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ABSTRACT

CRYSTALLOGRAPHIC STUDIES OF LIPID METABOLISM PROTEINS:

THE ENZYMES SQDl AND PGHS-l

Michael John Theisen

Lipids are important for cellular function, both as constituents of membranes and

as precursors of signaling molecules. The work described here has involved

crystallographic studies of two enzymes which function in lipid metabolism. Besides

revealing new information about the enzymes themselves, the two projects highlight the

challenges of conducting crystallographic studies with integral membrane proteins (e.g.

PGHS-l), as compared to soluble proteins (e.g. SQDl).

Prostaglandin H2 synthase-l (PGHS-l), an integral membrane protein of the

endoplasmic reticulum and nuclear envelope, catalyzes the committed step in formation

of prostanoids. Its isoform, PGHS-Z, performs the same reaction and is a key target of

new pharmaceuticals designed to control inflammation, arthritis and possibly cancer.

Although the crystal structure of PGHS-l was solved in 1994, technical difficulties were

slowing fiirther progress. Therefore, the methods supporting structural biology (protein

purification, crystallization and crystal mounting) were modified to reduce the
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expenditure of time and labor, while increasing the likelihood of success at each step.

These improved techniques have begun to bear link in the form of more and better

PGHS-l crystal structures.

The sulfolipid sulfoquinovosyldiacylglycerol (SQDG) is nearly ubiquitous among

photosynthetic organisms. SQDG production depends on a conserved enzyme, termed

SQDB in bacteria and SQDl in plants, which converts UDP-glucose and sulfite to UDP-

sulfoquinovose. In this work, the crystal structure of SQDl was determined. The overall

protein fold confirmed its membership in the short-chain dehydrogenase/reductase (SDR)

enzyme family. In the crystal structure, SQDl binds both NAD+ and UDP-glucose in an

unreacted, “poised” state. This pause in the catalytic cycle may be due to misorientation

of the nicotinamide ring of NAD+, and presumably prevents untoward reactions from

occurring before the sulfur donor has bound. Several amino acid residues were

hypothesized to be important for the function of SQDl, particularly Hisl83 and a

“catalytic triad” of Thrl45, Tyr182 and Lysl86. All SQDl structures have significant

distortion of the Tyr182 phenol ring, which may support the theory that SDRs generally

rely on an On-deprotonated tyrosine to initiate catalysis.

Thr145 is hypothesized to accelerate catalysis forming by low-barrier hydrogen

bonds (LBHBs) to UDP-glucose and/or reaction intermediates. A T145A mutant had no

detectable activity in vitro, using UDP-glucose and inorganic sulfite as substrates.

T145A protein, treated with UDP-glucose and sulfite, was crystallized. Unexpectedly,

the product UDP-sulfoquinovose was observed in the active site, demonstrating that the

mutant enzyme retains residual activity. A number of future experiments are suggested.
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Introduction

Prostanoids andPGHS in human biology

Prostanoids play a major role in regulating physiological phenomena as diverse as

blood clotting, gastric and renal homeostasis, parturition, inflammation, fever and pain

(1). In addition, prostanoid formation is implicated as a cause of cancers of the colon,

lung and breast, of arthritis and possibly of Alzheimer’s disease. The committed step in

formation of all prostanoids in the conversion of arachidonic acid (AA) to prostaglandin

H2 (PGH2) by prostaglandin H2 synthase (PGHS). Clinically, PGHS catalysis is inhibited

by nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin, ibuprofen,

acetaminophen, Meloxicam, Celebrex and Vioxx.

The pathway of prostanoid biosynthesis (Figure 1) begins when phospholipases,

in response to transduced signals, cleave at the sn2 position of phospholipids in the

cellular membranes to release AA. AA is then taken up by PGHS, which has two

separate, heme-dependent catalytic activities: 1) cyclooxygenase (after which the enzyme

is alternatively named) and 2) peroxidase. The product, PGH2, is converted by various

specific synthases to a number of bioactive products, including PGD2, PGE2, PGF2a,

PGI2, and TxA2. The specific prostanoids made vary with cell type.

Two isoforrns of PGHS are known to exist, both catalyzing the same reaction, but

with differences in protein expression, kinetic parameters, and downstream product

formation. PGHS-1, the best studied isoforrn, is described as the “house-keeping”

version because it is constitutively expressed in most tissues and regulates normal

functions like renal homeostasis, gastric acid secretion and the participation of platelets in
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blood clotting. In contrast, PGHS-2 is normally absent from most tissues, but can be

induced by a number of extracellular factors such as lipopolysaccharide (LPS) or 12-0-

tetradecanoylphorbol l3-acetate (TPA) (1). Both isoforrns are integral membrane

proteins, having in their mature forms an apparent molecular weight of 72 kDa, after

cleavage of an N-terminal endoplasmic reticulum-targeting signal and glycosylation of

two to four asparagine residues (2). PGHS exists as a dimer under nondenaturing

conditions and has never been isolated as an active monomer. These differences in

substrate activation and downstream product formation cannot be easily rationalized by

subcellular localization or compartrnentation, since both isoforms seem to be similarly

localized to the endoplasmic reticulum (ER) and nuclear envelope (NE) (3). Instead,

differential substrate utilization by PGHS-1 and PGHS-2 may provide an explanation. In

vitro studies have shown that PGHS-2 is more active than PGHS-1 at low concentrations

of hydroperoxide or arachidonic acid (4-6). Thus, while both isoforrns may be present at

the same time and place, under the right conditions it is possible that only PGHS-2 may

catalyze a greater fraction of substrate conversion.

Long-term prophylactic ingestion of aspirin greatly reduces the risk of developing

colon cancer. It has been found that PGHS-2 is often overexpressed in cancers of the

colon, lung and breast. PGHS-2 is inhibited by aspirin, though to a lesser degree than

PGHS-l. Therefore, it is suspected that PGHS-2 may be involved in tumorigenesis.

Inhibitors selective for PGHS-2, such as Vioxx, Celebrex and Meloxicam, hold promise

for prevention and treatment of cancer, besides their current uses in ameliorating

inflammation and symptoms of arthritis. Because of the role ofPGHS in metabolism and

disease, and because of the pharmacological significance of NSAIDs, understanding the
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mechanism ofPGHS catalysis is an important goal relevant to human health.

The PGHS catalytic mechanism

A model of the PGHS catalytic mechanism, modified from that of Ruf et al., is

shown in Figure 2. An initial round of peroxidase catalysis is thought to form a ferryloxy

heme, raising the iron oxidation state from +3 to +4 and producing a n-cation radical on

the protoporphyrin ring. The radical then migrates to the 0,. of Tyr385, where it supports

the cyclooxygenase reaction; the radical also may be responsible for time-dependent

autoinactivation of the enzyme, which apparently results from untoward crosslinking

events. After this point, the cyclooxygenase and peroxidase activities can cycle in a

largely independent fashion. To be ready for subsequent peroxidase reactions, the heme

is returned to the +3 state by electron additions from a reducing substrate, whose identity

in vivo is unknown. The tyrosyl radical initiates the cyclooxygenase reaction by

abstracting the pro-S hydrogen atom from C13 of bound AA. The resulting radical on

AA migrates to C11 and is attacked by a molecule of oxygen. The dioxygen in turn

attacks C9 and forms an endoperoxide bridge. Next, a bond is made between C8 and

C12, and a second molecule of dioxygen adds at C15. Finally, the radical is neutralized

by donation of a hydrogen atom from the 0.1 of Tyr385, yielding a ClS-hydroperoxide.

The product of the cyclooxygenase reaction, PGG2, binds at the peroxidase active site,

where the hydroperoxide on C15 is reduced to an alcohol, giving the final product, PGH2.



Figure 2. The Ruf model of PGHS catalysis. The enzyme initially exists in the Resting

State. The plane of the protoporphyrin ring, which coordinates the heme iron, is

represented by a trapezoid. The side chain ofTyr385 is shown. Electrons donated by the

reducing substrate are given the symbol “e"’.
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Structural biology ofPGHS

Protein are classified as integral membrane proteins (hereafter simply called

“membrane proteins”) if detergent is required to disrupt their association with a lipid

bilayer. Many membrane proteins, including PGHS, have important functions in human

biology, for example in signal transduction as pores, ion channels and receptors.

Furthermore, a large fraction of pharmaceuticals are targeted against membrane proteins

such as G protein-coupled receptors. It is widely believed that approximately 20 % of

human genes code for membrane proteins, yet only about 1 % of structures available at

the Protein Data Bank are of this type. Considering the value of crystallographic studies

in understanding soluble protein function, the relative dearth of membrane protein

structures represents a serious handicap to researchers in this field.

The crystal structure of ovine PGHS-1 was solved to 3.5 A resolution by Picot et

al., and later refined to 3.1 A resolution (PDB entry lCQE) (7). The asymmetric unit

contains a dimer of PGHS-l molecules (Figure 3). Each monomer binds a single heme,

which physically separates the cyclooxygenase and peroxidase active sites. The

cyclooxygenase sites in this complex were occupied by the inhibitor flurbiprofen. Each

monomer consists of 576 amino acid residues, ordered from residue 32 to residue 583 in

the first monomer, and from to 31 to 583 in the second. The monomer structure can be

subdivided into three domains, arranged from the N- to the C-terminus: 1) an epidermal

grth factor (EGF)-like domain involved in the dimer interface, 2) a membrane binding

domain (MBD) and 3) a large, solvent-exposed domain with structural homology to

soluble peroxidases. The MBD is composed of a spiral of four arnphipathic helices,

which create a hydrophobic surface that apparently anchors PGHS in only one leaflet of
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the lipid bilayer, in contrast to transmembrane proteins which traverse both leaflets of the

membrane (7,8). Besides integrating PGHS into the membrane, the helices of the MBD

also form a channel leading into the cyclooxygenase active site. In addition to the protein

and heme, several asparagine-linked sugar residues and B-octyl glucoside (B-OG)

detergent molecules were observed in the crystal structure. Crystal structures of PGHS-2

from two species are also available, and are very similar to that of PGHS-1 (9,10).

However, subtle but significant differences in the volume and shape of the

cyclooxygenase active site have allowed the development of drugs that inhibit only

PGHS-2, and not PGHS-l.

As with other membrane proteins, a major obstacle to comprehensive

crystallographic studies of PGHS-1 was the greater time and effort required for

purification, crystallization and collection of diffraction data, compared to what is typical

for soluble proteins. For example, the original purification procedure gave

crystallization-quality about two thirds of the time. The crystals used for the original

structure determination, and for subsequent studies of complexes with different

cyclooxygenase inhibitors, were grown using polyethylene glycol 4000 and sodium

chloride as precipitants. Under these conditions, about half of the crystallizable protein

batches gave crystals of diffraction quality. Thus, only about every third cycle of

purification and crystallization resulted in useable diffi'action data. These

PEG4000fNaCl crystals were sensitive to physical manipulation and to chemical

perturbation. As a result, they could not be stored for extended periods and had a low

success rate for collection of X-ray diffraction data. Conditions allowing cryoprotection

ofthe crystals for data collection had not been identified, efi‘ectively eliminating the

 





Figure 3. The crystal structure of ovine PGHS-1. The asymmetric unit, containing a

dimer of PGHS molecules, is shown. The protein backbone of Monomer A is

represented by orange tubes, while that of monomer B is dark blue. The heme atoms in

each monomer are depicted as red spheres, while those of the inhibitor flurbiprofen,

bound in the cyclooxygenase channel, are green. Sugar and B-octyl glucoside molecules,

shown as stick models, are colored by element type (gray=carbon, red=oxygen,

blue=nitrogen). Space-filling models of dimyristoyl phosphatidyl glycerol (not observed

in the crystal structure), colored by element type (as above, and purple=phosphorus),

have been placed to suggest the interaction of PGHS-1 with one leaflet of a membrane

bilayer. Since the depth to which the MBD is inserted is not precisely known (8), the

position of the phospholipids is only approximate. This and other molecular images were

prepared with one or more of the following programs: Swiss-de Viewer 3.7b2 (11),

POV-Ray 3.1, POV-Ray 3.5, spock 1.0bl70 (12), Raster3D 2.6b (13) and SETOR 2001

(14). Images in this dissertation are presented in color.
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possibility of using of synchrotron radiation, whose high intensity quickly destroys

protein crystals at ambient temperature.

