A similar superbosition of the PurR and Lacl HTH (10)
yields an rmsd of 0.59 A (Fig 5) that when extended to include residues 24 through 43,
that is, the loop and helix 3, the rmsd is 1.24 A. Exclusion of the loop residues results in
an rmsd of 0.88 A.

As observed in other prokaryotic HTH protein-DNA complexes, the recognition
helix of PurR (helix 2) is positioned on the DNA such that the NH,-terminus points into

the major groove (Fig 6A). In this binding mode, helix 1 contributes one phosphate
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contact from the amide NH of Ile4, the first residue in helix 1, to phosphate 8'. The Ile4
side chain also makes van der Waals contacts to the deoxyribose ring of Thy8'. Residues
from the turn and helix 2 make six phosphate contacts. Ser14 makes side chain and main

chain NH hydrogen bonds to phosphate 3. The side chain of Thr17 also hydrogen bonds
to phosphate 3, whereas the side chain NH,, of Asn23, the last residue of the recognition

helix, and the Oy of Thr19 form hydrogen bonds to phosphate 7' (Fig 6A and B). The Ile4
and Asn23-phosphate contacts are analogous to the positioning contacts observed in other
HTH protein-DNA complexes (20). Asn23 also makes a key hydrogen bond via its side
chain CO to the side chain NH2 of hinge helix residue Arg52 thus providing a critical link
between the globular subdomain, helices 1 through 3, and the hinge region. The loop that
follows helix 2 provides two phosphate contacts, one between the amide NH of Ala29 and
phosphate 2, and a second, water-mediated contact, from the main chain CO of Phe27 to
phosphate 2. Phe27 also stacks against the deoxyribose ring of Ade2. From helix 3 and
the short loop which follows, two phosphate contacts are made that involve the side chain
of Thr32 and phosphate 2, and the side chain of Tyr45, which hydrogen bonds to three
oxygens of phosphate 8. Of the 13 protein-DNA backbone interactions only four
phosphate groups are contacted via the major groove (Fig 6A and B).

Five residues from the three-helix globular subdomain participate in direct and
water-mediated major groove base contacts (Fig 6A and 6B). Helix 1 contributes van der
Waals contacts from the Cy methyl group of Ile4 to the methyl groups of Thy7' and Thy8'.
The first residue of the recognition helix, Thr15, participates in the only water-mediated
base contact, in which its Oy is hydrogen bonded to a water (2.54 A) that is hydrogen
bonded to the O4 atom of Thy7' (2.56 A). The Oy of Thr16 bonds simultaneously to the
N6 of Ade6 and the O4 of Thy6' (Fig 6A and B). Our structure analysis of the complex of
PurR-hypoxanthine and the perfect palindrome operator (Fig 1B) reveals that when base
pair 5 is C-G, the Oy of Thr16 makes an additional hydrogen bond to the N4 of Cyt5. The
final major groove contact is directed by a van der Waals interaction between the imidazole
ring of His20 and the side chain of Arg26, which is located in the loop that follows helix 2.
This protein-protein contact positions the guanidino nitrogens to donate hydrogen bonds to
the N7 (2.96 A) and 06 (2.52 A) acceptors of Gua4 (Fig 6A and 6B). Accordingly, Gua4
is the only guanine of the purF operator to display methylation interference sensitivity (20).
Furthermore, this contact provides an explanation for the absolute conservation of guanine
at position 4 in all known pur operators (1,21).
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The hinge helix and mi roove bindi

The most striking and unanticipated feature of the PurR-hypoxanthine-purF
operator complex is the binding of the DNA minor groove by helix 4, the hinge helix, and
its dyadic partner (Fig 6C and 6D). The hinge helices interact with each other through a
series of van der Waals contacts between the side chains of residues Val50 and Val50' and
Leu54 and Leu54' (Fig 6D). The accommodation of the hinge helices in the minor groove
requires its expansion. This is accomplished by the side chains of residues Leu54 and
Leu54', which intercalate into the central Cyt9pGua9' base pair step and thereby act as
"leucine levers" to pry open the minor groove (Fig 2, 6C and 6D). As a result, two sets of
van der Waals contacts are formed, one, between the Cy methyl group of Leu54 and the O2
oxygen of Cyt9 and the second between the Leu54 C31 and the deoxyribose O4' atom of
Gua9' on the same strand (Fig 6D). Operator site specificity is contributed to by hinge
helix residue Lys55 which makes a hydrogen bond from its €-NH3 to the N3 of Ade8
(3.11 A) and van der Waals contacts to C2. Additional DNA backbone contacts are made
by the amide group of Ser48, which contacts phosphate 8', the side chain of Arg52, which
hydrogen bonds to phosphate 7', and the CB methyl group of Ala51, which makes van der
Waals contacts to the deoxyribose ring of Ade7.

That hinge helix residues are critical for purF operator binding by PurR is
corroborated by mutagenesis data showing that substitution of Leu54 by lysine, serine,
tryptophan, threonine or arginine, produces a PurR that cannot regulate in vivo
transcription from a purF-lacZ fusion gene (22). However, replacement by methionine
results in a near wild type phenotype, an indication that the size and hydrophobic nature of
this position are crucial to proper function. Substitution of hinge helix residues Arg52 and
Lys55 with either alanine or glutamic acid results in similar deregulation of the purF-lacZ
fusion gene with the glutamic acid substitutions being particularly severe (22).

DN ! kinki

The most evident consequence of the hinge helices binding to the minor groove is
a single 45° kink at the central Cyt9pGua9' base pair step, which bends the DNA toward
the major groove and away from the protein (Figs 2, 6C and 6D). The Cyt9pGua9' step
displays an unusually large roll angle of 45° and helical rise of 6.4 A and is clearly
unstacked. This CpG step is also unwound with a twist angle of 27°. Helix insertion
splays open the minor groove which can be quantitated by the Cyt9-Gua9' cross-groove
04' to O4' distance of 9.2 A. The A-T base pair directly 5' of the kink, which is contacted
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by a hinge helix residue Lys55, displays severe unwinding, a slide toward the minor
groove and an A-DNA like helical rise (Table 2). Analysis of the helical twist angles of the
three central base-pair steps reveals that PurR locally unwinds the purF operator by 42°, a
value similar to that reported for the unwinding of the lac

operator by Lacl (23).

The remainder of the purF operator half-site is also affected by PurR binding (Table
2). Measurement of the minor groove width reveals values that range from 7.8 A to 10.3 A
(Table 2). Such expansion of the entire minor groove results directly from the insertion of
the hinge helix and indirectly from the recognition helix compression of the major groove.
Despite the unusually wide minor groove, the helical rise, twist and slide of base pair steps
3 through 7 more closely resemble B-DNA (Table 2). The aberrant slide and twist angle
values seen for Ade2-Thy?2' could result from crystal packing effects as the PurR COOH-
terminus, which is rich in aromatic and basic residues, contacts the 5'-nucleoside
overhang. As a result, the DNA is not pseudo-continuous in the crystal. No bifurcated
hydrogen bonds are observed between any base pair steps.

Many DNA-binding proteins bend their DNA recognition sites (11, 24). However,
DNA kinking has been observed directly in only three transcription factor-DNA complexes,
the catabolite gene activator protein, (CAP) (25), the TATA binding protein (TBP) (26, 27)
and now PurR. CAP kinks its DNA binding site by ~40° at two dyad related TpG steps
(25). Stabilization of the kink is brought about by several protein-major groove and
protein-phosphate backbone interactions emanating, in large part, from residues of the
recognition helix. A. thaliana TBP kinks the TATA element at the 5'-TpA and ApG steps
of a TATAAAAG binding site (26) whereas yeast TBP kinks the 5-TpA and ApA steps of
a TATATAAA binding site (27). Unlike CAP, TBP stabilizes its ~45° kinks through
minor groove base-phenylalanine stacking and phenylalanine-deoxyribose packing
interactions, the locations of which are in or near B strands. Somewhat of a hybrid, PurR
like CAP, uses an « helix to induce and stabilize its kink site, but like TBP, interacts in the
minor groove by analogous van der Waals contacts to the base and deoxyribose ring.
NMR studies on the sex determining factor, SRY, bound to a high-affinity DNA site,
suggest that this HMG protein interacts with the minor groove in a manner similar to PurR
whereby an isoleucine side chain appears to intercalate into a TpT base pair step (28).

The energetic compensation for kinking the DNA and unstacking the most favorable
base pair step (29) comes in large part from the extensive hinge helix-minor groove and
recognition helix-major groove interactions and the entropy gain related to freeing waters of
hydration from the DNA. Another contribution likely arises from the local folding of the
hinge helix upon purF operator binding. The thermodynamics of DNA binding-induced
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protein folding have been described for several protein-DNA complexes and such folding
contributes substantially to DNA binding affinity (30). Evidence that the hinge helix of
PurR is unfolded in the absence of operator DNA is given by its susceptibility to rapid
cleavage by a variety of proteases (5,22).

0 ificity of Lacl !

Inspection of a sequence alignment of twenty one Lacl members reveals leucine is
found at the position that corresponds to 54 in PurR in all but the Cytidine repressor, CytR,
which has a valine (3). As conserved, is the alanine corresponding to Ala51 in PurR, again
with the lone exception of CytR, which substitutes a glycine. From inspection of the
PurR-purF operator complex it is evident that this position can be only an alanine or glycine
as residue 51 directly abuts the DNA phosphate backbone
(Fig 6D). The nearly complete conservation of these key residues of the hinge helix,
combined with the conservation of a central CpG base-pair step in all Lacl family
operators, and biochemical studies demonstrating that several Lacl family members bend
their operators (31), strongly suggests similar modes of minor groove binding by all Lacl
family members. However, modification of the operator site can alter binding affinity. A
case in point is the wild type lac operator, which contains an additional central C-G base
pair that when deleted, increases LacI-lac operator affinity by 8 to 10 fold (32).

Operator discrimination by Lacl family members relies on DNA deformability and
base specific contacts. Sequence alignment of the recognition helices and
position 55 of ten Lacl proteins and their consensus operators (3) provides insight into the
basis of DNA recognition by the Lacl family (Fig 7). In PurR, the second residue of the
recognition helix, Thr16, hydrogen bonds to an A-T base pair at position 6, whereas in
LaclI the corresponding residue, Gln18, contacts a G-C base pair also at position 6
(10, 12) (Fig 7). Of the eight remaining Lacl members, only threonine, serine, and alanine
are found and base pair 6 of their respective consensus operators is always an A-T, with
the exception of the ribitol repressor, RbtR, which binds operators containing either C-G or
A-T (Fig 7). This correlation suggests that alanine, serine and threonine strongly prefer an
A-T pair at position 6 but that glutamine can bind only a G-C base pair. The identity of
base pair 4 is determined directly or indirectly by the sixth residue of the recognition helix.
In Lacl, this residue is an arginine that interacts with Gua4 (10, 12). Other Lacl family
members that have an arginine at position six, have either a G-C or C-G base pair at
position 4 (Fig 7). PurR recruits Arg26 from the loop following the recognition helix, to
interact with Gua4, an interaction that is directed by His20 located at position six of the
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recognition helix (Fig 6A and 7). Hydrophobic residues at position six appear to select for
a T-A base pair at operator postion 4 (Fig 7).

A third DNA discriminating contact is made by the hinge helix residue that
corresponds to Lys55 in PurR. Lys55 contacts C2 and N3 of Ade8 (Fig 6A and 6D).
Other Lacl members that have a basic residue at this position also discriminate against a G-
C base pair at position 8 most likely the result of steric clash between the side chain and
guanine N2 exocyclic group. However, when this residue is small, as in GalR and Lacl,
there is no discrimination against G-C at position 8.

Mapping Lacl mutants

Biochemical and genetic studies, which have resulted in the generation of over
4000 Lacl mutants (33), have provided insight into the structure and function correlates of
this repressor in the absence of a complete three-dimensional structure. The
phenotypic characterization of LacI mutants identifies four categories: repressors defective
in operator binding (I'), repressors defective in effector binding (I%), repressors that are
tight operator binders (I'®), and repressors defective in operator and effector bindin g.

Now that the structure of an intact Lacl member is available we can begin to ascribe
the structural basis for these mutant classes. When the Lacl sequence is appropriately
imposed on the PurR structure it is evident that the many of the mutations are clustered (Fig
8). Most I" mutations are located in the DNA-binding domain with residues of the HTH
and hinge helix being particularly sensitive to substitution (Fig 8, blue). However,
mutations leading to incorrect secondary, tertiary or quaternary structures also lead to the I
phenotype. Many such substitutions are located in the effector binding domain and
frequently map to 3 sheets that constitute the structural core of the protein or to the interior
facing hydrophobic regions of helices.

The I° mutations are clustered mainly in or around the ligand binding cleft (Fig 8,
magenta), for example Ser193, which corresponds to a PurR residue Thr192 (Fig 4).
Other mutants of this type are found in the dimerization interface in positions where
substitutions likely perturb the opening and closing of the ligand binding pocket. The I
mutants are confined to Lacl residues Val24, Ser28, Val52 and Ser61 and correspond to
PurR residues Ile22, Arg26, Val50 and Thr59 (Fig 8, green). Of these residues all but
Thr59, which is located in the short loop connecting the hinge helix to the CBD, are found
in the DNA-binding domain of PurR. The Lacl mutants, which display the I" and I*
phenotypes, are very tightly clustered and are located mostly in the corepressor binding
pocket, for example, those corresponding to PurR residues Ser191, Arg196, and Asp275,
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or in the dimerization interface, for example, those corresponding to PurR residues Cys281
and Tyr282, (Fig 8, yellow).

In conclusion, the three-dimensional structure of the PurR-hypoxanthine-purF
operator complex has revealed the atomic details of minor groove binding by
o helices and the mechanism by which the side chains of aliphatic amino acids can
intercalate into a base pair step and kink its DNA binding site. Furthermore, the structure
has broadened our understanding of the DNA binding specificities of the entire Lacl family.
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TABLE 1 LEGEND:

Detailed conditions for crystallization of the PurR-hypoxanthine-purF operator
complex are described elsewhere (34). Briefly, the crystals are grown by vapor diffusion
from polyethylene glycol solutions and take the orthorhombic space group C222, with cell
dimensions, a = 175.85 A, b =94.79 A and c = 81.84 A. Intensity data were collected at
room temperature with a San Diego Multiwire Systems (SDMS) Area Detector (35) and a
Rigaku RU200-H rotating anode generator as the X-ray source set at 40 kV, 150 mA. The
data were processed with software provided by SDMS. The structure was determined by
Multiple Isomorphous Replacement (MIR) and revealed one PurR monomer-hypoxanthine-
purF operator half site per asymmetric unit. Heavy atom parameters were refined and MIR
phases were calculated with the program HEAVY (36) initially with data from 10.0 A to
3.0 A. The final figure of merit to 3.0 A was 0.59. The initial electron density map used
for tracing was generated after solvent flattening (37) and revealed clear density for most of
the protein backbone, the hypoxanthine and some of the DNA. FRODO (38) was used to
build in a partial polyalanine model for the protein which was subsequently refined in real
space with TNT (39). After 10 cycles of real space refinement, the partial model was used
as a source of phases which were combined with the MIR phases to give a new figure of
merit of 0.78. The resulting map showed clear density for most of the side chains and the
DNA. At that point PurR residues, 3 - 330, and the purF half-site were fit. After 20 cycles
of positional refinement using TNT, the R-factor dropped from 0.47 to 0.29. Several
rounds of rebuilding were followed by more positional refinement, after which time
electron density for residues 331-340 was found and the data were extended to 2.7 A. The
R-factor converged at 0.235 at which time tightly restrained B-factor refinement was
begun. At the present stage of refinement, the agreement factor of the model to
crystallographic data is 0.195, for all data from 10.0 A 10 2.7 A.

TABLE 1 FOOTNOTES:

*Indicates derivatives in which pseudo twofold related sites were both iodinated. tmHgCl,
is an abbreviation for methyl-mercuric chloride. $2Rgy, =X 11, - <I> 1/ I, where I, =
observed intensity, <I> = average intensity obtained from multiple observations of
symmetry-related reflections. §R;, = ZI [Fpyl - IFpl I/ZIFpl, where IFpl = protein structure
factor amplitude, [Fpyl = heavy atom derivative structure factor amplitude. Il Phasing power
= r.m.s.( |[Fyl / E), IFyl = heavy atom structure factor amplitude , E = residual lack of
closure. JRc = Xl [Fye 2| - IFgycqie)/Z Fyer - Fyyyl for centric reflections, where Fi(cale)
is the calculated heavy atom structure factor. #Figure of merit = fP(O)cxp(iG)dG/fP(G)dG
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where P is the probability distribution of 6, {hc phase angle. **R factor = Z|F, -
Feac/ZF . r.m.s. bond lengths and r.m.s. bond angles are the respective root-mean-
square deviations from ideal values.



179

ZT0° 0 (¥) syabus1 puog

se ¢ (o) seTbu® puog
SUCTIBRTASD swy
ce SITNoaTow I273em
L00¢g Swojle JO Iaqunu TeI0JL
S6T°0 xxI0Q0BI-Y
47 = 07 QL (¥) uorintossy

SOTISTIBIS JUSWSUTIoY

65°0 #Y€ (©3) atasw Jo 2aInbTI TreIDA0 UBS)

TL°0 VL0 69°0 89°0 0L’ 0 080 bha
(o Z0°T 8T T §z'1 68°0 Al |zemod Burseuq
T T 4 T G T S893TS IO IoqunN
€712 6T T°ST 0'TT 6 BT AR §(3) 'y
T°8 0°6 8°8 TL z°0T 89 9°s +(g) Wy
YL°T O3 ¥8'Z woig
sz Bl®D 203 (I)0/1
YL T 03 Y0 0T woxg
6 ®IEP 103 (I)0/I
zL z9 oL S8 89 98 L6 (%) sssusjerduop
LYS €T 989 'TT ¥60’'€T 086°GT oL8’'zZT STT'9T Z¥Z’'81 suoilzosIgsx =nbTup
0" ¢ 0°¢ 0'¢ 8772 0°¢€ 8¢ L'z (Y) uoraniossy
TesoxsuTyy +e1oBHw *9NP-0poI LOP-0opoI *8AP-0OpPOI 60P-0poI 9ATIBN

8TsdTeue orydeaborTeasiao Fo Axeummg T s1qel



TABLE 2 LEGEND ;

a. Inter base pair and intra base pair parameters of the purF operator site calculated with
CURVES (40). Inter base pair parameters refer to those between base pairs within the
same strand and intra base pair parameters refer to those within a base pair. Typical roll
angles, rise values and twist angles are 0°, 3.38 A and 34.3° for B-DNA and 0°, 2.56 A,
and 32.7° for A-DNA (41,42).

b. Minor groove width of the purF operator site. Minor groove width is defined as the
shortest O4'- O4' distance minus 2.8 A (the van der Waals radii of two OXygen atoms).
The average minor groove width for B-DNA is 5.7 A and for A-DNA, 11.7 A 41).
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Table 2: DNA helical parameters of the purF operator half-site

a. Selected inter- and intra-base pair parameters

Inter-Base Pair Intra-Base Pair
Base Pair Helical Roll Rise Slide Propeller Buckle
Twist © (A) (A) Twist &)
6] )
2 AT 7.27 -19.20
5.69 14.36 3.60 -1.02
3 CG -2.18 -0.28
38.68 -3.14 3.47 -0.60
4 G-C 1.01 -0.49
49.69 2.87 3.48 0.35
5 AT -16.12 6.96
21.80 -1.11 3.68 -0.13
6 AT -1.74 3.59
41.84 0.71 3.52 -0.01
7 AT -18.87 1.95
39.93 4.57 3.60 -0.49
8 AT -22.93 7.17
16.93 -1.65 2.84 -1.17
9 CG -3.99 21.38
27.22 44.86 6.45 0.65 <-~DYAD
9’ G-C -3.99 21.38
b. Minor groove width (A) of purF operator site
Ty A@R) C3) G@) CBY A®G) AT A® COH GH)

926 1031 946 850 780 898 975 920 920

T2y GG7) C@#) G(5) T(E) T(T) TE®) GO) 9



Fig 1. (A) Sequence of the duplex deoxyoligonucleotide used in cocrystallization. The
numbering scheme is used throughout the text and the locations of iodine-labelled bases
used in structure determination are identified by an asterisk (*). Shaded is the half-site
used in the design of the perfect palindrome site. (B) Sequence of the perfect palindromic
purF site. The pseudo-dyad and dyad axes of each sequence is indicated by the symbol(-).
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Fig 2. Electron density showing how the crystallographyically related "leucine levers"
(Leu54 and Leu54') intercalate into the minor groove and are wedged between the central

Cyt9pGua9' base pairs. The 45° roll of the central Cyt9pGua9' base-pair step is evident.
(A) The refined 2(F ; - F_,ic) €lectron density map contoured at 1.5° .

(B) Omit map (Fyps - Fouo) With nucleotides Cyt9, Gua9' and residue Leu54 omitted from

the model refinement. The contour level is 3.7° .






Fig 3. (A) Topology diagram of the PurR monomer. o helical segments are shown as
circles and B strands as squares. The NH,-terminus and COOHterminus of the protein are
identified with N and C respectively. The DNA-binding domain consists of (residues
enclosed in parentheses) helix 1 (4-10) and helix 2 (15-23) (the HTH, labelled), helix 3
(30-43) and helix 4 ( the hinge helix, labelled) (48-56). The corepressor binding domain or
CBD consists of a CBD NH,-subdomain (labelled), which contains strand A (61-66),
helix I (72-88), strand B (91-96), helix II (101-113), strand C (118-121), helix IIT (128-
134), strand D (142-147), strand E (156-159), helix IX (294-310) and strand J (318-320),
and a CBD COOH-subdomain (labelled), helix IV (162-174), strand F (181-184), helix V
(191-204), helix VI (223-234), strand G (241-245), helix VII (248-260), strand H (270-
275), Helix VIII (280-282), strand I (288-291) and strand K (324-326). The
hypoxanthine corepressor is represented by a shaded oval.

(B) Stereo view of the PurR-hypoxanthine-DNA complex. The DNA is shown as yellow
stick bonds and the hypoxanthine as blue stick bonds. The PurR dimer is represented by a
ribbon with one subunit colored green and the other red. The secondary structural elements
are indicated as in white for one monomer subunit. (figure generated with Biosym Insight
II).
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Fig 4. Stereo diagram of the corepressor binding pocket. The hypoxanthine molecule is
shown in red. PurR residues involved in hypoxanthine binding and relevant hydrogen
bonds are indicated in yellow. Also shown in yellow and represented as a sphere is a water
molecule, Watl, involved in hypoxanthine binding. The architecture of the purine binding
pocket provides insight into the ability of PurR to bind guanine with high affinity. Water
molecule, Wat2 (in purple), is located within 4.34 A of the hypoxanthine C2 and hydrogen
bonds to the carboxylate side chain of Glu222 (3.49 A) A simple rotation of this side
chain would provide a hydrogen bond to the guanine N2. (figure generated with Biosym
Insight IT).
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Fig 5. Superposition of the HTH motifs (helices 1 and 2) of PurR (magenta) and Lacl
(blue). Also shown is the side chain of PurR residue Asnl2, which is found at the
invariant glycine position of the turn. Although not included in the calculation, the Ca
atoms of the loop that follows helix 2, helix 3 and the residues that follow show a high
degree of structural overlap. (figure generated with Biosym Insight IT).
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Fig 6. PurR-DNA interactions. (A) Stereo representation showing DNA base contacts
made by the DNA-binding domain of one PurR monomer. The DNA is shown in magenta
stick bonds and PurR residues 3-56, which includes the helices 1 through 3 and the hinge
helix, are represented by a blue ribbon. Residues contacting the DNA are depicted as blue
sticks. Selected hydrogen bond distances are shown in blue. A blue sphere representing a
water molecule which mediates the contact between Thrl5 and Thr15-Thy7' is also shown.
(B) Schematic view of the PurR-DNA interaction. The DNA is represented as a cylindrical
projection. Contacts made to the major groove (M) are differentiated from contacts made to
the minor groove (m). Bases involved in van der Waals interactions are shaded light gray,
bases involved in hydrogen bonds are shaded medium gray and bases involved in both are
shaded dark gray. Deoxyribose and phosphate groups contacted from either the major or
minor groove are filled in with stripes while phosphate and sugar groups contacted from
both the major and minor grooves are hatched. The possible Thr16-Cyt5 interaction is
flagged by an asterisk.