Objectives ofthe PGHSproject

The initial goal of this project was to improve all of the experimental stages of

PGHS-1 crystal structure determination, i.e. purification, crystallization and data

collection. For purification, we wanted to increase speed, specific activity and yield,

while reducing lipid contamination. For crystallization, we wanted to reproduce readily

the original crystals, as well as identify newer, more tractable crystallization regimes and

possibly develop new, better-ordered crystal forms. Because soaking or cocrystallization

with a ligand could easily disorder any one particular type of crystal, having multiple

crystal forms could also increase the chances of solving the structure of a protein/ligand

complex. Lastly, diffraction data quality was to be improved by cryoprotecting the

crystals to largely eliminate radiation damage. Additionally, cryoprotection would allow

intense synchrotron X-rays to be used, so that higher-resolution data might be obtainable.

Another original goal in studying PGHS-l was to solve the structures of

complexes with peroxidase inhibitors. While extensive structural and biochemical

analysis of cyclooxygenase inhibition had been done, relatively little was known about

binding or reaction of ligands in the peroxidase active site. Understanding the peroxidase

activity is important because of its role in initial enzyme activation, in formation of the

final product PGH2, and potentially in the activation of procarcinogenic compounds.

PGHS-1 uses hydroperoxides less avidly than PGHS-2, and any point of difference

between the two isoforrns is an opportunity to design an isozyme-specific inhibitor with

11
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potential therapeutic applications. To begin studying peroxidase inhibition, Dr. Opinya

Ekabo had synthesized a series of arylhydroxanric acid (AHA) derivatives that inhibited

PGHS-l peroxidase activity to varying degrees. These AHA peroxidase inhibitors

actually are tightly-binding reducing substrates that react poorly. The ability of each

AHA inhibitor to act as a reducing substrate was inversely correlated with its IC50. These

AHA inhibitors have a constant hydroxamic acid portion, which can act to reduce the

PGHS heme, and a variable, nonreactive hydrophobic portion, which is believed to bind

in a protein pocket adjacent to the site of the peroxidase reaction. A similar binding

mode of AHA inhibitors is seen in the structurally related enzymes myeloperoxidase

(15), horseradish peroxidase (16) and Arthromyces ramosus peroxidase (17,18).

Our hypothesis was that differential binding by the hydrophobic part of the AHAs

causes misalignment of the reactive hydroxamic acid portion, thus impairing its ability to

reduce the heme, while still blocking access by hydroperoxide substrates. By comparing

the structures of a series of complexes, and observing trends in binding pattern that

correlated with inhibitory efficacy, we hoped to identify the binding mode that led to

optimal ligand/heme reactivity. These PGHS-l/AHA structures were to be compared to

homologous PGHS-2/AHA complexes, and also to dynamic data from resonance Raman

(RR) spectroscopy, to understand why the two isoforrns are differently activated by

substrates. In addition to mimicking substrate binding with AHAs, another goal was to

use cyanide as a model for oxygen binding to the heme iron. In fact, since AHAs and

oxygen can bind simultaneously to PGHS, it was conceivable that PGHS/AHA/cyanide

complexes could be obtained. Cyanide has since been shown to bind the heme iron of

ovine PGHS-l perpendicular to the protoporphyrin plane (19). A final potential objective

12
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was to crystallize and solve the structure of apo-PGHS, i.e. enzyme missing the heme.

Projects such as these, which involve purifying and crystallizing large amounts of

protein, and which require collection of many X-ray diffraction datasets, demand a high

level oftechnical support. Through a group effort, the experimental methods for

PGHS-l crystallography have been greatly improved, providing continued benefits to

structural biology studies of PGHS-1.
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Materials and Methods

Measurement ofperoxidase activity

To monitor PGHS catalytic competence, for example during purification, the

ability of the enzyme to degrade hydrogen peroxide (H202) is measured. The assay is

carried out at ambient temperature. An aliquot (usually 1 to 100 11L) of solution

containing PGHS is added to a cuvette containing buffer (95 mM Tris, pH 8.0), 1.75 11M

equine hemin (from a stock dissolved in dimethyl sulfoxide, DMSO) and 105 mM

tetramethylphenyldiamine (TMPD, from a stock dissolved in DMSO) in a total volume of

2.86 mL. Two minutes of incubation at room temperature are necessary for the protein

sample to achieve 95% of maximal incorporation of exogenous hemin (personal

observation). The contents of the cuvette at this point are used as an absorbance blank.

The reaction is initiated by mixing in 100 11L of 9 mM H202 (prepared that day from a

32% stock) giving a final H202 concentration of 0.3 mM. The absorbance at 611 nm,

which is the absorption maximum of oxidized TMPD, is monitored for a period of twenty

seconds. As a control, several assays in the absence of protein are also done to determine

the rate of TMPD oxidation due solely to the presence of hemin, called the “activity

blank”.

The initial rate in absorbance units per second is estimated with Hewlett-Packard

Chemstation software using nonlinear curve fitting. One unit of peroxidase activity is

defined as the amount of enzyme required to reduce 1 umole of hydrogen peroxide to

water in 1 minute at room temperature. The rate in AU/s is converted to standard units

by subtracting the value of the “activity blank”, then multiplying by 7.5. This calculation

l4
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is derived as follows:

(Ap - Ab) v d

Uc = (60 sec/min) (106 umol/mol)

2 S

 

where Uc is the total activity in the cuvette

Ap is the initial slope of the absorbance at 611 nm in AU/s (with protein),

Ab is the initial slope ofthe absorbance at 61 1 nm in AU/s for the activity blank,

v is the volume in the cuvette (0.003 L),

d is the path length of light through the sample (1 cm), and

8 is the molar extinction coefficient of oxidized TMPD (12000 AU cm L mol'l).

Because two molecules of TMPD are necessary for one peroxidation cycle, the

entire equation is divided by 2.

A specific activity of 40 U/mg for PGHS-1 in li-OG is considered pure, but this

value may be somewhat different in other detergents; for example, it is typically higher in

heptaethyleneglycol monodecyl ether (C10E7). A complicating factor in interpreting the

results of the peroxidase assay is that PGHS has high Km’s for H202 and TMPD. Because

nonsaturating concentrations of H202 and TMPD are used, the assay described above

does not always follow Michaelis-Menten kinetics. When the concentration of PGHS in

the cuvette is high, the substrates are rapidly depleted, which slows the reaction and

results in an underestimation of the true amount of activity present. Dilution of very

active protein samples prior to assay should partially alleviate this potential inaccuracy.

15



Determination ofprotein concentration by the Bradford assay

In early work, protein concentration was estimated with the Bradford assay (Bio-

Rad). For this assay, standards are prepared using bovine serum albumin (BSA) in the

range of O to 20 rig in a volume of 200 11L. Samples of the protein of interest are

similarly prepared. To each standard and sample, 800 uL of Bradford reagent are added

and mixed. In a modification of the usual Bradford assay protocol, the absorbance of the

mixture at both 594 nm (A594) and 466 nm (A466) is measured spectrophotometrically

(20). The ratio A594/A466 is plotted versus BSA concentration to form a standard curve,

from which the concentration of protein in the samples is estimated by interpolation.

Determination ofprotein concentration by the bicinchoninic acid (BCA) assay

In later work, protein concentration was estimated with the bicinchoninic acid

(BCA) assay kit from Pierce, again using BSA as a standard. The BCA assay has the

advantages over the Bradford assay of a larger dynamic range, less sensitivity to

interference by detergents and greater stability of absorbance readings over time. As

described in the manufacturer’s instructions, 50 volumes of Reagent A (containing

bicinchoninic acid) are mixed with 1 volume of Reagent B (containing CuSO4) to give

the Working Reagent, which has a green color. Standards are prepared by mixing each of

a series of 100 uL samples, containing 0 to 200 ug of BSA, with 2.0 mL of the Working

Reagent. Samples containing PGHS are set up at the same time and in the same manner

as the standards, and all of the test tubes are incubated in a 37°C water bath for 30

minutes. The tubes are removed and cooled to room temperature. Those samples where

protein is present will have a purple color. Quantitative measurements of absorbance at

16
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562 nm (A562) are taken spectrophotometrically. A standard curve of A562 vs. BSA

concentration is plotted, and a best-fit line is derived by the Hewlett-Packard

Chemstation software using a quadratic equation. The concentration of PGHS is

automatically estimated by interpolation from the BSA standard curve.

Determination ofphospholipid concentration by the Amesphosphate assay

The Ames phosphate assay can be used to measure total phosphate content, which

presumably provides an estimate of the amount of phospholipids present (21,22).

Standards are made up from stock solutions of KH2PO4 or phosphatidyl choline. Each

standard or sample, having a volume of 10-100 11L and no more than 80-90 nanomoles of

total phosphate, is pipetted into a very clean, acid-washed Pyrex or Kimax vial, and 30

11L of 10% (w/v) Mg(N03)2-6H2O in 95% ethanol is added. The contents of the

uncapped vials are carefully dried by heating over a Bunsen burner flame, then

thoroughly ashed in the flame until no more brown firmes are seen. The vials are allowed

to cool, then 300 11L of 0.5 M HCl is added to each. The vials are sealed and boiled

gently for 15 minutes. Next, a fresh batch of Color Reagent is made by combining 1

volume of 10% (w/v) ascorbic acid with 6 volumes of 0.42% (w/v) (NH4)5M07O24-4H2O

in 1 M H2SO4; the Color Reagent is kept on ice. To each vial, 0.7 mL of Color Reagent

is added and mixed by vortexing. The vials are heated in a 45°C water bath for 20

minutes, then cooled. The absorbance at 820 nm (A320) of the solution in each vial is

determined spectrophotometrically using a quartz cuvette. A standard curve of A320

versus phosphate concentration is constructed for the KH2PO4 standards, and the

phosphate concentration in the samples is estimated by interpolation from the standard

17
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Detection oflipids and detergents by thin layer chromatography (TLC)

Glass or aluminum plates, coated with silica (Sigma), are used for TLC. Using a

micropipette, a plate is spotted with samples and with standards such as recrystallized soy

asolectin (Associated Concentrates), egg lecithin phosphatidic acid (Sigma) and KH2P04.

The plate is developed with CHCl32CH30HzNH40H (65:35:5;v/v) in a glass chamber,

dried in an oven, and then treated by one or more methods to reveal the chromatographed

samples and standards. Chemicals for identifying samples can be sprayed onto the plate

by means of a glass atomizer (Aldrich). Exposing a plate to iodine vapor temporarily

reveals many compounds as brown marks. To permanently reveal all carbonaceous

compounds, the plate may be sprayed with 50% (v/v) H2S04 and charred in a Pyrex dish

atop a hot plate. Phospholipids can be detected specifically by spraying the plate with

1.3% (w/v) molybdenum oxide in 4.2 M H2804 (Sigma), producing blue spots. The

Dragendorff reagent, which reacts with alkaloids and nitrogen, is used to detect the

choline group of phosphocholine. The Dragendorff reagent is prepared by mixing 1

volume of Solution A (1.7% (w/v) bismuth oxinitrate in 20% (v/v) acetic acid), 1 volume

of Solution B (aqueous potassium iodide) and 4 volumes of acetic acid, then adding water

or ethyl acetate to a total of 20 volumes. Finally, free amino groups, as in phosphatidyl

serine, are revealed by 0.2 % (w/v) ninhydrin in 95% ethanol.

Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE)

For analysis of protein samples by sodium dodecyl sulfate polyacrylamide gel

18
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electrophoresis (SDS-PAGE), discontinuous gels are used. The stacking gel containing

the sample wells is composed of 5% (w/v) polymerized acrylamide with 0.13% bis-

acrylamide crosslinker, while the resolving gel is 10% (w/v) polymerized acrylamide

with 0.27% bis-acrylamide crosslinker. Gels are placed in a Hoefer SE250 apparatus and

running buffer (25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3) is added.

Samples are prepared by adding 3 volumes of sample to 1 volume of 4X sample buffer

(2.5 mL Upper Buffer, 8% (w/v) SDS, 8% (v/v) B-mercaptoethanol, 40% (w/v) glycerol,

0.008% (w/v) Bromophenol Blue) and heating for five minutes in a boiling water bath,

then loaded into the wells of the gel. The samples are drawn electrophoretically through

the gel with a potential of 100 V and at maximum current. The protein is visualized by

incubation in staining buffer (0.25% (w/v) Coomassie Brilliant Blue R250, 45.5% (v/v)

methanol, 9.2% (v/v) glacial acetic acid) at ambient temperature for 30 minutes or longer,

with agitation. Nonspecific staining is removed with repeated washes in destain buffer

(40% (v/v) methanol, 10% (v/v) glacial acetic acid). Gels are photographically recorded.

Purification ofPGHS-1 ram seminal microsomesfrom ram seminal vesicles

Ram seminal vesicles (RSVs) are obtained from Oxford Biomedical Research

(Oxford, Michigan) and stored at -80°C. Prior to use, approximately 350 g of RSVs are

thawed sufficiently so that they can be cut with a razor blade or knife. The partially

thawed, pinkish-yellow RSVs are trimmed of fat, connective tissue and any discolored

regions, then cut into small cubes and covered with ice-cold homogenization buffer (50

mM Tris, 5 mM EDTA, 1 mM NaN3, 5 mM DEDTC, adjusted to pH 8.0 at room

temperature). All subsequent steps are carried out at 4°C or on ice. The trimmed vesicles

19
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and homogenization buffer are blended in two 90 second stages with a Waring Blendor to

give a thin, homogenous pink paste, which is centrifuged for 10 minutes at 12,000g to

pellet cellular debris. The pink supernatant, containing disrupted membranes

(microsomes) and soluble cellular components, is cleared of fat by straining through four

layers of cheesecloth. The filtrate is ultracentrifuged for 75 minutes at 200,000g to pellet

the microsomes, and the clear supernatant solution is discarded. The pellet is

resuspended in extraction buffer (50 mM Tris, 1 mM EDTA, 1 mM NaNg, 0.1 mM

DEDTC, 0.1 M sodium perchlorate (NaC104, from a freshly made stock), adjusted to pH

8.0 at room temperature), using a motor-driven Potter-Elvehjem homogenizer. The

perchlorate strips peripheral membrane proteins from the microsomes, but leaves integral

membrane proteins. The resuspended material is ultracentrifuged at 200,000g for 75

minutes to pellet the microsomes, and the supernatant solution is discarded. The pelleted

microsomes are quickly resuspended in storage/solubilization buffer (20 mM Tris, 0.05

mM EDTA, 0.1 mM DEDTC, adjusted to pH 8.0 at room temperature) with the Potter-

Elvehjem homogenizer to dilute the oxidizing perchlorate. Peroxidase activity is

assayed, and the resuspended microsomes are typically diluted to a total volume of 60

mL, split into three batches of 1200-1300 U each, then flash-frozen in liquid nitrogen and

stored at -80°C. The activity of frozen microsomes declines slowly but steadily over

time, becoming significant less after about six months of storage.

Optimization ofdetergent extraction ofPGHS-1from ram seminal microsomes

Detergents were obtained from Anatrace (Maumee, Ohio), except C10E7, which

was purchased from Fluka (Buchs, Switzerland); ram seminal microsomes had been

20
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prepared previously and kept at -80°C. Tubes of ram seminal nricrosomes (RSMs),

stored at -80°C, were rapidly thawed in room temperature water baths, with stirring.

Further work was canied out at 4°C or on ice. Small aliquots of thawed RSMs were

combined with detergent stock solutions and buffer in various ratios so that the

concentrations of both protein and detergent were systematically varied. The mixtures

were stirred vigorously, but without foaming, for 20 minutes to extract PGHS—1, and the

microsomes were pelleted by microultracentrifugation at 200,000g for one hour. The

supernatant solution, containing solubilized membrane proteins, was characterized to

gauge the success of the extraction. Peroxidase activity was determined as a measure of

the amount of PGHS-l present. Lipid contamination was estimated by thin-layer

chromatography (TLC) and by the Ames phosphate assay, both described above. Total

protein concentration was measured by the Bradford assay, described above.

Purification ofsolubilized PGHS-1from ram seminal microsomes:

All chromatography resins were purchased from Pharmacia (Kalamazoo,

Michigan). For each purification, a fresh 0.1 M stock of flurbiprofen (Sigma) is prepared

by dissolving in absolute ethanol. 0n the first day, an aliquot of frozen rrricrosomes is

removed from storage at —80°C, rapidly thawed in a stirred room temperature water bath,

then placed on ice. A 26.25 mL volume of storage/solubilization buffer (see above) and a

3.75 mL aliquot of 10% (w/v) C10E7 is added to give a final volume of 50 mL and a final

detergent concentration of 0.75%. This mixture is stirred on ice, vigorously but without

foaming, for 30 minutes. The solution is ultracentrifuged at 200,000g for 90 minutes and

the pellet is discarded. The supernatant solution is loaded at 2 mL/min directly onto a 2.6
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X 40 cm DEAE-Sepharose FastFlow column, previously equilibrated with Buffer A (10

mM Tris, 10 mM Bis—Tris, 1 mM NaN3, 0.1% (w/v) C10E7, adjusted to pH 8.5 at room

temperature). Sample and buffers are loaded at 2 mL/min; the eluent is collected in 8mL

fractions throughout the procedure. The column is first washed with an additional 50 mL

of Buffer A, then PGHS-1 is eluted with a linear gradient from 100% Buffer A to 100%

Buffer B (40 mM Tris, 40 mM Bis-Tris, 20 mM NaCl, 1 mM NaN3, 0.05 mM EDTA, 0.1

mM DEDTC, 0.1% (w/v) C10E7, adjusted to pH 6.5 at room temperature). Finally, the

rest of the proteins are eluted with a gradient from 100% Buffer B to 40% Buffer C (same

as Buffer B, but with 500 mM NaCl), followed by a step gradient to 100% Buffer C. The

fractions are pooled based on the amount of enzymatic activity in each, as determined by

peroxidase activity. The pooled fractions are concentrated with Millipore Ultrafree

centrifugal concentrators with a nominal molecular weight cutoff of 50 kDa. The

concentrated material is loaded at 1 mL/min onto a 1.6 X 70 cm Sephacryl 300-HR gel

filtration column, previously equilibrated with elution buffer (20 mM Tris, 50 mM NaCl,

1 mM NaN3, 0.1 mM EDTA, 0.1 mM DEDTC, 0.1% (w/v) C10E7, adjusted to pH 8.0 at

room temperature). The protein is eluted overnight with the same buffer at 0.2 mL./min.

0n the second day, the active fractions are pooled and concentrated as described above,

and an aliquot of 30% (w/v) B-OG is added to a final concentration of 0.9% (w/v). To

complete the exchange of CIOE7 for B-OG, the solution is loaded onto a 1.6 cm X 40 cm

S200-HR gel filtration column, previously equilibrated with elution buffer (20 mM

potassium phosphate, 50 mM NaCl, 1 mM NaN3, 0.1 mM EDTA, 0.1 mM DEDTC, 0.1

mM flurbiprofen, 0.3% (w/v) B-OG, adjusted to pH 7.4 at room temperature). The

protein is eluted with the same buffer at a flow rate of 0.2 mL/min, and leaves the column
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just after the void volume. Active fractions are pooled and concentrated as described

above. The amount of apoenzyme is estimated by comparing peroxidase activity in the

presence and absence of exogenous hemin. An amount of equine hemin (from a 4 mM

stock in DMSO) equal to the amount of apoenzyme, with a 10 to 100% excess, is added

to reconstitute PGHS to the holoenzyme form. The reconstituted enzyme is loaded into a

Slide-a-Lyzer dialysis cassette (Pierce) and dialyzed against 250 mL of dialysis buffer

(20 mM HEPES, 20 mM NaCl, 1 mM NaN3, 0.1 mM flurbiprofen, 0.5% B-OG, pH 7.0 at

room temperature) for approximately 24 hours, at 4°C and with stirring. The protein

concentration of the dialyzed material should be 10-20 mg/mL. An aliquot of the

resulting material is immediately used for initial crystallization screens, while the rest is

saved on ice until the optimal crystallization conditions for the current batch have bee

identified.

Production ofPGHS-I crystals under the original conditions

Crystallization experiments were conducted using the hanging drop vapor

diffusion method in Linbro tissue culture plates (Hampton Research, Laguna Niguel,

California). A ring of vacuum grease was placed around the top of each well in the plate.

All drop stock and reservoir solutions were prepared prior to setting up the

crystallization. Drop stock solutions typically contained 0.4% (w/v) B-OG and otherwise

matched the least concentrated reservoir in each row of the crystallization tray. Two 11L

of purified, dialyzed PGHS-1 at a concentration of approximately 10 mg/mL were

pipetted onto a round, 22 mm diameter cover slip (siliconized to minimize drop

spreading). An equal volume of appropriate drop stock solution was added to the protein
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drop and mixed approximately five times by aspiration. The cover slip was inverted and

placed over one chamber of the Linbro plate, containing 0.5 mL of appropriate reservoir

solution. The chamber was sealed by carefully pressing and twisting the cover slip into

the ring of vacuum grease.

Screeningfor new PGHS-1 crystallization conditions

Crystal Screen I (CSI) and Crystal Screen 11 (CSII) sparse matrix crystallization

kits (Tables 1 and 2) and Linbro trays were purchased from Hampton Research. CSI

contains 50 unique crystallization solutions (at least two reagents were not used), while

CSII contains 48 (Reagents 5, 8 and 44 were excluded). The hanging drop vapor

diffusion method was employed, as described above, however only 0.3 mL of each

crystallization solution was used per reservoir, and drops were set up by mixing 2 11L of

each Crystal Screen solution with 2 11L of protein.

Crystallization ofPGHS-I in the orthorhombicform, using sodium citrate as precipitant

Crystallization is achieved with the sitting drop vapor diffusion method, using

Cryschem crystallization trays (Hampton Research). For the reservoirs, six stock

solutions are prepared, one for each column in the tray. The reservoir solutions cover a

range of sodium citrate concentrations, typically from 0.68 to 0.88 M, at pH 6.5, and also

contain 1 mM sodium azide. Four drop stock solutions are prepared, one for each row of

the tray. The drop stock solutions cover a range of B-OG concentrations, typically from

0.20 to 0.45 % (w/v). The drop stocks also contain 1 mM sodium azide and sodium

citrate, pH 6.5, at a concentration matching that of the least concentrated reservoir. First,
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one mL of reservoir solution is added to the appropriate well. Next, a 3 11L aliquot of

drop stock solution is placed on the sitting drop post. An equal volume of PGHS-1 stock

is added to the sitting drop post and mixed with the drop stock solution by aspiration with

a pipette. Finally, the chamber is covered with a 22 mm-diameter glass cover slip, with a

tight seal maintained by a ring of vacuum grease. The tray is incubated in a temperature-

controlled room at approximately 20°C. Crystals are detected by visual inspection with a

dissecting microscope.

Collection andprocessing ofX-ray diflraction data

Diffraction data from PGHS-l crystals were collected and processed in the

following ways:

1) A Rigaku RU200H generator with a rotating copper anode, operated at 50 kV and 100

mA with a 0.3 mm filament, was used to produce primarily Cu Kg (2» = 1.5418 A)

radiation. The radiation was further monochromated and focused with either a Molecular

Structure Corporation (MSC, The Woodlands, Texas) mirror system or 0smic (Troy,

Michigan) multilayer confocal optics. The crystalline sample, mounted on a goniometer

with rotatable (p- and 20-axes (x=0°, m=cp), was left at room temperature or cooled to

approximately 0°C with a stream of nitrogen vapor produced by an MSC low temperature

device. The position and intensities of diffracted X-rays were measured by either an

MSC R-AXIS IIc imaging plate detector or an MSC R-AXIS IV++ imaging plate

detector. The HKL suite (XDisplayF, Denzo and Scalepack) was used both to index the

diffraction pattern and to integrate, scale and average the spot intensities (23). The fully

29



processed intensities were converted to structure factor amplitudes using TRUNCATE

and other utilities from the CCP4 suite of programs (24).