(C) Overall view of the PurR-hypoxanthine-DNA complex. The DNA is represented as
yellow stick bonds, the hypoxanthine molecules as blue balls and sticks, and PurR as a
ribbon with one monomer subunit green and the other red. Shown as white sticks are the
side chains of Leu54 and Leu54'. The expansion of the minor groove and severe kink
caused by their insertion is evident.

(D) View of the two-fold related hinge helices and the minor groove of the purF operator.
The crystallographic two-fold axis is perpendicular to the plane of the figure and bisects the
central CpG' base pair step. Shown as blue sticks are key hinge helix residues, Val50 and
Val50' (V50 and V50'), Leu54 and Leu 54' (L54 and L54"), and Ala51 and Ala51' (A51
and A51"). The two HTH motifs are located in the major grooves in the lower left and
upper right of the figure. (figure generated with Biosym Insight II).
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Fig 7. Lacl family member-operator site specificity. Residues of ten Lacl family
members and the base pairs they contact or are predicted to contact are shaded similarly.
Specifically, residue 2 from helix 2, the recognition helix, contacts base pair 6; residue 6
from helix 2 contacts base pair 4, and Lacl family member residues corresponding to PurR
residue Lys55 (indicated by asterisk) contact base pair 8. Upper, consensus operator half
sites from Lacl family members, the operators of which have been well characterized. Q =
any base; O = Ade or Cyt; R = Gua or Thy; S = Ade or Thy; Y = Cyt or Thy. The four
letter abbreviations for the Lacl family members not provided in the text are: the galactose
isorepressor (GalS), amylase repressor (CcpA), maltose repressor (Mall), rhaffinose
repressor and sucrose repressor (ScrR). Lower, sequences of the putative or known HTH
motifs of these Lacl family members.
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Fig 8. Lacl mutants mapped onto the three-dimensional structure of PurR (based on our
previous sequence alignment (6)). Labelled are the DNA-binding domain and the CBD N-
and COOH-subdomains of PurR. The positions of I mutants are blue, IS mutants are
magenta, I are green and mutations that lead to both the I and I8 phenotype are yellow.
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ABSTRACT

The purine repressor is a putative helix-turn-helix DNA-binding protein that
regulates several genetic loci important in purine and pyrimidine metabolism in Escherichia
coli. The protein is composed of two domains, an NH,-terminal DNA-binding domain and
a COOH-terminal core that binds the co-repressor, quanine and hypoxanthine. The co-
repressor binding domain (residues 53-341) has been crystallized from polyethylene glycol
600-MgCl, solutions. They are of the monoclinic form, space group P2;,with a = 38.2 A,
b=12574A,c=61.8 A and B =100.2°. They diffract to a resolution of at least 2.2 A
and contain two monomers per asymmetric unit, The importance of the structural
determination of this domain is underscored by the high degree of sequence homology
displayed within the effector binding sites among a sub-class of helix-turn-helix proteins,
of which Lacl and GalR are members. The structure of the PurR co-repressor binding
domain will provide a high resolution view of one such domain and could serve as a
possible model for future effector site structural determinations. Perhaps more important
will be this structure's contribution to the further understanding of how protein-DNA
interactions are modulated.
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De novo synthesis of purine nucleotides requires, overall, 14 enzymatic steps to
convert S-phosphoribosyl-1-pyrophosphate to AMP or GMP. In Escherichia coli, the
purine repressor regulates seven known loci that encode enzymes involved in this synthesis
as well as four other loci encoding enzymes for pyrimidine nucleotide synthesis and
salvage (Rolfes & Zalkin, 1990a,b). In addition, purR is under autogenous control (Rolfes
& Zalkin, 1990a,). The purR gene, mapped to co-ordinate 1755 kb on the E. coli
restriction map (Kohara ez al. 1987), encodes a protein of 341 amino acid residues (M, =
38,179) that consists of an NH,-terminal helix-turn-helix DNA-binding domain (Brennan
& Matthews, 1989) and a COOH-terminal purine co-repressor binding domain.

Repression requires the presence of the purine co-repressors, hypoxanthine and guanine,
which have apparent dissociation constants of 9.1 mM and 1.7 mM respectively (Rolfes &
Zalkin, 19904).

After overexpression and purification of PurR, a proteolytic fragment containing the
co-repressor binding domain can be prepared by tryptic cleavage at arginine 52. This
product runs as a single band on SDS/PAGE (M, = 32,487). We report here crystallization
conditions for this proteolytic fragment that give rise to a crystal form that diffracts to at
least 2.2 A (1 A = 0.1 nm). The method used is hanging drop, vapor diffusion. Protein,
at 12 mg/ml, is mixed 1: 1 with 20% PEG 600, 0.1 M TrisHCI (pH =7.6), 0.2 M MgCl,
and allowed to stand for one week at room temperature. The resulting crystals are
elongated rods that can grow to dimensions of 1.0 mm X 0.5 mm X 0.4 mm. Precession
photographs reveal that the crystals are monoclinic and take the space group P2, (Fig. 1).
Unit cell dimensions are a =38.2 A, b=125.7A, c=61.8 A and B = 100.2°. The
crystals are stable to 50 hours' exposure to graphite-monochromated CuK,, X-rays using a
Rigaku RU-200 X-ray generator set at 50 kV and 100 mA with a collimator size of 0.75
mm. Assuming one monomer per asymmetric unit (ASU), the crystal packing parameter,
V,, s 4.49 A3/dalton. This falls outside the normal values (2.0 to 3.0 A3/dalton) for
protein crystals (Matthews, 1968). However, assuming two monomers per asymmetric
unit, the V_, is 2.25 A3/dalton. Therefore, it is likely that there are two PurR co-repressor
monomers, possibly a dimer, occupying the ASU. This is also consistent with the finding
that PurR is dimeric both in the presence and absence of co-repressors (Choi & Zalkin,
unpublished results) and with the self-Patterson rotation function which identified a non-
crystallographic two-fold at $=33.90, ¢=78.9° and x=180°. ( However, the self-Patterson
rotation function failed to identify any obvious noncrystallographic symmetry axis. This
failure may reflect slight differences in the relative orientations of the putative N and
COOH-terminal domains of the two PurR monomers, which are likely connected by a



flexible hinge region as observed in the evolutionarily related periplasmic binding proteins
(Vartak et al., 1991; Spurlino ez al., 1991). )

Autempts are being made to soak the sparingly soluble co-repressors into the large
fragment crystals as well as to co-crytallize them de novo. Small crystals of the intact form
have also been grown under different conditions but are not yet of data quality. In
conjunction with this, crystallization of the holorepressor-DNA complex is being
attempted. Collection of high-resolution native three-dimensional data for the large
fragment crystal form and screening for isomorphous derivatives are underway.

The X-ray structure of the large fragment crystals will provide, at atomic resolution,
the details of the co-repressor binding domain. Recent protein homology analysis suggests
that the co-repressor binding domain of PurR may be structurally similar to the sugar
(inducer) binding domain of several DNA-binding proteins containing the helix-turn-helix
motif, including the Lac, Cyt, Gal, Mal, Raf, and Rbs repressors (Rolfes & Zalkin,
1990a). Suprisingly, this region also appears to be homologous to several periplasmic
binding proteins, indicating a close evolutionary relationship (Vartak et al., 1991). The
high-resolution three-dimensional structures of several of these proteins have been
elucidated by X-ray crystallography (Vyas ez al., 1991; Spurlino ez al., 1991; Vyas, 1991;
Quiocho, 1986). If, as suggested by the sequence homology, PurR and the periplasmic
binding proteins are structurally similar, molecular replacement using structurally one or
more of these may serve to hasten the structure determination of the co-repressor binding
domain of the purine repressor. This strucure may provide an important first step in the
further understanding of the mechanisms by which effector molecules influence the affinity
of these helix-turn-helix proteins their cognate DNA.
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Figure 1. 12° hk0 precession photograph of the co-repressor binding domain of the purine
repressor from E. coli using Ni-filtered CuK, X-rays set at 30 kV, 30 mA and a 1.0 mm

collimator. Exposure time is 18h.
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ABSTRACT

The three dimensional structure of the ligand-free Corepressor Binding Domain (CBD) of
the Purine Repressor, PurR, residues 53 to 341, has been determined to 2.2 A resolution
by x-ray crystallography. In its unliganded state the globular subdomains of each
monomer subunit of the CBD dimer are rotated open by 17° and 23° relative to corepressor-
bound CBD. These rotations lead to the generation of a twelve-stranded, intermonomer [3-
sheet between the NH,-subdomains in ligand-free CBD and a major restructuring of the
corepressor binding pocket. Comparisons of the structures of the ligand-free and ligand-
bound CBD suggests a mechanism by which corepressor binding activates PurR to bind its
cognate DNA.
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The purine repressor, PurR, is a 341 amino acid residue dimer that functions as the
master regulator of de novo purine biosynthesis and to a lesser extent, de novo pyrimidine
biosynthesis in Escherichia coli by repressing transcription of at least 14 genes (1).
Specific DNA binding by PurR requires its binding of a purine corepressor, either guanine
(K4 of 1.5 uM) or hypoxanthine (K  of 9.3 uM) (2). Such modulation of the affinity of
DNA-binding proteins for their cognate DNA sites by small molecule effectors is common
in both prokaryotes and eukaryotes and was first demonstrated for the lactose repressor
(LacI) (3). PurR shares significant sequence homology with Lacl and together with at least
21 other bacterial transcription repressors forms the Lacl family (4). All members of the
Lacl family are regulated by small molecule effectors that act either as inducers or
corepressors. The high sequence homology displayed by Lacl family proteins suggests
their structural similarity (4). However, a full understanding of their effector induced-DNA
binding mechanisms has been hampered by the lack of structural information.

Recently we reported the crystal structure determination of a PurR-hypoxanthine-
purF operator ternary complex (5). The structure revealed that PurR consists of an NH,-
terminal DNA-binding domain (residues 3 to 56) that contains Helix-Turn-Helix (HTH)
and hinge helix DNA-binding motifs, and a larger COOH-terminal Corepressor Binding
Domain (CBD) (residues 60 to 341) that is responsible for corepressor binding and
dimerization. The CBD of each monomer subunit is strikingly similar in structure to the
monomeric bacterial periplasmic binding proteins (PBPs) (6), a large family of proteins that
functions in active transport and in some cases chemotaxis, the dimeric transcription anti-
terminator regulator protein, AmiC (7), and lactoferrin, which functions in iron transport in
mammals (8). The PBPs exist in an equilibrium between "open" and "closed" forms, the
latter of which is stabilized by ligand binding (9). The large, predominantly quaternary
changes between the open and closed forms of these proteins are key in mediating the
signal transduction functions of these proteins, that is, only theclosed, ligand-bound form
can transduce signal.