2) A Bruker rotating copper anode X-ray generator, operated at 50 kV and 100 mA with a

0.3 mm filament, was used to produce primarily Cu K0 radiation. The radiation was

monochromated and focused with Osmic multilayer confocal optics. The crystalline

sample, mounted on a goniometer with rotatable (p- and 26-axes (x=0°, (1)=(p) and a fixed

x of 54.74°, was left at room temperature or cooled to approximately 0°C with a stream of

nitrogen vapor. Initially a Bruker low temperature device was used, but this was later

replaced by an MSC low temperature device. The position and intensities of diffracted

X-rays were measured by a Bruker HI-STAR multiwire area detector. The Bruker

programs SADIE and SAINT were used to index the diffraction pattern, integrate, scale

and average the spot intensities, and convert to structure factor amplitudes.

3) The Advanced Photon Source (Argonne National Laboratory, Illinois), beamline 19-

ID, with an operating current of 60-100 mA and coupled to an undulator, produced

polychromatic synchrotron radiation. The radiation was monochromated to 1.03221 A

(an energy of 12 keV) with a sagitally-focusing silicon (111) double crystal and a

vertically focusing mirror. Crystals were kept at a temperature of 100-110K by a low-

temperature device. The position and intensities of diffi'acted X-rays were measured by a

custom-built 3x3 CCD-array detector (SBC2). HKL2000 was used to index the

diffraction pattern and integrate the spot intensities, while scaling of integrated intensities

and averaging of symmetry-related reflections was done with Scalepack, from the HKL

suite (23).
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Cryoprotection ofcrystalsfor low-temperature data collection

Cryoloops were purchased from Hampton Research and glued to cryopins from

the Gibbs Instrument Shop (Yale University, New Haven, Connecticut). For attempts

made to flash-freeze PGHS-l crystals encased in a protective layer of oil, both mineral

oil and Paratone-N were tried, as well as mixtures of the two. The crystals were first

moved from mother liquor or stabilization buffer to a drop of oil. Next, as much aqueous

solution as possible was removed from the surface of the crystal by a combination of

pulling the crystal through the oil and wicking remaining moisture away with a small

strip of filter paper. Finally, the crystal was picked up in a cryoloop on a cryopin,

bringing along a covering layer of oil, and flash-frozen in a stream of cold nitrogen vapor

or in liquid propane. Diffraction data were measured as described above.

For cryoprotection of crystals with LiCl and sucrose, a crystal first was removed

from its crystallization drop to stabilization buffer (0.9 M sodium citrate, pH 6.5, 1.0 M

LiCl, 0.15% w/v B-OG). After a brief incubation (< 2 minutes), the crystal was

transferred to cryoprotectant buffer (0.9 M sodium citrate, pH 6.5, 1.0 M LiCl, 24% w/v

sucrose, 0.15% w/v B-OG) and shortly (< 30 seconds) thereafter flash-cooled by plunging

into a vial of liquid propane. Data were then collected as described above.
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Results

Detergent Optimization

Three detergents, each at a range of different concentrations, were evaluated for

their effectiveness in solubilizing PGHS-1 from ram seminal microsomes (RSMs):

Tween® 20, decyl maltoside (010M) and heptaethylene glycol monodecyl ether (C10E7).

The concentration of each detergent was varied, as well as the amount of RSMs, and thus

the initial protein concentration. The volume of clear supernatant solution from each

microscale solubilization was recorded, then assays for peroxidase activity, protein

concentration and phosphate levels (an indicator of phospholipid content) were

conducted. The efficacy of extraction was judged on the basis of 1) recovery of initial

peroxidase activity (“% Units Solubilized”), 2) the specific activity (“Units/mg protein”)

and 3) the level of phosphate (phospholipids) contamination relative to protein

(“P04/PGHS monomer”). The results are depicted in Figure 4.

Under the conditions described above, CloE7 resulted in the best combination of

1) high-yield extraction of PGHS-1 from the RSMs and 2) low extraction of protein and

lipids contaminants. The optimal concentration of C10E7 was felt to be 0.75% w/v, and

the optimal protein concentration 15 mg/mL. The average results under these trial

conditions were 102 % of the total peroxidase activity solubilized, with the solubilized

material having a specific activity of 6.8 U/mg, and with 3400 molecules of phosphate

(an indicator of phospholipid) per monomer ofPGHS, assuming a “pure” specific activity

of 40 U/mg. Decyl maltoside (CroM) and Tween® 20 performed less well, and were not

subsequently used in the work described here. A complicating factor, which has not been
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Figure 4. Results of trial solubilizations of ovine PGHS-l. Experiments were carried out

as a matrix of initial protein concentration (5, 10, 15 and 20 mg/mL) versus detergent

concentration (0.125 to 2.000 % w/v). Each row (a, b or c) represents the same type of

measurement, carried out with three different detergents. Row “a” depicts the percent of

peroxidase activity extracted from each sample, which is taken as a measure of the yield

of PGHS. Row “b” shows the specific activity of the solubilized material, a measure of

the success of removing contaminating proteins. Row “c” gives the molar ratio of

phosphate (approximately equal to the amount of phospholipid) to PGHS monomers, as a

measure of the amount of “lipid contamination”. For each datum, the magnitude is

indicated by a specific color. The numerical ranges of the colors are given to right of

each row. Blues represent less desirable characteristics (low yield, low specific activity

or high phosphate/PGHS monomer). Yellows indicate more desirable states (high yield,

high specific activity or low phosphate/PGHS monomer). Reds are intermediate. Where

data were not collected, gray areas are drawn.
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addressed, is that the type of detergent has a specific effect on enzyme activity.

Therefore, statistics involving measures of activity may not be directly comparable

between different detergents.

Purification

Few alterations were made to previously-established procedures for preparing

RSMs or for subsequent solubilization, with the exception of the use of C10E7 instead of

C10M. More changes were adopted for later steps in purification. For DEAE anion

exchange chromatography, an automated program was developed. Initial buffer

concentrations of 20 mM in Buffers A and B were found by a colleague, Melissa Harris,

to be insufficient to decrease the real pH as programmed. Therefore, buffer strength was

increased to 40 mM. The addition of 20 mM sodium chloride to Buffer B, which initially

had contained only buffer, was found to ease release of PGHS from the DEAE column.

An interesting problem arose when C10E6 was used instead of C10E7 for solubilization and

chromatography, in that PGHS could no longer be eluted from the DEAE column. Dr.

Michael Malkowski serendipitously discovered that using 200 mM sodium chloride in

Buffer B, instead of 20 mM, resolved this issue. Unfortunately, this “high salt” Buffer B

caused about 50% loss of peroxidase activity overnight. Therefore the pooled,

concentrated DEAE fractions were loaded immediately onto the S300 gel filtration

column, rather than waiting for the next day, and the column was then run overnight.

This eliminated the stability problems and had the added benefits of 1) improving

separation due to the low flow rate and 2) reducing the duration of the entire purification

procedure from three to two days. Throughout the purification, greater speed and ease of
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concentration were achieved by using Millipore Ultrafree centrifugal concentrators,

rather than an Amicon concentration cell pressurized with nitrogen gas. Likewise,

dialysis was made easier by the use of Slide-a-Lyzer dialysis cassettes (Pierce), rather

than standard dialysis tubing.

The purification protocol used for the original PGHS-1 structure determination

went directly from RSVs to purified protein, involved four column steps and took one

working week to finish. Typically, 40-50 mg of purified protein could be obtained fi'om

500 g of RSVs. The current protocol is divided into two segments: 1) preparation of

RSMs from RSVs, and 2) preparation of purified protein from stored RSMs. The RSM

preparation takes one day and, from 350 g of RSVs, generally provides enough material

for three subsequent protein purifications. The total yield of purified protein from all of

the RSMs, and thus from the 350 g of RSVs, is usually 40-50 mg. Specific activity, as

measured by the peroxidase activity assay and the BCA protein assay, is at least equal to

that achieved with the original purification procedure. Levels ofbound lipid appear to be

reduced, as estimated by visual comparison of thin layer chromatograms to those of

purifications carried out at the University of Chicago. Data from the Ames phosphate

assay are complicated by interference from the heme group of PGHS. The reason for this

interference is unclear, as neither ferrous (FeCl2) nor ferric (FeCl3) iron compounds affect

the results. The Ames assay was useful for estimating phospholipid concentration only

when the ratio of lipid to PGHS was high, for example directly after solubilization from

RSMs. It was not useful for determining residual phospholipid contamination of protein

which was more purified, and hence more extensively delipidated.
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Orthorhombic rod crystalsfrom PEG 4000/NaCl

The original crystal form (Figure 5a) was reproduced using the PEG4000/NaCl

precipitant conditions described above. Crystals typically appeared within days or weeks

and had the shape of long, brown rods, as previously observed. The best crystallization

conditions had reservoir solutions with components in the range of 4-9% w/v PEG 4000,

120-540 mM NaCl, 32-72 mM sodium phosphate, pH 6.7, and 1 mM NaN3, with 0.5%

w/v B-OG in the initial drops. The crystals from PEG4000/NaCl were somewhat difficult

to grow on a regular basis, which could have been due to variation in early versions of the

new purification procedure, as well as inherent properties of the crystallization system.

Sparse matrix screeningfor new crystallization conditions

Sparse matrix screening identified several promising new crystallization

conditions (Table 3) with a variety of precipitants, including ammonium sulfate, lithium

sulfate, sodium forrnate, sodium citrate and dioxane. The sitting-drop vapor diffusion

method was used for crystallization subsequent work, rather than the hanging-drop

method.

Orthorhombic rod crystalsfrom sodium citrate

Using sodium citrate as precipitant resulted in crystals having the same

morphology as those grown from PEG4000/NaCl (Figure 5a). However, rods from

sodium citrate were more easily reproduced than those from PEG4000/NaCl. The best
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Figure 5. Different ovine PGHS-1 crystal forms. The figure is in shades of gray, but the

crystals are actually colored brown. a) Orthorhombic rod, in this case grown from

solutions containing sodium citrate. b) Hexagonal prism, grown from solutions

containing sodium citrate and lithium chloride. c) "‘Rhombohedral” rods, grown from

solutions containing PEG MME 550, sodium chloride and l-butanol.
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conditions for growing PGHS-1 crystals from sodium citrate were reservoirs with 0.68-

0.88 M sodium citrate, pH 6.5, a drop stock with 0.68-0.77 M sodium citrate, pH 6.5, and

0.20-0.45 % (w/v) B-OG, protein stock with 15-20 mg/mL PGHS-1, and 1 mM NaN3 in

all throughout. Nonyl maltoside (C9M) was tried as an additive and gave crystals as good

or perhaps better than with B-OG alone. Glycerol sometimes improved crystal quality

when used in the range of 0.5-2.0 % (w/v) in both the reservoir and drop stocks.

Growing crystals in the presence of cyanide caused many small needle crystals to form.

At least once, orthorhombic crystals grew in the presence of an AHA inhibitor, 3-(4-

bromobenzyloxy)-benzohydroxamic acid.

“Rhombohedral " rod crystalsfrom PEG MME 550/sodium chloride/1-butanol

Solutions containing polyethylene glycol monomethyl ether of 550 average

molecular weight (PEG MME 550) with NaCl and NaH2P04 gave smaller, brown

crystals. A breakthrough in improving the size and shape these crystals was the addition

of 2% (v/v) 1-butanol to the crystallization experiments, which resulted in the grth of

larger, better-faceted crystals (Figure Sc). These crystals had a morphology different

from either the PEG4000/NaCl or the sodium citrate crystals, but typical ofrhombohedral

crystal forms. The best crystals from this system grew with reservoir solutions in the

range of 15-25% w/v PEG MME 550, 0-135 mM NaCl, 0-55 mM NaH2P04, pH 6.7, and

2.0-2.5% v/v l-butanol, with drops having 0.50-0.55% w/v B-OG. The PEG MME

550/NaCl/NaP04/l-butanol crystals were less easily reproduced than the sodium citrate

crystals.
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Hexagonal crystalsfrom sodium citrate/lithium chloride

While attempting to grow rod crystals from solutions containing sodium citrate as

precipitant and LiCl as a cryoprotectant, a new crystal morphology with the shape of

small, hexagonal rods was unexpectedly discovered. However, it should be noted that in

at least one case hexagonal crystals appeared in the absence of lithium chloride. Thus,

lithium chloride favors the grth of hexagonal crystals, but is not absolutely required.

Based on low-resolution diffraction, crystals with this morphology were tentatively

assigned a hexagonal space group. This was later confirmed by the work of a colleague,

Dr. Michael Malkowski (see below). Because the crystals were small, only diffracted to

a resolution of approximately 4 A, and were perhaps more radiation-sensitive than

orthorhombic crystals, this author discontinued further work with this form.

Refinement ofconditionsfor growing hexagonal crystals

In a separate line of investigation, Dr. Malkowski had developed a modified

purification protocol to completely remove heme fiom PGHS-l. The method removed

most heme by using CloM for all steps after extraction from RSMs. Residual heme was

extracted with a glutatlrione affinity column. The purpose of this procedure was to allow

replacement of the native heme with an inert cobalt-protoporphyrin IX (CoPPIX). PGHS

whose heme had been removed and replaced with an exogenous metal-protoporphyrin IX

would only crystallize in the hexagonal form, even when LiCl was onritted. Dr.

Malkowski optimized a regime of citrate/LiCl crystallization solutions for CoPPIX

PGHS-l that produced large, hexagonal prisms, often grew close to 1 mm in diameter

(Figure 5b) (25). The conditions which most reliably produced good hexagonal crystals
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are 0.64—0.88 M sodium citrate, pH 6.5, 0.3-0.6 M LiCl and 1 mM NaN3.

The effects ofupgrading the X-rayfocusing mirrors

The use of Osmic mirrors for focusing the incident X-ray beam increased the

photon flux to the crystals, enhancing the intensity of the diffracted radiation. In the case

of the Bruker HI-STAR system, the flux to the crystal was about fivefold higher than

with the original Francks mirrors. With the MSC system, the Osmic mirrors improved

flux about threefold over the Yale mirror system. By directing more X-ray photons at the

protein crystals, these Osmic mirrors have allowed the collection of higher-quality

diffi'action data in shorter amounts of time.

X—ray diffraction by, and unsuccessful cryoprotection of orthorhombic crystals

Orthorhombic crystals mostly diffracted to about 3.5 A, though sometimes

diffiaction data could be observed to 2.7 A. However, data of resolution greater than 3.1

A were always too weak to measure reliably. Typically, 5 to 10% of the mounted

crystals diffracted well enough, in terms of resolution, mosaicity and spot shape, to be

suitable for data collection. Despite cooling to approximately 0°C, radiation damage to

the crystals generally allowed only two hours of data collection per crystal, and thus five

or more well-diffracting crystals would be needed for a complete dataset.

Over the course of almost three years, attempts were made to find conditions for

cryoprotecting and flash-cooling orthorhombic “citrate” crystals. Numerous different

cryoprotectants were tried, including glycerol, lithium chloride, sucrose, trehalose,

glucose, xylose, sorbitol, lyxose, lactose (which was insoluble), maltose and glycyl
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betaine. The concentrations of cryoprotectant also were varied. Combinations of lithium

chloride and sucrose were tested. Some solutions were made up with potassium citrate as

an alternative to sodium citrate. Interestingly, it was found that B-OG tends to prevent

vitrification during flash-cooling, necessitating the use of higher cryoprotectant

concentrations. It was thought that lithium chloride might be causing damage to the

crystals by altering the pH. However, tight control of solution pH did not reduce

cracking of the crystals. Different protocols for introducing the crystals into

cryoprotectant buffer were tried. For example, intermediate solutions were made by

mixing stabilization buffer and cryobuffer in different proportions. The number of

intermediate solutions was varied, as well the rate at which crystals were moved between

them. Microdialysis was also attempted as a gentle way to equilibrate the crystals into

cryobuffer. Some crystals grown in sodium citrate were moved to solutions with PEG

4000 and sodium chloride, which caused the crystals to develop large cracks. Attempts at

cryoprotecting citrate-grown orthorhombic PGHS-l crystals with a film of oil resulted in

loss of all diffraction. Finally, flash-cooling the crystals in both liquid propane and in a

stream of cold nitrogen vapor were tried. In all cases, the procedures degraded the

diffraction pattern so much that the data could not be used for structure determination.

Typical problems were lowered diffraction resolution, increased mosaicity, smearing of

the diffracted rays into uninterpretable streaks, the formation of salt or ice rings or

complete loss of diffraction.

X-ray difiitaction by, and unsuccessful cryoprotection of “rhombohedral ” crystals

The crystals grown using PEG MME 550 as precipitant, of which approximately
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20 were mounted for room-temperature data collection, never diffracted X-rays beyond 4

to 5 A. As a result, it was not possible to determine their space group. Flash-cooling

PGHS crystals grown from PEG MME 550 in their mother liquor, which should offer

some cryoprotective effect, resulted in a complete lack of diffi'action. Soaking the

crystals in solutions with 33 % (w/v) PEG MME 550, which will form a glass when

flash-cooled, either degraded the resolution of diffraction to about 20 A, or completely

eliminated diffraction.

X-ray difli'action by, and successful cryoprotection of hexagonal crystals

With X-rays from rotating anode generators, hexagonal-shaped PGHS—l crystals

typically diffracted to better than 5 A. At room temperature, hexagonal crystals decayed

even more rapidly than orthorhombic crystals. The limited data collected were only

sufficient to tentatively assign the crystals to a hexagonal space group, as mentioned

above. Since this crystal form appeared unpromising, further work by this author was

suspended.

The larger crystals grown under Dr. Michael Malkowski’s optimized conditions

would sometimes diffract X-rays to 3.5 A, the edge of useable resolution. However, the

higher-resolution data were extremely weak, so that even the best data sets had to be

truncated at 4.0-4.5 A resolution. Nonetheless, Dr. Malkowski demonstrated by

molecular replacement, using a search model derived from a monomer of the original

structure, that the space group was in fact P6522. Dr. Malkowski successfully prepared

hexagonal crystals for low-temperature data collection by briefly soaking them in

solutions containing sucrose and LiCl as cryoprotectants, followed by flash-cooling in
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liquid propane (25). Hexagonal crystals kept at cryogenic temperatures no longer

showed radiation decay, but also did not diffract to higher resolution than at room

temperature. Using the very intense radiation available at bearnline 19-ID of the

Advanced Photon Source (APS), Dr. Malkowski observed higher-resolution diffraction

from hexagonal PGHS-1 crystals, with a typical cutoff for useable resolution of 3.1 A, or

occasionally 2.9 A. On average, 10% of the crystals prepared for data collection

produced datasets suitable for refinement of the structure.

A number of hexagonal crystals were soaked by this author in solutions

containing inhibitors, including cyanide and various arylhydroxamic acids (AHAs), and

prepared for cryogenic data collection at bearnline 19—ID of the APS. For unknown

reasons, all but one of them either did not extend to useable resolution or were too badly

disordered to be successfully processed. 0ne crystal (designated “mjt__f21”), soaked with

4-(3-chlorobenzyloxy)-BHA to form a putative complex, did show diffraction to 2.7 A.

Despite high crystal mosaicity (1.2°), poor spot shape and detector overloading by lower-

resolution spots, integration of intensities by HKL2000 proceeded smoothly.

Unfortunately, scaling and averaging with Scalepack revealed that the data were poorly

measured. Fully measured reflections (those measured over their entire angular width),

were absent due to the narrow image width (0.5°) and high mosaicity (1.2°). The result

was wild variations in frame-to-frame scale factors. This could not be rectified by

applying restraints to B-factor and scale factor refinement because almost all reflections

were then rejected. Overall completeness was 80.2% at 2.7 A resolution, but much less

in the lower-resolution shells (4.0-30.0 A). The overall Rsym was 14.9% and increased

markedly after 2.9 A; the overall l/o(I) was 9.4. The data from 30.0 to 2.9 A resolution
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were of insufficient quality to independently reproduce Dr. Malkowski’s molecular

replacement solution. When the data were used for refinement in X—PLOR, R decreased

from 46 to 38%, but Rfi-ee increased slightly from 48 to 49%. Electron density maps

calculated using the diffraction data and phases from the protein model did not show a

signal for the heme iron, which is the most electron-dense feature of the structure.

Further work with this dataset was discontinued. So far, this author has been unable to

gather a useable diffraction dataset from any hexagonal PGHS-l crystal, despite

following the exact conditions refined by Dr. Malkowski. Hexagonal crystals coated

with oil did diffract X-rays, but not as well as when simply soaked in sucrose/LiCl, as

described above.
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Discussion

Crystallography with integral membrane proteins continues to be very challenging

technically, which has limited the rate of structure solution to a level typical for soluble

protein work a generation ago. The Protein Data Bank currently holds over 16,000

structures, yet only about 1% of these are of integral membrane proteins. Nonetheless,

because membrane proteins are predicted to account for 20 to 40% of genes, and because

they are moreover some of the most pharmacologically relevant proteins, it is imperative

that their crystal structures continue to be solved. Since much of the difficulty of

membrane protein structure projects stems from the purification and crystallization

stages, it is perhaps especially important, compared to what is common for soluble

proteins, that these protocols be optimized. For example, the effect of detergent on

microsomes could be imagined to depend on the specific detergent concentration used.

At low concentrations, most of the detergent would intercalate into the lipid bilayer, thus

being of little use for protein extraction. At medium concentrations, proteins and some

lipid are liberated from the membrane, which is ideal for protein solubilization. At high

concentrations of detergent, the membrane is seriously disrupted, so that much lipid is

released, perhaps with deleterious effects for further purification and crystallization of the

solubilized protein. 0n the other hand, one should keep in mind that specifically-bound

lipids may benefit crystallization. In the case of Paracoccus denitrificans cytochrome c

oxidase, an ordered molecule of phosphatidyl choline was observed in the crystal

structure (26). In the bovine cytochrome c oxidase structure, fully eight lipid molecules

of various types were seen for each holoenzyme complex (27).
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The current PGHS-l purification procedure, compared to that used in the original

structure determination, is improved in a number of aspects. First, it should be noted that

amount of activity in a given amount RSV tissue from our supplier (Oxford Biomedical

Research) is superior to that of our previous supplier (Antech). Second, preparation of

large amounts of stored RSMs, sufficient for several individual protein purifications, was

useful in reducing the overall amount of time and labor needed. Third, the use of C10E7

instead of CloM for extraction from the RSMs improved the quality and yield of the

protein, especially in terms of having less lipid contamination. Fourth, by reducing the

number of chromatographic steps from four to three, we eliminated a source of sample

loss, and also accelerated the protocol. Fifth, use of automated equipment limited

human-introduced variations between batches of purified protein. Finally, running the

S300 gel filtration column overnight not only saved time, but also allowed us to use a

very low flow rate, which enhances peak separation. Overall, the new purification

requires one day for RSM preparation, typically yielding enough material for three small

protein preparations, each needing two days. With the original protocol, one large batch

would have been produced in approximately the same time. Because of the instability of

purified PGHS, purification in several small, easily-consumed batches is the preferred

method.

The crystallization methods for PGHS have also been substantially changed and

improved. The switch from the sitting-drop vapor diffusion method for crystallization,

rather than the hanging-drop method, was made for several reasons. First, spreading of

the detergent-containing hanging drop, even when the cover slip had been siliconized,

excessively accelerated loss of vapor to the reservoir. Second, the smaller surface area
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exposed in a sitting drop, due to its being in a shallow depression (compared to a hanging

drop on a flat cover slip), led to slower vapor loss. Finally, it is easier to extract crystals

from a sitting dr0p. The hexagonal crystal form currently is the most useful, because it is

easily reproduced, can be cryoprotected and has high symmetry. If orthorhombic PGHS-

1 crystals grown from citrate could be cryoprotected, they would probably yield higher-

resolution data than hexagonal crystals, based on experience with rotating anode X-ray

generators. Indeed, orthorhombic crystals grown from PEG4000/NaCl have recently

been shown to diffract synchrotron X-rays to a useable resolution of 2.61 A, much better

than the 2.9 A which is best resolution for a hexagonal crystal (28,29).

Clearly, to be achieved with a more reasonable expenditure of effort, projects

involving determining large numbers of PGHS-l crystal structures required a better

system for purification, crystallization and data collection. The work discussed above,

through extensive, incremental improvements, has resulted in just such a system.