PurR also functions in signal transduction, however, for PurR as well as the other
Lacl family members, the intracellular signal is transduced first intramolecularly from the
effector binding domain to the covalently attached DNA-binding domain and second
intermolecularly to affect specific DNA binding. In the case of PurR, purine binding
signals the overabundance of hypoxanthine or guanine and acts as an environmental switch
to stop de novo synthesis of purines. Biochemical studies have suggested that the CBD of
PurR undergoes a conformational change upon binding corepressor (10). However,
whether the ligand-free, dimeric CBD of PurR, or the effector binding domain of any other
LacI family member, undergoes the type and magnitiude of conformational transition



observed in the monomeric PBPs (9), remains an open question. Clearly, the structural
mechanisms of signal transduction, evoked by the presence or absence of effector
molecule, and transcription regulation are tightly linked.

To assess more fully the conformational changes that occur in the absence of
corepressor and how these changes affect the ability of PurR to bind DNA, we have
determined the structure of the corepressor-free (unliganded) Corepressor Binding Domain
of PurR (11). The structure reveals substantial structural changes and hinge-bending
rotations of 17° and 23° between the NH,- and COOH-subdomains of each monomer
subunit relative to the corepressor bound form (5) that results in an "open" CBD
conformation. As a direct consequence of these rotations the hinge helices, which make
key minor groove interactions and are responsible for kinking the DNA (5), would be
pulled apart and destabilized. This destabilization would also result in the relocation of the
HTH motifs such that they could no longer be in position to bind in successive major
grooves (5). Combined, these changes would lead to the complete disruption of specific
DNA binding. A similar mechanism of effector-regulated specific DNA binding can be
envisioned for the entire Lacl family.

The corepressor binding domain of PurR was prepared by trypsin-cleavage and
results in a protein that contains the entire corepressor binding and dimerization domain
(residues 60 to 341) but is extended slightly to include residues 53 through 59 of the DNA-
binding domain (12). The structure of the CBD was solved by molecular replacement (13)
(Table 1). There is one CBD dimer in the asymmetric unit and the present model consists
of residues 60-187 and 194-341 of each CBD monomer with residues 53 to 59 and 188 to
193 being disordered, 243 water molecules and 3 magnesium ions. The current R-factor is
15.6% using data from 10.0 - 2.2 A. The model displays excellent stereochemistry (14)
(Table 1). A typical section of the current 2F ,-F, electron density map is shown in Figure
L

The CBD consists of two structurally similar, noncontiguous subdomains per
monomer, the CBD NH,-subdomain and CBD COOH-subdomain, that are connected by
three short crossover strands (Fig. 2). The purine corepressor binding pocket is found
between the two subdomains. The tertiary structure of the unliganded CBD COOH-
subdomain is virtually identical to that of its hypoxanthine-bound form as revealed by the
root mean square deviations (rmsds) of 0.34 A and 0.40 A between the Co atoms of
residues 162-187, 194-290 and 324-326 of each unliganded CBD COOH-subdomain and
the liganded CBD COOH-subdomain (5) (Fig. 3A). Moreover, the CBD COOH-
subdomain dimerization interface is maintained as the COOH-subdomain monomers change
little relative to each other (2.4° rotation of each COOH-subdomain monomer). The rmsd
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between the Car atoms of the unliganded CBD COOH-dimer and its liganded counterpart is
0.60 A (Fig. 3B).

Unlike the CBD COOH-subdomains, the CBD NH,-subdomains undergo large
structural changes upon corepressor binding with rmsds of 1.72 A and 1.61 A between all
146 Cas of the liganded and unliganded NH,-subdomain (residues 60-159 and 296-321).
A similar superimposition using only the Cos of residues 60-146 and 296-321, results in
antmsd of 1.3 A and 1.2 A (see Fig. 3 legend) (15). Furthermore, the superimposition of
the NH,-sudomain dimer of unliganded CBD, using only the Cas of residues 60-146 and
296-321 of each subunit onto the corresponding atoms of liganded CBD results in an rmsd
of 3.5 A. This underscores the large quaternary change between each NH,-subdomain
relative to the other in going from the ligand-free to the ligand-bound form.

Since the CBD COOH-subdomains of corepressor-free and bound CBD are
virtually identical, they can serve as a reference frame to examine any conformational
changes that occur upon ligand binding. Superimposition of the 126 corresponding Co.
atoms of each unliganded COOH-subdomain onto their liganded CBD counterparts, reveals
that, despite the dimeric nature of PurR, the NH,-subdomains have undergone rotations of
17° and 23° that result in an open conformation relative to the closed conformation of the
hypoxanthine-bound CBD (Fig. 3). Thus, the CBD COOH-subdomain dimer acts as a
structural anchor for the large rotations of the NH,-subdomains. These rotations are a
direct consequence of the hinge bending that arises primarily from changes in the backbone
torsion angles of residues in the CBD subdomain crossovers. Residues Asp160 and
Asn161 of the first crossover, show the largest changes in which Ay is 61.2° and A¢ is
14.5° for Asp160 and A¢ is 143.2° and Ay is 26.8° for Asn161. The rotations result in a
restructuring of the NH,-subdomain dimerization interface in ligand-free CBD that includes
the formation of two new hydrogen bonds between [3-strands B and B' (where the prime
indicates the other monomer). These hydrogen bonds lead to the generation of a twelve-
stranded, intermonomer [3 sheet in which the six strands of each monomer are parallel but
their interfacing B and B’ strands are antiparallel (Fig. 1). Specifically, new hydrogen-
bonds are formed between the carbonyl oxygen of Val92 and the amide of Gly94' and the
amide of Val92 and the carbonyl oxygen of Gly94' as well as the related two-fold contacts.
The intersubunit sheet is further stabilized by two hydrogen bonds between the side chain
OH of Tyr107 and the carbonyl oxygen of Tyr90' and their dyad-related mates. In
corepressor-bound CBD there are only two B-B' hydrogen bonds, which occur between
the carbonyl oxygen of Val92 and the amide of Gly94' and the dyad-related interaction, and
Tyr107 stacks against Phe86' and hydrogen bonds to Glu82', both located on helix L
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The largest local structural changes found between ligand-free and bound CBD
are confined to the corepressor binding pocket and involve corepressor-binding residues
Tyr73 and Phe74 from the CBD NH,-subdomain and Arg190 and Thr192 from the CBD
COOH-subdomain (5). Residue Arg190, which makes two specificity determining
hydrogen bonds to the corepressor, resides on a loop (residues 185 to 190), the specificity
loop, that, in part, becomes disordered in the absence of ligand (Fig. 2). Residue Thr192,
which makes a hydrogen bond and van der Waals contacts to the corepressor, is the part of
helix V (residues 191 to 204) that, in ligand-free CBD, unwinds by about a turn, leaving
residues 191 through 193 disordered. Ligand dissociation also results in the loss of
hydrogen bonds between Argl90 and Glu125 of the CBD NH,-subdomain and between
Asn191 and crossover residue Asp160. In liganded CBD these additional contacts act to
further brace this region and their loss, upon ligand dissociation, leaves this region
untethered. The disordering of residues 188 to 193 is the only structural change within the

COOH-subdomains between the ligand-free and bound forms.
The NH,-subdomain, on the other hand, undergoes several large changes. One is

the rearrangement of the -sheet contact region between B-strands D (residues 142 to 147)
and E (residues 156 to 159) whereby the two hydrogen bonds observed in hypoxanthine-
bound PurR, from the amide NH of Val144 to the carbonyl of Asp156 and the amide NH
of Asp156 to the carbonyl of Lys142, are replaced by four new hydrogen bonds found
between the amide NH of Vall44 to the side chain 082 of Asp156, the amide NH of
Asp146 to the carbonyl of Asp156, the amide NH of Asp156 to the carbonyl of Vall44,
and the amide NH of Val158 NH to the carbonyl of Asp146. Despite the ratcheting of the
B-sheet hydrogen bonds between B-strands D and E, the B-sheet hydrogen bonds between
B-strands D and C and those between -strands E and J are the same as those in the
corepressor-bound form of the CBD. Linked to this structural rearrangement are the

structural changes observed directly within the corepressor binding pocket that involve
residues Tyr73 and Phe74, located at the NH,-terminus of helix I, and residues 147 to

159, which include the COOH-terminus of (3-strand D, the loop that follows, and B-strand
E (Fig. 4). In ligand-free CBD, Trp147 no longer stacks against Tyr126 but has rotated
into the ligand binding pocket (Fig. 4) resulting in translations of 3.3 A and 10.7 A of its
Co. and Ne atoms, respectively. This rotation also pulls residues 148 through 159, as a
unit, toward the ligand binding pocket and accounts for the ratcheting motion of B-strands
D and E. The movement of residues 147 through 159 as a unit separate from residues 60-
146 is necessitated by hinge bending. Indeed, superimposition of the corresponding Cois
of the entire NH,-subdomain (after the superimposition of the liganded and unliganded
CBD COOH-subdomains), reveals that were residues 60 through 159 to move as a rigid
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body in going from the unliganded to the liganded state, NH,-subdomain loop residues
148 through 155 would collide with the COOH-subdomain specificity loop.

In ligand-free CBD, the indole moiety of Trp147 stacks against Tyr73 and
Phe74 and its Ne forms a hydrogen bond to the side chain OH of Tyr73 (Fig. 4). In this
way, Trp147 acts as a structural, but not functional, replacement for the corepressor. In
addition to the hydrogen bond between Trp147 and Tyr73, the Tyr73 hydroxyl group also
hydrogen bonds to the side chain of cross-over residue Asp160. Because residue Asp160
is located on the "outer edge" of the corepressor binding pocket, the hydrogen bond
between this residue and Tyr73 stabilizes the open conformation. In the ligand-bound
form, the side chain OH of Tyr73 switches hydrogen bonding partners to the side chain Og
of GIn292 of the second cross-over, as does the side chain of Asp160 which is hydrogen
bonds to the side chain of Asn191 from the specificity loop (Fig. 4). These different sets of
interactions directly link corepressor binding to the hinge bending motion of
the CBD and suggest a possible mechanism for corepressor binding. In this mechanism,
residues Tyr73, Phe74 and Trp147 create a solvent accessible hydrophobic patch that
would serve as the initial binding site for corepressor (Fig. 4). Upon corepressor binding,
Trp147 would be displaced from the purine binding pocket as would the region
encompassing residues 148 to 159. This displacement would lead directly to the disruption
of the key hydrogen bond between Tyr73 and Asp160. As a consequence, Asp160 would
be free to make a hydrogen bond to Asn191, which would aid in the concomitant ordering
of the specificity loop. This mechanism suggests that corepressor would bind first to the
NH,-subdomain, which is consistent with crystallographic studies on the structurally
related periplasmic binding protein LIVBP (leucine-isoleucine-valine binding protein) that
show when leucine is soaked into crystals of a locked open form, the substrate interacts
only with residues of the NH,-subdomain (16).

Recently, structures for the open and closed forms of two PBPs, the Maltose
Binding Protein (MBP) and the Lysine-Arginine-Ornithine Binding Protein (LAOBP), have
been described (9). These structures allow us to compare and contrast the open and closed
conformations of the CBD of dimeric PurR to the corresponding conformations of these
monomeric PBPs. In general, the CBD of PurR and MBP and LAOBP display similar
ligand-free open and ligand-ound closed conformations. However, the 17° and 23°
rotations between the subdomains of the CBD are much smaller than those taken by MBP
(35°) and LAOBP (53°). Also, unlike the PBPs (17), the subdomains of the CBD display
little twisting relative to each other. Although we cannot eliminate the possibility of larger
rotations, modelling demonstrates that rotations on the order of 35° for each CBD
monomer subunit would disrupt completely the NH,-subdomain dimerization interface. A
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second key difference between the monomeric PBPs and PurR is that the periplasmic
binding proteins show little structural rearrangments in going from the open to closed
conformation. The structural changes observed in PurR may compensate for the lack of
twisting, which, in the PBPs, serves to open further and reorient the two globular
domains. A twisting motion like those observed for the PBPs would disrupt the
dimerization interface in PurR.