Achieving this level of technical optimization has opened the way to more extensive

crystallographic studies of PGHS/ligand complexes than were previously possible. The

best example of this is the solution of structures of an inert form of PGHS-l in complex

with AA and a number of alternative substrates (25,29,30). Future studies of other

complexes, perhaps including those with AHAs, are now much more feasible.
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Introduction

The biological role ofsulfolipid

SQDG (6-sulfo-a-D-quinovosyl diacylglycerol, or simply “sulfolipid”) is a nearly

universal component of photosynthetic membranes, and may be the most abundant

nonpeptidic sulfur-containing compound in the biosphere (31). SQDG is found in plants

and most cyanobacteria, various other photosynthetic bacteria, and even some

nonphotosynthetic bacteria such as Rhizobium meliloti and Bacillus acidocaldarius (32).

Mutants defective in the biosynthesis of SQDG suffer surprisingly few ill effects under

optimal growth conditions (33,34). In wild-type organisms, phosphate limitation results

in a decrease in phospholipid in the thylakoid membranes, while the level of SQDG

increases (35,36). More specifically, the increase in SQDG levels corresponds in molar

amount to the loss of phosphatidyl glycerol (PG). Since PG and SQDG are the only

anionic lipids known to exist in thylakoid membranes (37), it has been proposed that

SQDG is critical for maintaining proper membrane charge balance when phosphate

limitation reduces the amount of available PG (32,33,35).

A lack of anionic lipids also may affect protein trafficking, as suggested by work

of Inoue et al. with an N-terminal fragment of the transit peptide for Toc75, a membrane

protein of the chloroplast stroma (38). This fragment was found to insert well into

monolayers formed of anionic lipids (SQDG or PG), to a lesser degree into monolayers

of zwitterionic lipids (phosphatidylethanolamine, PE, but not phosphatidylcholine, PC),

and not at all into monolayers of neutral lipids (monogalactosyl diacylglycerol, MGDG,

or digalactosyl diacylglycerol, DGDG). This suggests that only SQDG can replace
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phospholipids in maintaining the proper membrane characteristics needed for insertion of

some proteins. In another interesting case, Sato et al. isolated mutants of the

cyanobacterium Synechocystis sp. PCC6803 which are deficient in PG biosynthesis, but

which do not make compensating amount of sulfolipid (39,40). These mutants are

dependent for survival on supplementation with exogenous PG. When exogenous

phospholipid is removed fi'om the growth medium, they experience difficulties with

photosynthesis, particularly in the proper accumulation of chlorophyll and in the

functioning of photosystem 11 (P811). This suggests that reduction of phospholipid levels

is not tolerable in the absence of compensating sulfolipid biosynthesis.

Besides its role in anabolism of photosynthetic membranes, sulfolipid is known to

be degraded by a number of microorganisms, several of which can use it as their sole

carbon source (41 ). Although sulfoquinovose is found most commonly as the head group

of sulfolipid, in at least one case it forms part of a glycosyl group attached to a protein,

cytochrome b553/566 of the archaebacterium Sulfolobus acidocaldarius (S. acidocaldarius)

(42). The resistance of the carbon-sulfur sulfonyl bond to nonenzymatic hydrolysis under

the highly acidic extracellular conditions experienced by S. acidocaldarius has been

proposed as a reason why this moiety is present in the glycosyl group. Finally, SQDG

has also shown promise for treatment of several human diseases. SQDG binds and

antagonizes the platelet-activating factor (PAF) receptor, which is involved in psoriasis,

with an estimated ICso of 2 to 10 11M (43). Inhibition ofDNA polymerases and retroviral

reverse transcriptases with ICso’s in the micromolar range has been reported, suggesting

that sulfolipids could be useful as anti-tumorigenic or anti-retroviral therapeutic agents

(44-50). In fact, treatment of cultured gastric cancer cells with 0.1-1.0 mM SQDG
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inhibits proliferation and causes apoptosis (51).

Biosynthesis ofSQDG

Prior to the work described in this dissertation, mutational and biochemical

investigations had already partially elucidated the so-called “sugar nucleotide” pathway

of sulfolipid biosynthesis. The pathway, first proposed in detail by Pugh et al., has two

steps (52). The first is the conversion of UDP-glucose to UDP-sulfoquinovose, with an

unidentified “sulfur donor” presumed to contribute the sulfonyl group. Second, the

sulfoquinovose portion of UDP-sulfoquinovose is donated to a diacylglycerol (DAG)

molecule, thus releasing UDP and forming the final product, SQDG. Mutational studies

identified several genes which are important for sulfolipid biosynthesis, and which

therefore might catalyze the reactions described above. Inactivation of the squ gene in

Rhodobacter sphaeroides (R. sphaeroides) or in Synechococcus sp. PCC7942 eliminates

sulfolipid biosynthesis (53,54). Based on the squ' mutant phenotype and on sequence

similarity to UDP-galactose 4'-epimerases and nucleotide-hexose 4’,6'-dehydratases, the

protein product ofsqu was hypothesized to be the UDP-sulfoquinovose synthase which

catalyzes the first step in the sulfolipid biosynthetic pathway. Inactivation of the gene

squ in R. sphaeroides likewise eliminates sulfolipid production. However, it also

results in accumulation of UDP-sulfoquinovose (55). The sequence of squ also has

similarity to known glucosyl transferases. Therefore, squ was believed to encode the

SQDG synthase, which catalyzes the second step in the pathway of sulfolipid

biosynthesis. Loss of glycosyl transferase activity upon squ disruption would explain

the inability ofsqu’ mutants to form SQDG from UDP-sulfoquinovose and DAG. More
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recently, a gene essential for SQDG synthase activity in Synechococcus sp. PCC7942,

squ, has been characterized .(56). Interestingly, squ seems unrelated in sequence to

squ, although the various squ sequences are very similar.

If the sugar-nucleotide hypothesis for SQDG biosynthesis is biologically relevant,

then the proper substrates should be available to the pathway enzymes in vivo. Free

UDP-glucose, the presumed starting material, is found at negligible levels in the

chloroplast (57). While intact chloroplasts had been shown to incorporate external, UDP-

[I4C]glucose into SQDG, it was later revealed that the efficiency is extremely low

(52,58,59). The efficiency in vivo could be increased by delivering UDP-glucose to the

appropriate enzyme in the chloroplast by some kind of transport mechanism. A number

of potential sulfur donors were shown to be incorporated into SQDG by intact, isolated

chloroplasts, including sulfate, sulfite, and 3 '-phosphoadenosine-5'-phosphosulfate

(PAPS) (60). Depending on species, DAG for SQDG biosynthesis is derived either from

both the cytoplasm and chloroplast, or from the cytoplasm alone (61). While intact

chloroplasts can carry out full SQDG biosynthesis, broken chloroplasts can only catalyze

the addition of sulfoquinovose to DAG. This suggests that proteins involved in SQDG

biosynthesis either require a special chemical environment provided by the chloroplast, or

that the components are spatially organized by the intact organelle. Because it was not

possible at this point to reconstitute the full pathway outside the chloroplast, the question

ofwhich compounds feed into SQDG biosynthesis could not be definitively determined.

Characteristics ofthe protein SQD]

In Arabidopsis thaliana (A. thal.), both SQDl (the homolog of SQDB) and SQDG
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synthase are localized to the chloroplast (32,35). SQDl, whose deduced amino acid

sequence is shown in Figure 6, had previously been cloned into Escherichia coli (E. coli)

and overexpressed. In the cloned form, whose sequence is shown in Figure 7, the native

85-amino acid N-terminal chloroplast-targeting signal has been replaced by 12 amino

acids containing a hexahistidine-tag. The resulting calculated molecular weight of the

cloned protein is 45.4 kDa. Because SQDl was found to tightly bind equimolar amounts

of NAD+ and to have GXXGXXG and YXXXK sequences (where X is any amino acid),

it was predicted to belong to the short-chain dehydrogenase/reductase (SDR) family of

enzymes (62). More specifically, it was believed that SQDl was very similar to members

of the nucleotide-sugar modifying subgroup of the SDR family (Table 4). Other proteins

in this subgroup include UDP-galactose 4’-epimerase (UGE) (63), CDP-glucose 4',6'-

dehydratase (CGD) (64), dTDP-glucose 4',6'-dehydratase (dTGD) (65), GDP-mannose

4',6'-dehydratase (GMD) (66), GDP-4'-keto-6'-deoxymannose 3',5'-epimerase—4'-

reductase (GMER) (67,68), ADP-L-glycero-a-D-mannoheptose 6'-epimerase (AGME)

(69) and GDP-4'-keto-rhamnose 4'-reductase (GRR) (70).

A catalytic mechanism, modeled on those proposed for UGE and CGD, had been

suggested for SQDl (Figure 8). In these enzymes, and in most other SDRs, a conserved

catalytic tyrosine is believed to be maintained prior to reaction in a deprotonated,

negatively-charged tyrosinate state. This condition is stabilized by the influence of

positive charges on a catalytic lysine and on NADT, or NADP+ in some SDRs. The first

step in the SQDl mechanistic scheme is conversion of UDP-glucose to a 4'-keto

Intermediate 1. This is accomplished when the catalytic tyrosine moves a proton from the

O4'-hydroxyl to it On, and NAD+ abstracts a hydride fiom C4' to its own C4. Next, a
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-84 -8O -7O -60 -52

MAHL LSASCPSVIS LSSSSSKNSV KPFVSGQTF

-51 -41 -31 -21 -11 -2

FNAQLLSRSS LKGLLFQEKK PRKSCVFRAT AVPITQQAPP ETSTNNSSSK

2 11 21 31 41 50

l | | | | |

PKRVMVIGGD GYCGWATALH LSKKNYEVCI VDNLVRRLFD HQLGLESLTP

51 61 71 81 91 100

IASIHDRISR WKALTGKSIE LYVGDICDFE FLAESFKSFE PDSVVHFGEQ

101 111 121 131 141 150

I | | | | |

RSAPYSMIDR SRAVYTQHNN VIGTLNVLFA IKEFGEECHL VKLGTMGEYG

151 161 171 181 191 200

TPNIDIEEGY ITITHNGRTD TLPYPKQASS FYHLSKVHDS HNIAFTCKAW

201 211 221 231 241 250

GIRATDLNQG VVYGVKTDET EMHEELRNRL DYDAVFGTAL NRFCVQAAVG

251 261 271 281 291 300

HPLTVYGKGG OTRGYLDIRD TVQCVEIAIA APAKAGEFRV LNQFTEQFSd

301 311 321 331 341 350

AELASLVTKA éSKLGLDVKK ATVPNPRVEA EEHYYNAKHT LLMELGLEPH

351 361 371 381 394

YLSDSLLDSL LNFAVQFKDR VDTKQIMPSV SWKKIGVKTK SMTT

Figure 6. The deduced amino acid sequence of native SQDl from A. thal.

Numbering is from the cloned form.

56



GSRVMVI

51

l

IASIHEI

101

l

asapys

151

l

TPNIDI

201

l

GIRAT:

251

l

HPLTV} 
301

l

NELAs:

351

l

YLSDs'

 

 



-10 -1

MRGSHHHHHH

1 ll 21 31 41 50

GSRVMVIGGD GYCGWATALH LSKKNYEVCI VDNLVRRLFD HQLGLESLTP

51 61 71 81 91 100

IASIHDRISR WKALTGKSIE LYVGDICDFE FLAESFKSFE PDSVVHFGEQ

101 111 121 131 141 150

RSAPYSMIDR SRAVYTQHNN VIGTLNVLFA IKEFGEECHL VKLGTMGEYG

151 161 171 181 191 200

TPNIDIEEGY ITITHNGRTD TLPYPKQASS FYHLSKVHDS HNIAFTCKAW

201 211 221 231 241 250

GIRATDLNQG VVYGVKTDET EMHEELRNRL DYDAVFGTAL NRFCVQAAVG

251 261 271 281 291 300

HPLTVYGKGG QTRGYLDIRD TVQCVEIAIA NPAKAGEFRV FNQFTEQFSV

301 311 321 331 341 350

l l l | l l

NELASLVTKA GSKLGLDVKK MTVPNPRVEA EEHYYNAKHT KLMELGLEPH

351 361 371 381 394

l l | | I

YLSDSLLDSL LNFAVQFKDR VDTKQIMPSV SWKKIGVKTK SMTT

Figure 7. The amino acid sequence of cloned SQDl, expressed in E. coli.
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general base removes a proton from 05' of the glucose ring, leading to loss of the 6'-

hydroxyl group as water and formation of a 4'-keto-5',6'-ene Intermediate II. An

electrophilic sulfonyl group from the sulfur donor (depicted as R-SO3') then adds across

the C5'=C6' double bond. The general base returns its proton to C5', yielding

Intermediate 111. Finally, the reaction runs “in reverse”, with NADH returning a hydride

to C4', and the catalytic tyrosine replacing a proton on 04'. Thus, the final product,

UDP-sulfoquinovose, is formed and the enzyme is regenerated for another round of

catalysis.

Structural biology ofSQD]

The importance of SQDl (and SQDB) in sulfolipid biosynthesis had been

established and hypotheses had been made as to its structure and mechanism. We have

now set about filling in the missing pieces of the puzzle. First were questions of structure

and function. Is SQDl really an SDR, and did it bind NADT? Does it bind and

metabolize UDP-glucose? What are the important protein residues? What is the

quaternary structure? How does SQDl coordinate a bisubstrate reaction, uniquely among

the SDRs? Second were questions of biological relevance. What is the sulfur donor, and

how are substrates supplied to the enzyme? To better understand the mechanism of

SQDl catalysis and its relationship to homologous enzymes, crystallographic studies

were initiated. Structures of wild-type and mutant SQDl, in complex with several

ligands, were obtained. The results of these studies, in conjunction with more extensive

biochemical characterization, have lent support to the hypotheses put forward for SOD]

and led to a better understanding of its biological role. Structural aspects important for
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function have been identified, several of which have implications for the catalytic

mechanisms of other SDRs. Finally, interesting new questions have been raised.
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Materials and Methods

Cell culture

The procedure is largely as prescribed by Qiagen (Valencia, CA). A low-

temperature stock of E. coli, harboring the pQE-30 plasmid containing the SQDl gene, is

used to inoculate a 50 mL Erlenmeyer flask holding 20 mL of LB medium, containing

100 ug/mL ampicillin and 25 ug/mL kanamycin. The inoculate is incubated overnight at

37°C with shaking at 200 rpm. The next day, the overnight culture is added to a Fembach

flask with l L of LB medium containing 100 ug/mL ampicillin and 25 ug/mL kanamycin.

The l L culture is incubated at 37°C with shaking at 200 rpm for 2-3 hours, until the

optical density measured at 600 nm is approximately 0.6. Isopropyl-B-D-thiogalactoside

(IPTG) is added to 1 mM final concentration (238.3 mg/L) to induce SQDl expression,

and growth is continued for and additional 5 hours. The cell culture is centrifuged for 20

minutes at 4000 g, the supernatant solution is discarded, and the pellet is frozen in liquid

nitrogen for storage at —80°C. Each liter of cell culture generally yields 2-3 mL ofpacked

cell pellet.

Protein purification

The procedure is modified from that described by Qiagen. About 5-10 mL of

fiozen cell pellet is thawed in a room temperature water bath and suspended in Lysis

buffer (50 mM HEPES, 300 mM NaCl, 10 mM imidazole, pH 8.0) to 2-3 times its

original volume. The cells are broken with microtip sonication, done on ice to avoid

overheating. Three 20 second bursts at 40-50% of full power are used, with a pause

62



be

on

eqi

Ly

132

ElL

is c

the

stag

li gl

C011

hire

is (

COn

mer



between bursts to cool down. The disrupted cells are centrifuged at 4°C and 3,000 g for

10 minutes to pellet cell debris. If desired, the pellet may be resuspended, sonicated and

spun again in an effort to extract more SQDl protein. The supernatant solution is loaded

onto a column packed with about 5 mL of Ni-NTA Superflow resin (previously

equilibrated with 10 volumes of Lysis buffer), followed by three column volumes of

Lysis buffer. Three column volumes of Wash buffer (50 mM HEPES, 300 mM NaCl, 20

mM imidazole, pH 7.5) are passed through the column to remove weakly-binding non-

tagged proteins. SQDl is removed from the column with four column volumes of

Elution buffer (50 mM HEPES, 300 mM NaCl, 200 mM imidazole, pH 7.5). The column

is cleaned after use by thorough washing with 20% (v/v) ethanol, and stored at 4°C until

the next purification.

SDS-PAGE gels may be run, as described above, to monitor the success of each

stage of the purification. The protein concentration may be estimated from absorbance of

light at 280 nm or by the Pierce BCA assay. However, the presence of imidazole

complicates the results of either method because it absorbs light at 305 nm and may

interfere with the BCA assay by liganding copper. For crystallization, the pooled protein

is concentrated to at least 3-4 mg/mL by centrifugation using a Millipore Ultrafi'ee

concentrator with a 30 kDa nominal molecular weight limit (NMWL) ultrafiltration

membrane. If desired, excess imidazole may be removed by repeated cycles of

concentration and dilution with “Dialysis buffer” (25 mM HEPES, 300 mM NaCl, pH

7.5). Addition of any ligand, such as UDP-glucose or NADT, is done at this point,

typically to concentration of 5 mM. An unusual, “sulfurous” smell, whose origin was not

determined, may be given off by the protein on standing for some time. Typical yield of
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purified protein was 3-4 mg for each mL of cell pellet, corresponding to about 8 mg for

each liter of cell culture.

Generation ofsite-directed mutations

Site-directed mutagenesis was carried out as described by Sanda et al. (71). The

PCR mutagenesis technique (72) was used to convert Thrl45 to alanine. The PCR

products were introduced into the plasmid pPCR-Script AmpSK(1) (Stratagene, La Jolla,

CA) and sequenced (Michigan State University Sequencing Facility). The mutant open

reading frame was inserted into pQE30 (Qiagen) and expressed in E. coli. The

purification procedure was identical to that described above for wild-type SQDl.

Crystallization

All crystallization experiments were carried out in a temperature-controlled room

at approximately 20°C. Initial crystallization conditions were identified by a member of

the Benning group, Bemd Essigmann, using sparse matrix screening and employing the

hanging-drop vapor diffusion method of crystallization. Crystal Screen I and Crystal

Screen 11 sparse matrix crystallization kits (Tables 1 and 2) and VDX hanging-drop

crystallization trays were purchased from Hampton. Each crystallization experiment was

set up by mixing equal volumes of SQDl protein solution and a Crystal Screen reagent

and suspending the drop over a reservoir of the same reagent, in a chamber of the VDX

plate.

For crystallization under the final, optimized conditions, the sitting-drop vapor

diffusion method in Hampton Cryschem sitting drop plates is used. The reservoir is 1 mL
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in volume, while drops are made by combining 5 uL of protein solution with 5 11L of

appropriate drop stock solution. Each crystallization experiment screens the

concentration of (NH4)2SO4 in the reservoir (with an average value of about 1.5 M)

versus the concentration of (NH4)2SO4 in the drop stock solution (average value about

0.75 M). All crystallization solutions have 0.1 M MES buffer, pH 6.5, and 1 mM NaN3

to prevent microbial growth. It is not necessary to cleave the His-tag for crystallization.

Incubation with sulfite prior to crystallization

To form the complex of T145A SQDl with NADT and UDP-sulfoquinovose,

mutant protein was purified and concentrated as usual. Next, freshly-prepared sodium

sulfite was added to a final concentration of 200 11M. After several hours of incubation at

room temperature, the sulfite-incubated protein sample was set up for crystallization as

described above.

Collection andprocessing ofX—ray diyfitaction data

Initial SQDl diffraction data were collected at room temperature fi'om small

crystals mounted in sealed capillary tubes. For routine data collection, crystals of SQDl

at least 0.2 mm in their longest dimension were transferred with fiber loops to a

cryoprotectant solution typically containing 1 M (NH4)2804, 0.1 M MES, pH 6.5, 1 mM

NaN3 and 30% (w/v) glycerol. A crystal was picked up fi'om the cryoprotectant solution

in a nylon fiber cryoloop (Hampton Research) attached to a cryopin (Gibbs Instrument

Shop, Yale University, New Haven, Connecticut) and flash-cooled to the vitreous state,

either directly in a stream of cold nitrogen, or by plunging into a vial of liquid propane.
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Diffraction data were measured and processed in one of three ways:

1) A Rigaku RU200H generator with a rotating copper anode, operated at 50 kV and 100

mA with a 0.3 mm filament, was used to produce X-radiation. The radiation was focused

and monochromated to the copper Ka wavelength (1 .5418 A), either with an MSC mirror

system or with Osmic multilayer confocal optics. The crystalline sample, mounted on a

goniometer with rotatable (p- and 20-axes (x=0°, w=(p), was cooled to cryogenic

temperatures, typically 100K, with a stream of nitrogen vapor produced by an MSC low

temperature device. The position and intensities of diffracted X-rays were measured by

either an MSC R-AXIS IIc imaging plate detector or an MSC R-AXIS IV++ imaging

plate detector. The HKL suite (XdisplayF, Denzo and Scalepack) was used to index the

diffraction pattern, integrate the spot intensities, scale the integrated intensities and

average symmetry-related reflections. The fully processed intensities were converted to

structure factor amplitudes using TRUNCATE and other utilities from the CCP4 suite of

programs.

2) A Bruker Direct Drive generator with a rotating copper anode, operated at 50 kV and

100 mA with a 0.3 mm filament, was used to produce polychromatic radiation. The

radiation was focused and monochromated to the copper Ka wavelength (1.5418 A) with

either Bruker Gébel mirrors or Osmic multilayer confocal optics. The crystalline sample,

mounted on a goniometer with rotatable (p-, 01- and 20-axes and a fixed 1 of 54.74°, was

cooled to cryogenic temperatures with a stream of nitrogen vapor produced by an MSC

low temperature device. The position and intensities of diffracted X-rays were measured

by a Bruker HI-STAR multiwire area detector. The Bruker programs SADIE and SAINT

were used to index the diffraction pattern, integrate the spot intensities, scale the
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integrated intensities, average symmetry-related reflections and convert to structure factor

amplitudes.

3) The Advanced Photon Source (Argonne National Laboratory, Illinois), beamline 19-

ID, with an operating current of 60-100 mA and coupled to an undulator, produced

polychromatic synchrotron radiation. The radiation was monochromated to 1.03221 A

(an energy of 12 keV) with a sagitally-focusing silicon (111) double crystal and a

vertically focusing mirror. Crystals were kept at a temperature of 100-110K by a low-

temperature device. The position and intensities of diffracted X-rays were measured by a

custom-built 3x3 CCD-array detector (SBC2). HKL2000 was used to index the

diffraction pattern and integrate the spot intensities. Scaling of integrated intensities and

averaging of symmetry-related reflections was done with Scalepack, from the HKL suite.

Determination ofphases by multiple isomorphous replacement (MIR)

For phase determination by the method of multiple isomorphous replacement

(MIR), formed crystals of SQD] were transferred to cryoprotectant solution (1 M

(NH4)2SO4, 0.1 M MES, pH 6.5, 1 mM NaN3 and 30% (w/v) glycerol) containing a

heavy atom compound. The crystals were left in the solution overnight to allow time for

the heavy atom compound to enter the crystal and bind to specific sites. Diffraction data

were then collected from the putatively-derivatized crystal. Particular care was taken to

collect highly accurate, complete, and redundant data and to measure Friedel pairs for

detection of any anomalous scattering signal. Heavy atoms in successful derivatives

were found with SOLVE 1.10, and their locations were confirmed by visual inspection of

Patterson maps calculated with the CCP4 suite (24). SOLVE used the locations of the
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heavy atom derivatives to estimate phases for the native SQDl reflections. After solvent

flattening, initial Fo electron density maps to 2.8 A resolution were calculated. The maps

were visually evaluated with programs from the CCP4 suite and with CHAIN (73). For

final model-building and refinement, a higher-resolution native dataset extending to 1.6

A resolution was collected.

Model building, refinement and analysis

For the original SQDl structure determination, manual model-building into the

MIR electron density maps was done with CHAIN, and computer refinement was carried

out with X-PLOR 3.851, using a least-squares target on the observed structure factor

amplitudes (F0) (74). For cross-validation, 5% of the reflections were reserved in a “test

set”. This subset was used only in calculation of the “free R-factor” (Rm). The reserved

reflections were not used for refinement, calculation of the crystallographic R-factor (R)

or electron density maps. The structures of E. coli UGE (PDB entry 1XEL) and E. coli

dTGD (PDB entry lBXK) were used as starting points (75,76). The protein model was

partially built with experimental phased density maps at 2.8 A resolution, using data with

F/o(F) > 2, and refined by simulated annealing and positional energy minimization.