The conformational changes in the PBPs allow the membrane-bound components of
active transport or chemotaxis to differentiate between the liganded forms, which are bound
by these proteins, and the unliganded forms, which are not bound (18). Similarly, the
intracellular environmental signal of excess purine is transduced via PurR which binds pur
regulon operators under phyisological conditions only in its liganded (closed) form. In
addition to allowing PurR to bind specific DNA sites, the structural changes in the CBD
NH,-subdomains present the possibility for additional effector-controlled protein-protein
interactions. Although PurR is not known to interact with other proteins, the cytidine
repressor, CytR, interacts with the catabolite gene activator protein, CAP, only in the
absence of inducer (19-22), leading to repression of transcription of the CytR regulon (23),
and the amylase repressor, CcpA, binds phosphorylated HPr (24).

To date, the "activation” of specific DNA binding by repressor through corepressor
binding has been characterized structurally for only the E. coli Trp (25) and MetJ
repressors (26). For the Trp repressor, the L-tryptophan corepressor orients the HTH
reading heads to fit into successive major grooves. In addition, the L-tryptophan
corepressor makes DNA phosphate contacts (25). Corepressor (S-adenosylmethione)
binding to the MetJ repressor, on the other hand, does not cause a conformational change
and corepressor activation appears to arise from electrostatic effects (26). Unlike these
proteins, which are similar in that they bind corepressor within their DNA binding
domains, PurR binds its corepressor in a separate domain, the CBD, at a distance of at least
40 A from the DNA binding domain (over 50 A from the DNA). Although the structure of
the unliganded CBD does not include the DNA-binding domain, overlaying the Cos of
residues 60 to 146 and 296 to 321 of the CBD NH,-subdomain of corepressor-bound
PurR, onto the corresponding Cats of each of the NH,-subdomains of unliganded CBD
suggests the mechanism by which corepressor binding to the CBD modulates DNA binding
by PurR. Simply, in the ligand-free conformation, the two-fold related DNA-binding
domains of PurR, which include the HTH (residues 4 to 23) and the hinge helix (residues
438 to 56), are relocated and the hinge helix regions are pulled apart (Fig. 5). As a measure
of the magnitude of this motion, the distance between the Cot of residue Lys60 to the Co of

residue Lys60' (the first residue observed in each CBD monomer sunbunit), increases from
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17.3 A in the corepressor bound form to 20.8 A in unliganded CBD. A likely consequence
of the relocation of the hinge helices would be their destabilization due to the removal of the
DNA-induced van der Waals interactions between them. Proteolysis studies have revealed
that the hinge helix region is highly susceptible to cleavage when PurR is not making
specific DNA contacts, a strong indication that DNA binding is a requisite for the stable
formation of the hinge helices (27). Furthermore, recent NMR studies on residues 1 to 56
and 1 to 62 of PurR, in the absence of DNA, have demonstrated that residues 48 through
56 take no discernable structure (28). These data suggest a reaction coordinate whereby
corepressor binding induces the necessary structural and conformational changes to bring
the hinge helix regions of each monomer subunit into apposition. Local folding of the
hinge helices can then take place in the presence of a specific DNA site. The probable role
of the HTH motif, which together with helix 3 forms a stable globular domain (5), is to
initiate specific DNA binding by making appropriate operator site base pair contacts.

The sequence homology between PurR and other Lacl family members and their DNA
operator sites strongly suggests that they take similar structures and use related DNA-
binding mechanisms (4). However, unlike PurR, most Lacl members are activated to bind
their DNA sites only in the absence of effectors, a role indicative of the fact that they
repress catabolic pathways and not biosynthetic pathways as does PurR. This necessitates
a different spatial arrangement of the NH,-subdomains in these proteins such that the hinge
helices and HTH motif are positioned optimally to bind DNA in their unliganded forms.
Alternatively, these proteins might display the same open and close conformations
observed for PurR but link differently their DNA bindin g and effector
binding/oligomerization domains such that in their open forms specific DNA binding is
effected. The confirmation or modification of these hypotheses awaits the structures of
other Lacl family members bound to DNA (29).

In summary, the crystal structure of the corepressor-free form of the CBD of PurR
reveals an open conformation relative to its corepressor bound form. This conformational
change is effected by hinge bending rotations of 17° and 23° between the NH,- and
COOH-subdomains with the COOH-subdomains acting as an anchor in this rotation.
Residues Tyr73, Trp147 and Asp160 are critical to this process. In the presence of
corepressor these rotations serve to position the DNA-binding domains of each PurR
monomer subunit so that hinge helix formation can occur in the presence of specific DNA.
We expect an analogous conformational change for other members of the Lacl family.
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TABLE 1: Summary of Selected Crystallographic Data

Space group P2,

Cell Dimensions a=38.04 A, b=125.26 A, ¢=61.29 A, B=100.17°

Data Collection

Resolution (A) 22
Number of Reflections 25,876
Rgym (%) 3.6
Number of atoms 4,436
Number of solvent molecules 243
Refinement

R-factor (%) 15.6

Deviations from Ideality (rms)
Bond distances (A) 0.018

Bond angles (degrees) 2.799
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TABLE 1 LEGEND:

The corepressor binding domain (CBD) of PurR (residues 53-341) was prepared by
trypsin cleavage of the intact purine repressor and was dialyzed exhaustively to remove any
bound corepressor. Crystals of the CBD were grown in PEG 600, MgCl, solutions and
were characterized by precession photography as previously described (30). X-ray
intensity data were collected at room temperature with an Area Detector Systems
Corporation (ADSC) multiwire area detector using a Rigaku RU200-H rotating anode
generator for the X-ray source (40kV, 150 mA). The data were processed with the
software provided by ADSC. The structure was solved by Molecular Replacement with
MERLOT (13). Initial values for the rotation function were obtained using the Crowther
fast rotation function and the resulting solutions were fine tuned with the Lattman rotation
function. Subsequently, the Crowther and Blow translation function was used to position
the search model. Search models were based on residues 60-340 of the PurR-
hypoxanthine-purF complex structure. As corepressor loss was expected to result in
conformational changes, models consisting of residues from the NH,-subdomain dimer,
the COOH-subdomain dimer, a single COOH-subdomain and a single NH,-subdomain
were used. All NH,-subdomain models failed, but both the COOH-subdomain monomer
as well as the COOH-subdomain dimer models produced clear solutions for both the
rotation (9.0 and 8.6 standard deviations above the mean for the monomers and 11.5
standard deviations above the mean for the dimer) and translation (6.0 and 5.8 standard
deviations above the mean and 8.5 standard deviations above the mean) functions. The
euler angles solutions using the COOH-subdomain monomer, a=317.5°,
B=140.0°,¥=105.0" and a=137.5", B=40.0", ¥=250.0°, were related by the strong self-
rotation peak previously identified at $=33.9", ¢=78.9" and x=180°" confirming that there
was a CBD dimer in the asymmetric unit. A 2F -F_ electron density map
calculated with phases from this partial model was of sufficient quality to visualize and fit a
substantial part of the structure of one NH,-subdomain. After rigid body refinement, a
new electron density map was calculated that allowed for the fitting of part of the other
NH,-subdomain. The R-factor for this model was 39.9% after rigid body refinement.
Positional least-squares refinement with TNT (14), using data from 10.0 A to 3 A, dropped
the R-factor to 25.5% . This was followed by successive cycles of model rebuilding, using
FRODO (31), and refinement. After fitting both the NH,-subdomains, excluding residues
53 t0 59 and 188 to 193, the resolution was extended to 2.2 A and positional and thermal
parameter refinement was carried out until convergence. Difference density maps
calculated with coefficients, Fyyc; - Fig and Fryjmerosal - Fae 21 Oy, Where Fygoc were
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the structure factors of a mercuric chloride derivative and Fryymerosal Were the structure
factors of a thimerosal derivative, revealed large two-fold related peaks coicident with

locations of Cys85 for the thimerosal data and Cys85 and Cys123 for the mercuric chloride
derivative data, confirming the different locations of the two NH,-subdomains. The final

model consists of residues 60-187 and 194-341 of each CBD monomer with residues 53 to
59 and 188-193 being disordered, 243 water molecules and 3 magnesium ions.



Figure 1. The refined 2F, - F, electron density map contoured at 1.0 ¢ showing the
intersubunit B-sheet created between the NH,-subdomains in unliganded CBD. The B-
sheet is formed by hydrogen bonds between the carbonyl oxygens of Val92 and Val92'
(where the prime indicates the other subunit) and the amide groups of Gly94' and Gly94,
respectively, and from the amide groups of Val92 and Val92' to the carbonyl oxygens of
Gly94' and Gly94, respectively. Hydrogen bonds between the side chain hydroxyls of
Tyr107 and Tyr107' to the carbonyl oxygens of Tyr90' and Tyr90, brace the sheet at both
ends.
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Figure 2. Ribbon diagrams of (A) The corepressor-bound form of PurR from PurR-
hypoxanthine-purF operator complex. Labelled are the DNA-binding domain, the NH,-
and COOH subdomains and the NH,-terminal residue (N) and the COOH-terminal residue
(C). The three crossover regions are labelled CO-1, CO-2 and CO-3. The specificity
region (residues 188-193) is shown in bold. (B) Corepressor-free form of the CBD of
PurR. The NH,-subdomain, the COOH-subdomain and the NH,-terminal residue (N) and
the COOH-terminal residue are labeled. The crossover regions are labelled as in (A). The
specificity region, which is disordered in unliganded CBD, (residues 188 to 193) is shown
in bold. Unliganded CBD NH,-subdomain consists of (residues enclosed in parentheses)
strand A (61 to 66), o-helix I (72 to 88), B-strand B (91 to 96), a-helix II (101 to 113), B-
strand C (118 to 122), a-helix III (128 to 136), B-strand D (142 to 146), B-strand E (156
to 160), o-helix IX (296 to 310) and B-strand J (318 to 321). The unliganded COOH-
subdomain consists of a-helix IV (162 to 175), B-strand F (182 to 184), o-helix V (194 to
206), 3,¢-helix VI (213 to 215), a-helix VII (223 to 234),B-strand G (242 to 245), a-helix
VIII (248 to 260), B-strand H (270 to 275), 3;o-helix IX (280 to 282), B-strand I (288 to
291) and B-strand K (324 to 326). These figures were generated using MOLSCRIPT (32).
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Figure 3: Co overlays of the unliganded CBD COOH-subdomains onto the liganded
CBD COOH-subdomains (5). Unliganded CBD is represented as a solid red ribbon and
liganded CBD as a solid green ribbon. (A) Ca overlays of the crystallographically
independent COOH-subdomains of unliganded CBD onto the COOH-subdomain from the
crystallographic monomer of liganded CBD. The resulting rmsd for 126 atoms (residues
162 to 187, 194 to 290 and 324 to 326) is 0.34 A for one CBD COOH monomer subunit
and 0.40 A for the other. Superimposing the two unliganded CBD COOH-subdomains
results in an rmsd of 0.31 A.  As is evident from the locations of the CBD NH,-
subdomains, unliganded CBD is in an open conformation relative to the liganded form.
Rotations of 17° and 23° are required to bring residues 60 to 146 and 296 to 321 of the two
NH,-subdomains into coicidence with the corresponding liganded NH,-subdomains.
Residues 60 to 146 and 296 to 321 of the two crystallographically independent NH,-
subdomains superimpose with rmsd of 0.62 A while Co superimposition these residues
between each unliganded CBD NH,-subdomain and the liganded form results in rmsds of
1.2 A and 1.3 A. Superimposition of the NH,-sudomain dimer of unliganded CBD
(residues 60 to 146 and 296 to 321 of each subunit) onto that of liganded CBD results in an
rmsd of 3.49 A, underscoring the large conformational change of the NH,-subdomain of
one monomer relative to the other, in going from the ligand-free to the ligand-bound form.
(B) Superimposition of the COOH-subdomain dimers of the two forms results in an root
mean squared deviation (rmsd) of 0.60 A (for 252 corresponding atoms) indicating that the
COOH-subdomain dimers do not differ structurally in the presence or absence of
corepressor and providing evidence that the COOH-subdomain acts as a structural anchor
for PurR. Figure generated with BIOSYM Insight II.
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Figure 4: The switch residues of the CBD NH,-subdomains in corepressor-free and
corepressor-bound CBD.
(A) Inliganded CBD, Tyr73 and Phe74, the second and third residues of helix I, interact
make with the hypoxanthine corepressor. The side chain of Tyr73 also hydrogen bonds to
GIn292, located on the second crossover between subunits. Trp147 is far removed from
the corepressor binding pocket and stacks against Tyr126.
(B) In unliganded CBD, the N-terminus of helix I becomes distorted thereby allowing
Tyr73 and Phe74 to interact with key switch residue, Trp147. Residue Trp147, which is
located on the loop between B-strands D and E, has rotated into the corepressor binding
pocket. In addition to hydrogen bonding to the Ne of Trp147, the side chain OH of Tyr73
also hydrogen bonds to Asp160, located on the first crossover. Figure generated with
BIOSYM Insight II.






Figure 5: Implications for DNA binding. (A) View of the hinge helix interactions in the
PurR-hypoxanthine-DNA complex. The leucine "lever” side chains (Leu54 and Leu34')
are also shown. (B) Overlay of the NH,-subdomains (Ca residues 60-146 and 296-315)
from the PurR-hypoxanthine-purF structure, including the DNA binding domains (shown
in blue), onto the corresponding Cas of the NH,-subdomains of unliganded CBD
(magenta). The overlay demonstrates dramatically that the hinge helices would be broken
apart, disrupting the weak interhelical interactions that act to stabilize the helices and
ultimately disrupting the DNA binding domains. Figure generated with BIOSYM Insight
II.
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DISCUSSION AND CONCLUSION

The work presented in this thesis examines, at the atomic level, the basis of DNA
binding specificity by the regulatory protein, the Purine repressor or PurR, and the
mechanism by which a metabolic signal in the form of a purine corepressor is transmitted to
effect gene regulation by activating PurR to bind DNA. Prior to the work of this thesis it
had been established that PurR was a 341 amino acid, dimeric DNA binding protein that
functioned as the master regulator of de novo purine biosynthesis and, to a lesser extent, de
novo pyrimidine biosynthesis in E. coli (1-17). The importance of PurR in E. coli gene
regulation is underscored by recent studies which have demonstrated that PurR also
regulates the transcription of several genes involved in nucleotide metabolism (18). PurR
carries out its control by a simple negative feedback loop, whereby it senses the level of
nucleotides in the E. coli cell via the concentrations of its corepressors, hypoxanthine and
guanine, which it binds with Kds of 9.3 uM and 1.5 uM, respectively (9). Corepressor
binding activates PurR to bind to its cognate DNA sites within the pur regulon, leading to
repression of the transcription of these genes.

PurR is a member of the highly homologous LacI family of bacterial transcription
regulators (19). All Lacl family members, including PurR, can be proteolytically digested
into two domains: An NH,-terminal subdomain, containing the DNA binding function,
and a larger COOH-terminal subdomain, which is responsible for the corepressor
binding/dimerization functions. Prior to this thesis, the only three-dimensional structural
information for the Lacl proteins had been obtained from NMR studies on the Lacl DNA
binding domain (Lac headpiece), both free and bound to a lac operator half site. Those
studies confirmed the presence of a helix-turn-helix motif in this domain (20). However,
these studies left in question the structure of the effector binding/dimerization domain.
Furthermore, these studies could not address the key question of how the signal of effector
binding is transduced to the DNA binding domain to effect gene regulation.

The high degree of sequence homology observed within the Lacl family, as well as
the operator sites they recognize, suggests that all members are structurally homologous
and interact with their DNA sites in a very similar manner. One goal of this thesis was to
provide a model, or prototype, for the, over 21, Lacl family members through the structure
determination of PurR. The specific questions which were addressed were 1) what is the
basis for the sequence specific DNA binding of PurR and 2) what is the means by which
corepressor binding to the corepressor binding domain activates the DNA binding domain
of PurR to bind DNA. In great part, these questions were answered by the determination
of two structures by X-ray crystallography. The first structure determined was the ternary
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complex of PurR bound to both its corepressor, hypoxanthine, and a 16 base pair purF
operator site. The second was the corepressor frée form of the corepressor binding domain
of PurR (CBD). The structure of the ternary complex was solved by multiple isomorphous
replacement to 2.7 A resolution and refined to an R-factor of 19.5%. As anticipated, the
structure of PurR contains two domains: An NH,-terminal DNA binding domain and a
COOH-terminal corepressor binding/dimerization domain. The DNA binding domain
could be divided into two functionally important regions. The first region contains a helix-
turn-helix motif that is part of a larger globular, helix-turn-helix-loop-helix, domain
(residues 3 to 43) and similar to the NMR structure of the Lacl headpiece (residues 1 -51)
(20). Key specificity determining contacts are made by residues from helix two, the
recognition helix. Hydrogen bonds are provided from residue Thr16 of this helix to both
the adenine and thymine of base pair 6. Similar to the A repressor-DNA structure, a
residue outside the recognition helix also makes a base specific contact. In this contact
Arg26, which is located on the loop following helix two, hydrogen bonds to Gua4. This
interaction is critical in terms of specificity and explains why guanine4 is the only guanine
in the purF operator to show DNA methylation interference sensitivity and why it is
conserved in all known pur operators.

Following the helix-turn-helix-loop-helix is the second DNA binding element.
This element represents a novel DNA binding structural element and consists of two-fold
related "hinge" helices that bind deeply in the minor groove of the DNA. The hinge helices
interact with each other through a series of weak van der Waals interactions between the
two fold-related residues Val50and Val50' and Leu54 and Leu54'. The accomodation of
two helices into a B-DNA minor groove clearly requires its expansion. This is effected by
the insertion of the two Leu54s between the central CpG base pair step. This insertion
unstacks the central base pairs and kinks the DNA by 45°. As a result, the central base pair
step displays an unusually large roll angle of 45° and helical rise of 6.4 A. Additional DNA
contacts are provided by "hinge" helix residues including phosphate contacts from Arg52
and Ser48. Lys55, which hydrogen bonds to Adenine 8, contributes to operator site
specificity in that it discriminates against a guanine at position 8 due to the steric clash that
would result between this large side chain and the exocyclic N2 of guanine. This is
corroborated by the finding that position 8, although it can be a cytosine or thymine, is
never a guanine in all known pur operators.

Biochemical studies have shown that many DNA binding proteins bend their DNA
sites. However, DNA kinking, which is distinguished from DNA bending by the presence
of unstacked base pairs, has been directly observed in only three transcription factor-DNA
complex structures: The CAP-cAMP-DNA structure (21), the TATA binding protein-DNA
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structures (22-23) and now, the PurR-hypoxanthine-DNA structure. CAP kinks its DNA
at two dyad-related TpG steps, which results in an overall bending angle of ~90° (21). This
kinking is ellicited by contacts made by CAP to the major groove of the DNA. TBP kinks
the TATA element at the ends of an eight base pair TATA element. Unlike CAP, TBP
stabilizes its two ~45° kinks through minor groove interactions, primarily the intercalation
of a pair of phenylalanines between the each of the two base pair steps (22-23). Although
the mechanism of kinking by PurR is unique, it is similar to CAP in that ¢ helices are used
to induce kinking, but like TBP and unlike CAP, the interactions are with the DNA minor
groove. Although minor groove binding by « helices had not previously been observed,
NMR studies on the eukaryotic protein, SRY (sex determining region on chromosome Y),
bound to a high affinity DNA site, suggested that this HMG protein interacts with the
minor groove in a manner similar to PurR whereby an isoleucine side chain, located on a
purported o helix, appears to intercalate into the minor groove (24). Thus, PurR may
serve as a model for DNA binding by SRY.

The role of DNA kinking and bending in gene expression is not clear. However,
one obvious result of DNA bending is that several DNA binding factors may be brought
closer together than would be possible on linear DNA. For example, it has been postulated
that DNA bending by CAP might facilitate contacts between RNA polymerase and the DNA
upstream from CAP. This could explain how CAP can activate transcription from a variety
of positions. DNA bending by TBP may likewise juxtapose the transcriptional initiation
factors needed to form the pre-initiation complex. Unlike CAP and TBP, PurR functions
as a repressor. What role DNA bending may play in the repression is unclear. However, it
implies that the simple "roadblock™ mechanism, previously postulated to explain
repression, may require revision. Perhaps, in addition to steric affects, the significant
perturbation of the DNA structure caused by PurR binding would prohibit RNA
polymerase, and other initiation factors from properly "reading" or opening a promoter site.

The high degree of sequence homology displayed between PurR and other Lacl
members, especially in the DNA binding domain (60% identical), strongly suggests that all
Lacl members bind their DNA sites in a manner similar to PurR. Particularly noteworthy is
the absolute conservation of the critical "hinge" helix residues, corresponding to Ala51 and
Leu54 in PurR. Ala51 is an important residue in terms of stereochemical constraints as it
directly abuts the DNA backbone, indicating that any other residue, except perhaps glycine,
would disrupt DNA binding. Leu54 is the critical "leucine lever" which, along with its
dyadic partner, is responsible for the severe kink in the central CpG base pair step of the
purF operator.



The tight binding of PurR to its operator is contigent upon corepressor binding (9).
Several studies have predicted that the corepressor binding domain (CBD) of PurR is
structurally similar to the bacterial periplasmic binding proteins (PBPs) which function in
the transport of metabolites across the bacterial membrane and, in some cases, chemotaxis.
The structure of the PurR-hypoxanthine-purF operator ternary complex revealed that the
CBD is, in fact, remarkably similar the PBPs, especially the ribose binding protein, RBP
(25). Like the PBPs, PurR binds its corepressor in a cleft formed between the two
structurally similar subdomains of the CBD through a series of polar, nonpolar and
aromatic interactions. The structure clearly reveals the basis for corepressor binding
specificity. It is the hydrogen bonds from Arg190 to the exocyclic O6 acceptor of
hypoxanthine (also found in guanine) that allow PurR to read the exocyclic atom at position
6 and, consequently, discriminate against the amino group found at this position in
adenine. Unlike the PBPs, however, PurR is a dimer. The PurR dimerization interface is
extensive, excluding 2,242 A2 of protein surface, and is formed, for the most part, equally
by both CBD subdomains.

Structural and biochemical studies on the periplasmic binding proteins have
provided evidence that the PBPs exist in an equilibrium between an open, unliganded form
and a closed, liganded form and that ligand binding acts to stabilize the closed form (26-
27). The conformational change, mostly quaternary, that accompanies the transition from
the open to the closed form allows the PBP receptor proteins to distinguish between the
two forms. Although the structure of the PurR ternary complex cannot explain the means
of corepressor binding activation, it suggested that, perhaps, PurR may exist in an open
unliganded conformation similar to the PBPs and that corepressor binding may stabilize the
closed form, transmitting the signal to the DNA binding domain.

To address this question, the structure of the unliganded form of the corepressor
binding domain of PurR (residues 53 - 341) was solved by X-ray crystallography. The
structure was determined by molecular replacement using the CBD COOH-subdomain as a
probe model.. The structure has been refined to an R-factor of 15.6% using data to 2.2 A
resolution. This structure reveals an open conformation as the two globular subdomains of
each monomer subunit are rotated by 17° and 23° relative to that seen in the corepressor-
bound form of the PurR-hypoxanthine-purF ternary complex. The CBD COOH-
subdomains change little upon corepressor binding. However, the NH,-subdomains rotate
open. This leads to a large reorientation of these domains relative to each other. Asa
result, the six-stranded f-sheets of each NH,-subdomain become linked and form a
continuous twelve-stranded -sheet between subdomains.
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Aside from the significantly different disposition of the NH,-subdomains relative to
each other, the largest structural changes that can be noted when comparing corepressor-
free to corepressor-bound CBD all reside within the corepressor binding pocket. In the
CBD COOH-subdomains, the NH,-terminus of helix V, which contains Thr192, and the
loop containing Arg190, become completely disordered upon corepressor release. There
are also large structural rearrangements that occur in the CBD NH,-subdomains in which
the 3-sheet interface between strand D and strand C is disrupted and replaced by a new set
of B-sheet hydrogen bonds. At the heart of this alteration is the rearrangement of the region
from residues 147-159. In the corepressor-free form of the CBD, Trp147 swings into the
corepressor binding pocket to interact with Phe74 and Tyr73 from helix I, whereas in the
corepressor-bound form it swings out of the corepressor binding pocket and stacks against
Tyr126 from helixIIl. In this way Trp147 serves as a structural, although not functional,
replacement for the corepressor, stabilizing Phe74 and Tyr73 in the absence of corepressor.
Thus, residues 147-159 move, as a separate unit, from residues 60-146 upon corepressor
binding. This separation appears to be made possible by the formation of two different yet
stable hydrogen bonding B-sheet interfaces between strands D and C. A hydrogen bond
between Tyr73 and Asp160 in unliganded CBD is also critical to the stability of the
unliganded form.

Although the structure of the unliganded CBD does not include the DNA-binding
domain, overlaying the NH,-subdomains (Co residues 60-146) of the corepressor-bound
form of PurR onto the corresponding Co residues of the NH,-subdomains of unliganded
CBD suggests a mechanism for how the signal of corepressor binding acts to modulate
DNA binding. As revealed in the PurR-hypoxanthine-purF operator crystal structure, the
CBD of PurR is attached to the DNA-binding domain by a short linker (residues 57-59).
The functional DNA-binding domain is made up of a helix-turn-helix motif (residues 4-23)
that interacts with the major groove of the DNA and a hinge helix (residues 48-56) which
interacts with the minor groove and is directly attached to the CBD via the short peptide
(residues 57-59). Weak interactions between the two-fold hinge helices are critical, not
only for minor groove binding, but also for stabilizing PurR's dimeric DNA binding
domain. When PurR is in the "open" form, the hinge helices would be pulled apart. (the
distance from the Cot of residue 60 to that of residue 60" increases from 17.3 A in the
corepressor bound form to 20.8 A in unliganded CBD). Disruption of the weak
interactions between these helices would greatly destabilize them, which supports the
hypothesis that these helices may be nascent and require the corepressor bound form of the
CBD, as well as DNA interactions, to stabilize their formation. Proteolysis studies (28)
and a recent structure determination of the PurR headpiece (residue 1-61) (29) provide
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strong evidence for this hypothesis. The proteolysis studies demonstrated that residues 48-
56 are susceptible to proteolytic cleavage when PurR is not making contacts to a specific
DNA site (operator) and the NMR structure of the PurR headpiece reveals that, although
the first three helices are present, as seen in the PurR ternary structure, the fourth or hinge
helix is absent and that residues 48-56 take a random conformation. These data, combined
with the lack of electron density for residues 53-59 in the CBD electron density map,
support the notion that this region folds into stable helices only when activated and bound
to DNA. This finding is consonant with recent data demonstrating the importance of local
"folding" in DNA binding for transcription factors. Although most Lacl members are
specifically bound to DNA only in the absence of inducer (the exceptions being PurR and
CcpA, the Amylase repressor), a similar mechanism likely occurs upon effector binding
for all proteins. The different outcomes could be explained by the different relative
arrangements of the NH,-subdomains of a given effector binding domain such that the
hinge regions would be closer in the unliganded form of some members, e.g., Lacl, and
the opposite would be true in others, e.g., PurR. A complete understanding of this
difference, however, necessitates that structures be determined for Lacl members of the
former class.

Currently, the only examples of gene regulatory proteins effected by small
molecule binding that have been well characterized structurally are the E. coli trp (30) and
MetJ (31) repressors. However, corepressor activation of PurR can be contrasted to that of
the trp and Met repressors in that the corepressors of PurR are bound at a much larger
distance from the DNA binding domain (~40 A). Structural studies on the trp repressor
have shown that its corepressor, L-tryptophan, is bound within the DNA binding domain
and functions to orient the flexible reading heads so that the helix-turn-helix motifs can
interact with successive major grooves of the operator. Furthermore, the L-tryptophan
directly contacts the DNA through a phosphate contact via its indole ring nitrogen.
Conversely, studies have shown that no conformational change occurs in the Met repressor
upon binding its corepressor, S-adenosylmethionine (SAM) (32). Moreover, the SAM
molecules do not interact with the DNA, although they are bound very close to the DNA
binding domain of MetJ. Itis believed that SAM activation of MetJ is the result of
electrostatic effects (33). This is supported by studies which demonstrate that the SAM
analogue, S-adenosyhomocysteine, although bound by MetJ, does not increase its affinity
for its operator (31).

In conclusion, the structure of the PurR-hypoxanthine-purF operator complex and
the corepressor free form of the corepressor binding domain of PurR have revealed: 1) the
mechanism by which PurR and, likely, other Lacl members specifically bind to their
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cognate DNA sites; 2) a novel DNA binding motif in which two symmetry related o helices

specifically interact with DNA minor groove and which may serve as a model for DNA
binding by SRY; 3) a mechanism of small molecule signalling in which the small molecule
(corepressor) is bound at a site distant from that which ellicits the response.
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ABSTRACT:
The structural end points of hemoglobin's transition from its low oxygen
affinity (T) to high oxygen affinity (R) state, have long been established by
X-ray crystallography!””. However, short-lived intermediates have proven
more refractory to X-ray studies. One approach to characterize these
intermediates structurally is through chemical cross-linking. Here, we
describe the X-ray structures of three hemoglobins, o,B1S3283, o,f1Tm32
and o,f1:82Tm82f3, that were cross-linked between the amino groups of
residues BVall and BLys82 by 3,3'-stilbenedicarboxylic acid (S) or
trimesic acid (Tm) while in the deoxy state, and saturated with carbon
monoxide prior to crystallization. o,p1S82p, which displays mear normal
oxygen affinity, is completely R state in structure. However, a,Bf1Tm82§
and o,f1:32Tm382B, which have low oxygen affinities, have been stopped
from fully completing their transitions into the R state conformation and
display many features expected of a transitional intermediate. These
hemoglobins thus appear to provide a snapshot of the nascent R state.



The cross-linked hemoglobins were prepared by reacting human deoxyhemoglobin
with the diacyl bis(methyl phosphate) derivatives of 3,3"-stilbenedicarboxylic acid (S ¥ or
trimesic acid (Tm)® and were crystallized in the carbonmonoxy (CO) form by the method of
Perutz!0. o,B1S82B, which displays a slightly higher O, affinity than HbA and high
cooperativity (Table 1), crystallizes isomorphously with respect to COHbAL7 . The
structure has been refined!! to a crystallographic R factor of 14.6% at 2.4 A resolution
(Table 1). Both o, Tm32p and o,31-82Tm82p, display markedly lower O, affinities than
HbA, high cooperativity, and crystallize in space group C2 (Table 1). The structure of
0, B1Tm82p was solved by molecular replacement!? and found to contain a tetramer per
asymmetric unit. Refinement converged to an R-factor of 15.0% at 1.8 A resolution (Table
1). This cross-linked hemoglobin served as the starting model, minus cross-linker, for
refinement of the triply linked o, 1-82Tm82f3, which converged to a final R-factor of
13.5% at 1.8 A resolution (Table 1). The final 2Fg, - F¢ electron density map
corresponding to the cross-linker region of o,1.82Tm82f3 is shown in Figure 1. To our
knowledge, the structure of o,B!:82Tm82f provides the first example of a rationally
designed, triply linked protein®.

Upon binding carbon monoxide, the o f; dimer of HbA undergoes a 13.6° rigid
body rotation with respect to the 0B, dimer!. This rotation is also observed for
o,B1882B (Fig. 2). However, the aff dimers of 0,1 Tm82f and o, 3182Tm32f (TmHbs)
are restricted by the trimesoyl group and rotate oﬁly 7.4° and 8.5°, respectively, suggesting
that they are trapped in a transitional conformation (Fig. 2). The tertiary and quaternary
differences between the cross-linked hemoglobins and deoxy and COHbA were analyzed
by a series of Ca coordinate-difference plots (CDP) (Fig. 3). These plots confirm the
conformational identities of o,$!5823 and COHbA and demonstrate that simply cross-
linking the oi-NH; of BVall of one aff dimer to the e-NH3 of BLys82 of the other af
dimer does not induce large structural perturbations. Most important, these plots reveal
that, unlike the structures of other proposed transitional intermediates such as R2-HbA13,
Ypsilanti Hb!4 and CN-met Hb15, those of the TmHbs lie directly on the T to R
conformational pathway.

The most significant structural differences between the TmHbs and COHbA and
deoxyHDbA are found in elements involved directly in the T to R transition, namely, the o
subunits' A, C, E and H helices and EF turns and the B subunits' A, E, F and H helices
and FG turns (Fig. 3). Inspection of these structural elements reveals relaxation to the R
conformation is incomplete or has not commenced and their locations result in unfavorable
steric pressure or strain, which is the likely underlying cause for the reduced oxygen
affinities of both subunits of the TmHbs. Specifically, their o subunit E helices are
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essentially in the T state position (Fig. 4A), whereas the E helices of the (3 subunits are
located between the T and R positions (Fig. 4B). Ultraviolet Raman studies have shown
that movement of the E helices of hemoglobin is critical to relieve the strain imposed by
ligand binding!6. Also intermediate are the locations of the B subunits' F helices, which
have moved only 0.7 A in o,,B1Tm82B and 0.6 A in oyB182Tm?32p from the T state
position, as contrasted toa 1.4 A shift in COHbA (Fig. 4B). Their fully ligated hemes
have also not reached the R state location. However, there is no heme doming. To
maintain proper coordination to the heme Fe?t, the proximal histidine, BHis92 (F8), which
retains its T-state ! torsion angle, is significantly displaced towards the heme implying a
parabolic trajectory of F8 in the T to R transition (Fig 4B). These results suggest the
movements of the B subunits' E and F helices and hemes are coordinated.

In contrast to the B F helices, the F helices of the o subunits have reached the R
state location in the TmHbs (Fig. 4A). However, the o hemes, which are also fully ligated
and planar, are in the T state location, implying they move independently of their F helices.
The conformational transition from the T state E helices to the R state F helices is
accommodated by the EF turns which are structurally intermediate (Fig. 4A). The o
subunit proximal histidine, «His87 (F8), is also positioned between its T and R state
locations to coordinate properly the heme Fe2+, Thus, the T to R state transitional
pathways of the o and B hemes are different. This finding is in accord with the structures
of the T-state liganded hemoglobins, T(a-oxy, B-deoxy)Hb and T(a-met , B-met)Hb1 718
and likely reflects the different packing and chemical environments of the o (tight) and
(looser) hemes. ’

Additional notable intermediates features are found in the switch region and the 8
subunit carboxy-termini of the TmHbs. Inspection of the switch reveals that, although
located in its R state position between o1 Thr38 and o3 Thr41, BoHis97 is displaced
significantly towards its T state location (Fig. 4C). At the carboxy-termini all critical T
state salt bridges, including that between PHis146 and BAsp94, are disrupted’, yet the side
chains of their neighboring residues, BTyr145 and the reactive fCys9319.20, maintain their
T state locations suggesting that their movements occur late in the T to R transition (Fig.
4D).

In conclusion, the carbonmonxy structures of 0Bl Tm32p and o,B1:82Tm82P have
provided likely snapshots of hemoglobin's nascent R state and a rationale for their lowered
oxygen affinities. Using these cross-linked hemoglobins as reagents, this hypothesis may
be tested further by other, more dynamic approaches such as ultraviolet Raman!6-21:22 and
ultra-fast near infrared23-24 spectroscopies. Our structural results, combined with the
finding of an inverse correlation between the O, affinity and cross-linker bridging distance
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in a series of B1X82 cross-linked hemoglobins?, suggests that the structures of additional
hemoglobin intermediates, either more or less R-like, can be isolated by using cross-linkers
of different lengths, an idea currently being pursued. Such an approach might be
applicable to structural studies on other multi-state proteins.
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TABLE 1: Summary of Selected Biochemical and Crysiallographic Data

Cross-linked oS8P
Hemoglobin

T 0o G e
FHE v

Psg (mmHg) 3.48
Hill Coefficient 2.68
Space Group P442,2
Cell Dimensions (A) a=b=54.13
c=19623
ofd dimer per ASU 1
Data Collection
Resolution (A ) 24
Number of _
Reflecdons 9,807
Rsvm(%) 3.6
Number of atoms 2,300

Number of solvent molecules 110

Refi nemen t

R-factor (%) 14.6
Deviations from Ideality (rms) _
Bond distances (4) 0.019

Bond Angles (degrees) 2.90

o, BITm2J

17.18

278

Cc2

a =104.43, =72.16
¢ =288.03

B =10825°

2

18

48,608
6.3
4,576
393

150

0.010
234

0B 1-82Tm82[

18.19

2.6°
2

a =104.43, b =72.16
c=88.03
B =10825°

2

1.8

42,152
3.0
4,577
429

13:5

0.017
3.01



TABLE 1 LEGEND:

0o, B1S82B, 0yB1TmB2PB and o,B1-82Tm82P were cross-linked in their deoxy forms

as previously described 8 by reacting human deoxyhemoglobin with the diacyl bis(methyl
phosphate) deriviatives of 3,3'-stilbenecarboxylic acid (S) or trimesic acid (Tm).

315828 and 0,1 Tm32B are cross-linked through the o-NH; of B, Vall to the e-NH3 of
B,Lys82, where the subscripts 1 and 2 indicate different B subunits only. o,B1-82Tm32B
is cross-linked through the a-NHj3 of B;Vall and the e-NHj3 of B;Lys82 to the e-amino
group of B,Lys82. The cross-linkers are depicted in their acid forms in Table 1. The
negative charge of the methyl phosphate leaving groups serves to target the cross-linkers to
the cationic 2,3-bis -phosphoglycerate (BPG) binding pocket where BLys82 and BVall are
located. As can be ascertained from the comparison of the Ps, values and Hill coefficients
of the cross-linked hemoglobins to those of native HbA (P5,=5.0 mmHg, Hill
coefficient=3.0), 0,,1S82 binds oxygen with an increased affinity, whereas o, B1Tm82
and o, B182Tm?82 display reduced oxygen affinities. However, all remain cooperative$:9,
Crystals of the carbonmonoxy form of o,31S82p, 0,1 Tm82p and o,B1-82Tm32pB were
grown at room temperature by the batch method of Perutz!® in 2.45 M, 2.35 M and 2.35 M

sodium-potassium phosphate solutions, respectively, following carbon monoxide
saturation. The o,B1S82f3 crystals are isomorphous with native carbonmonoxy

hemoglobin while the Tm cross-linked hemoglobins, 0,1 Tm82f3 and o, 3182Tm82p , are
not . Data for the 0,31S32f and o,B1-82Tm82f hemoglobins were collected at room

temperature with an Area Detector Systems Corporation (ADSC) area detector using a
Rigaku RU200-H rotating anode generator for the X-ray source (40 kV, 150 mA) and the
data were processed with the software provided by ADSC. Data for the o, Tm82f were
collected with an R-Axis II imaging plate at Molecular Structure Corportation (The
Woodlands, Texas) and processed with software provided by MSC. The native

carbonmonoxy hemoglobin structure minus waters was used as the starting model for the
0o, 315828 structure and the cross-linker was located in a difference Fourier map and fitted

using FRODO 2. The model was refined using TNT !!. The o,3!Tm82p hemoglobin
was solved by Molecular Replacement using the MERLOT 12 software package. The
native carbonmonoxy o8 dimer 7, minus waters, was used as the starting model. Two
large peaks in both the rotation and translation functions located the molecule and
confirmed the presence of a tetramer in the asymmetric unit (ASU). Refinement !! and
difference Fourier maps located the trimesoyl cross-linker, which was fitted using FRODO
25, Subsequent cycles of refinement followed until convergence. This structure, minus the
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cross-linker and waters, was used as the starting model for the o,B!-82Tm82p model. The

cross-linker was located in a difference Fourier map and the structure was refined to
convergence. Coordinates are being deposited in the Brookhaven Protein Data Bank and

are available from R.G.B. Full details of the structures will be reported elsewhere (M.A.S.

et al., in preparation). Rgyy = Z |1, —<I>]|/1,, where L, is the observed intensity, and
< 1> is the average intensity from multiple observations of symmetry related reflections.
R-factor = X | Fjpg - Fegie |/ Z Fgpg.
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Figure 1. 2F,-F, electron map of the triply linked o, $!-82Tm82p hemoglobin contoured at
1.0 0. The atoms are represented as yellow sticks and the electron density map is indicated
in blue?. The cross represents the location of a water molecule that is hydrogen bonded to
the carbonyl group of the cross-linker. Shown is the trimesoyl cross-linker bonded to the
€-NHj of B;Lys82 (N D82), the a-NHj3 of B;Vall (N D1) and the e-NHj of B, Lys82
(NC B82), providing the first example of a rationally designed triply linked protein.



Figure 2. Stereo view of the overlay of the a3, interface of deoxyhemoglobin (blue Cot
trace), 0B!Tm82B (yellow Ca trace), o,$1-82Tm828 (green Co trace) and cipB1S82p
(white Cot trace) onto COHbA (red Cot trace) using the method of Baldwin and Chothial.
This figure dramatically illustrates the quaternary changes that occur in the T to R
transition. In this overlay method the regions in which no structural changes occur in
going from T to R are used as a reference frame and include residues 30 - o336 (B helix);
102 - o 113 (G helix); «117 - «127 (H helix); B30 - B36 (B helix); B51 - B55 (D helix);
107 - B132 (G and H helices). After overlaying the above described region of the o B,
dimers, a rotation of 13.6° is required to bring the oy, interfaces of the deoxy and
COHBDbA into coincidence. The TmHbs appear intermediate in this transition as they have
rotated only 7.4° and 8.5° about an axis of rotation nearly coincident to that used by native
COHbA. Their translation components, approximately half (0.44) of that of native Hb,
are also intermediate. No additional rotation or translation is required for the o182
hemoglobin, consistent with its complete R state conformation. Coordinates used in all
analyses were taken from references 7 (COHbA) and 2 (deoxyhemoglobin).
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Figure 3. Coordinate difference plot (CDP) showing the differences between
corresponding Ca positions of deoxyhemoglobin (background, shaded in blue),

0B Tm82B (near background, shaded in yellow), o,1-82Tm823(foreground, shaded in
green) and 0pB1S82f (unshaded, i.e., white) after their oty B interfaces are overlaid on
COHDA as in Figure 2. The ordinate indicates the displacement in A for the corresponding
Coa atoms and the abscissa indicates the residue number where the A and B chains
correspond to the oty and B4 chains, respectively, and the C and D chains, to the o, and B,
chains, respectively. The region designated "tertiary changes" corresponds to the o3,
region that was overlaid and refer to structural alterations between tertiary elements, for
example, helical displacements. The structural elements that undergo the most significant
displacements are labelled on the plot. The region labelled "quaternary changes"
corresponds to the o,B5 region, which was not overlaid, and corresponds to quaternary
differences between deoxyhemoglobin, o1 Tm82B, o,31-82Tm82P and o, 31S82B and
COHDbA. The quaternary differences between the TmHbs and COHbA are made obvious
by these plots and suggest that the TmHbs take an intermediate quaternary conformation.
A similar overlay of the o), interfaces of deoxyhemoglobin, aBITm82f, o, B1-82Tm82
and 0231582 onto that of COHbA produces a nearly identical CDP.
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Figure 4. Snapshots of the T to R transition in hemoglobin. All views are the result of the
0By overlay described in the Figure 2 legend. As in Figure 1, deoxyhemoglobin is
shown in blue, 0B Tm82B in yellow, o,f1-82Tm82p in green , 031882 in white and
COHDA in red.

A. The o4 heme environments showing the proximal histidines, ocHis87 (F8) and the
heme groups as solid rendered bonds and the A, E and F helices as Ca traces. The T state
positions of the E helices and hemes of the TmHbs are evident as are the R state positions
of their F helices. The A helices of the TmHbs are also closer to the T state position, a
finding which is consistent with recent UV raman studies®. The o hemes are fully ligated
and planar. The T state positions of the E helices and the o hemes and the R state positions
of the F helices results in steric pressure which requires F(8) to move to a position between
its normal T and R state locations so that the Fe2*+ atom of the o heme maintains proper
octahedral geometry.

B. The B; heme environments showing the proximal histidines, BHis92 (F8) and the heme
groups as solid rendered bonds and the A, E and F helices as Cot traces. The intermediate
locations of the A, E and F helices of the TmHbs are evident as are the significant
displacements of their proximal histidines towards the heme. Despite the strain resulting
from the intermediate nature of the E and F helices of the TMHbs, the B hemes are fully
ligated and planar. The shifts of the B F helices were quantitated (see text) by averaging the
Ca displacements (A) of each F helix residue of deoxyhemoglobin, oo Tm82,
o,B182Tm82f and oB1S82P relative to the corresponding residues in COHbA.

C. The switch region of hemoglobin, which is composed of residues 97 through 102 from
the B, FG comer and G helix and residues 38 through 44 from the C helix and CD corner
of the oty subunit, demonstrating the significant displacements of the key switch residue
BoHis97 of o1 Tm82p (yellow) and o,B1-82Tm32 (green) toward the T state position.
The distances from the B,His97 Cat atoms of o Tm32P and or,B1-32Tm82B to the
corresponding B,His97 Cot atom in COHbA (red) are 1.26 A and 1.47 A, respectively,
compared to a distance of 7.12 A for deoxyhcmoélobin (blue). Despite these
displacements, the B,His97 of the TmHbs are clearly in the R conformation as evidenced
by their locations between o,; Thr38 and oy Thr41. In deoxyhemoglobin, His97 sits
between o Thr41 and oy Pro44.

D. The pocket formed by the P F and H helices showing the T state position of the side
chains of BCys93 and BTyr145 of 0 Tm82B (yellow) and o,1:82Tm82P (green). The
side chains of BCys93 and PTyr145 of the aB1S82 hemoglobin (white), however, are
clearly in the R state location. Deoxyhemoglobin and COHbA are shown in blue and red,
respectively.
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