Thereafter, refinement continued using the 1.6 A data with F/o(F) > 1, and phases

derived fiom the model. Models of NADT, UDP-glucose, water, sulfate and alternate

protein side chain conformations were added at different points in the refinement, when

justified by the 2 Fo-Fc and Fo-Fc electron density maps. Later, a bulk solvent correction

was applied and isotropic B-factors were individually refined for each atom, while

positional energy minimization refinement was continued. Refinement ended when the
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model could not be improved further.

Later SQDl structures were refined with Crystallography and NMR System

(CNS) 0.9a, a descendent of X-PLOR (77). The starting model in each case was the 1.6

A wild-type structure, stripped of all nonprotein atoms and alternate conformations. B-

factor values were reset to the overall value estimated fiom a Wilson plot by

TRUNCATE. Again, 5% of the reflections from each data set were reserved for cross-

validation. The same set of test reflections was chosen for each dataset, so that R and

Rfiec could be compared meaningfully between all refinements. A maximum-likelihood

target on structure factor amplitudes was used for refinement, and a bulk solvent

correction was applied at all stages. An initial round of rigid-body refinement was used

to position the model in the unit cell, followed by cycles of energy minimization of

atomic positions. Manual adjustment of the model to better fit the electron density was

done with the program CHAIN. In the later stages of refinement, the isotropic

temperature factor of each atom was refined, but with the application of restraints. As

refinement progressed, ligands, waters and alternate conformations were modeled when

justified by the 2Fo-Fc and Fo-Fc electron density maps. The stereochemical quality of

the models was assessed with the program PROCHECK (78). PDBfit, from the

XtalView package, was used to align 3-dimensional structures (79).
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Results

Purification ofSQD] protein

The purification protocol described above consistently produced high-quality

protein in amounts sufficient to support crystallographic studies. A typical SDS-PAGE

result is shown in Figure 9. As can be seen from the gel, 3 significant amount of SOD]

remains in the cell pellet after sonication and centrifugation, presumably as inclusion

bodies; resonication of the pellet did not liberate much more SQD]. It is possible that

more SQDl protein could be recovered by purifying under denaturing conditions, then

refolding the protein. However, because the amount of soluble SQDl was sufficient for

further work, attempts to achieve higher yield by these means were not pursued. Purified

SQDl was found to precipitate spontaneously from solution, a process which is retarded

by: 1) increasing the ionic strength, e.g. by having 0.3 M NaCl in all buffers and 2)

keeping the protein solutions at room temperature, rather than 4°C.

Crystallization

Small crystals of recombinant SQDl were first observed in the former laboratory

of Dr. Christoph Benning at the Institut fiir Genbiologische Forschung Berlin GmbH, in

Berlin, Germany. At Michigan State University, we used sparse matrix screening kits

from Hampton Research to identify a broader range of initial crystallization conditions.

Out of 96 conditions from Crystal Screen 1 and Crystal Screen II (Tables 1 and 2), 35

resulted in the formation of crystals. The reagents which produced crystals were 2, 4, 7,

10, 14, 16, 29, 32-34, 36, 39, 46 and 47 from CSI and l, 2, 5, 7, 14, 15, 20, 21, 23, 24,
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1|2|3|4|5|6l7|8|9   

1 Whole cells, sonicated

2 Supernatant (first extraction)

3 Pellet (first extraction)

4 Supernatant (second extraction)

5 Pellet (second extraction)

6 Flow-through from loading Ni-NTA column

7 Eluent from washing column with Lysis buffer

8 Eluent from washing column with Wash buffer

9 Eluent from from elution of column (purified SQDl)

Figure 9. SDS-PAGE of samples from the course of an SQDl purification.
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28-34, 36, 37, 42, and 48 from CSII. All of the crystals were colorless and all had

bipyramidal morphology, with the exceptions of needle crystals in CSI-lO and CSI-14.

The best crystals (Figure 10) were obtained by crystallizing with ammonium sulfate as

the precipitant, as described above. The size of the crystals was improved by the addition

of exogenous UDP-glucose and, to a lesser extent, NADT. Crystals with dimensions on

the order of 0.20 x 0.20 x 0.15 mm could be grown with ease, while larger crystals up to

approximately 0.30x0.30x0.20 mm were more rarely seen. Seeding experiments with the

goal of growing larger crystals were not successful; in macroseeding experiments, the

seed crystal did not grow, while microseeding produced only a shower of small crystals.

The largest crystals grown were up to 0.6 mm long, but smaller in the other dimensions.

Crystals usually appeared after days to weeks, with an average time of about two weeks.

In the case of T145A mutant protein preincubated with UDP-glucose and sulfite, crystals

of a size suitable for diffraction studies were not observed until six months after the

crystallization experiment was set up.

The crystals are fairly resistant to physical manipulation and extremely stable to

disturbances in their chemical environment. For example, crystals removed from mother

liquor to distilled, unbuffered water showed no changes in morphology until some time

between three and five days, when they dissolved. Crystals moved directly from mother

liquor to solutions containing only sodium sulfite (about 1 M) and 30% (w/v) glycerol

diffracted normally. Except when using synchrotron X-rays, no radiation decay was

observed, either at ambient or at cryogenic temperatures. Despite this stability, over time

SQDl crystals change from being colorless to having a uniform brown tint. This process

seems to be accelerated by the addition of exogenous NADT. Brown crystals do not
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Figure 10. Typical SQDl crystals.
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diffract to as high a resolution as colorless crystals, and often contain rings of unknown

origin in the diffraction pattern. Electron density maps calculated with X-ray difiraction

data collected from brown crystals show no obvious structural changes. It may be that

any structural changes are not well ordered or that they are purely electronic, having no

effect on conformation.

SQDl crystals with atypical morphology are sometimes seen. Very small, rod-

shaped SQD] crystals have occasionally been observed, particularly in the absence of

UDP-glucose. Because of their small size, it is difficult to accurately describe their

morphology, and they could even be bipyramidal crystals which have grown extensively

along the c-axis and very little along the a- and b-axes. These crystals have never

diffracted with useable intensity, even using synchrotron radiation, and so their internal

symmetry cannot be determined in this way. Very shallow, vaguely hexagonal plates

were also seen in the presence of UDP, growing fi'om ammonium forrnate and

ammonium sulfate/glycerol solutions, but these were too small to be further

characterized.

Collection andprocessing ofX-ray difl‘raction data

Bipyramidal SQDl crystals diffract very well for their size (Table 5). Even with

small crystals and using radiation from rotating anode generators, reflections to better

than 3 A resolution are almost always seen. With larger crystals reflections to 1.5 A have

been observed with the same X-ray generators. At the Advanced Photon Source,

Beamline 19-ID, crystals typically diffracted to 1.4 A, and one (designated “rnjt_f12”)

showed spots to 1.15 A resolution. On the basis of the diffraction patterns, the program
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Denzo assigned the bipyramidal crystals to a body-centered tetragonal space group with

approximate unit cell lengths of a=b=l60 A and c=99 A. Scaling of the diffraction data

using Scalepack suggested that the crystals indeed belonged to a body-centered tetragonal

space group, either 14, 141, 1422 or 14.22. During the course of phase determination

(described below) the space group was definitively established as 14122, with a protein

monomer in the asymmetric unit. Conditions for low-temperature data collection were

easily established for SQDl, because the crystals are not damaged by soaking in

cryoprotectant solutions, even when directly transferred from mother liquor.

Processing of SQDl diffraction data was generally free of difficulties. An

exception to this was some of the higher-resolution data from the APS. The root of those

troubles was the limited dynamic range and the small active area of the CCD detector

used, as well as flaws in the data processing program. The intensities of many of the

lower-resolution spots in the diffraction pattern had exceeded the dynamic range of the

CCD detector, and hence were not very accurately measured. Such “overloaded pixels”

on a CCD detector also have the effect of disturbing measurements in neighboring, non-

overloaded pixels, thus further reducing accuracy. For unknown reasons, the presence of

overloads caused the spot intensity integration program, HKL2000, to repeatedly stop

working. Nearly a year passed before it was possible to use an improved version of

HKL2000 which was less failure-prone. Finally, because the diffraction extended to

higher resolution than expected, the detector 20 angle was not increased sufficiently to

achieve adequate data completeness and redundancy in the highest-resolution ranges.

Therefore, the resolution of the dataset was truncated from 1.15 A to 1.20 A for further

Work. As a rule ofthumb, particular care should be taken to the planning of data
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collection when a CCD detector is used.

Determination ofphases by multiple isomorphous replacement (MIR)

A molecular replacement solution could not be found for SQDl, using models

derived from structures of E. coli UDP-galactose 4-epimerase (UGE) and E. coli dTDP-

glucose 4,6-dehydratase (dTGD) (75,76). Instead, the multiple isomorphous replacement

(MIR) technique was used to experimentally determine the phases of the structure

factors. Five of the diffraction datasets collected from SQDl crystals, derivatized with

different types and concentrations of heavy atom compounds, were found to be useful for

phase determination (Table 6 and Figure 11). The 10 and 20 mM KAu(CN)2 derivatives

shared one strongly-bound site, but the 20 mM derivative had an additionally, weakly-

bound site. Data from a “pseudo-native” crystal (“Native 2” in Table 7), which had been

unsuccessfully derivatized with mercury dibromofluorescein (MBF), was used for scaling

against the successfully derivatized crystals. A partial model built was with the 2.8 A

resolution “Native 2” dataset, then refinement was continued and completed with the 1.6

A “Native 1” dataset.

Model refinement and analysis

Refinement of the four SQD] models (Table 8) produced very similar structures,

with low root mean squared deviations for atomic alignment (Tables 9 and 10). The

geometry of all models was very good, with at least 90% of nonglycine residues having

(p-w angles in the allowed region (Figure 12). The largest differences were in the number

of alternate conformations, the number and positions ofbound water molecules, and in
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Positions of heavy atoms in SQDl derivatives

Table 6

 

Heavy atom coordinates (A)

 

Derivative Site #

x y z

KAu(CN)2, 10 mM, 1 59.26 69.77 35.08

KAu(CN)2, 20 mM 1 59.15 69.69 35.17

KAu(CN)2, 10 mM, 2 74.71 81.10 43.29

KAu(CN)2, 20 mM 2 74.67 81.09 43.08

EMTS 1 57.28 68.31 34.05

EMTS 2 74.51 81.53 43.20

EMTS 3 57.68 106.10 29.45

PHMBS l 68.71 67.91 21.11

PHMBS 2 54.22 77.23 44.16

PHMBS 3 57.57 68.85 34.23

UO2(CH3C002) l 63 .69 66.51 50.19
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Figure 11. Binding sites ofheavy atoms in MIR derivatives. The sites are relative to the

final, refined structure. The scene is in stereo. The protein backbone is represented by a

blue ribbon. NAD+ and UDP-glucose atoms are shown as spheres, colored green and red,

respectively. The heavy atoms of each derivative are shown as spheres of various colors.

The yellow spheres are for the gold atoms in the KAu(CN)2 derivatives, the blue spheres

are mercury atoms of EMTS, the magenta spheres are mercury atoms ofPHMBS and the

orange sphere is uranium of UO2(CH3COOH)2.
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Table 8

Statistics for refinement and final stereochemistry of SQDl models

 

 

Complex WT/substrate WT/substrate T145A/substrate T145A/product

PDB ID lQRR 1124 112C IIZB

Number of 63,023 184,009 82,704 63,693

reflections used (0(F) 2 l) (0(F) 2 0) (6(F) Z 0) (C(17) 2 0)

Working set 72,378 174,749 78,759 60,499

Test (free R) set 3228 9,260 4,125 3,194

Completeness 90.4 (60.3) 92.3 (82.1) 98.8 (97.6) 99.1 (98.1)

R (%) 17.0 19.2 17.7 18.0

anee (%) 19.1 19.8 18.5 19.6

Number of residues (number of atoms)

Total (3481) 783 (3,622) 795 (3,542) 799 (3,539)

Protein 390 (3040) 393 (3,145) 393 (3,053) 393 (3,043)

Water 351 (351) 386 (386) 398 (399) 402 (402)

Sulfate 2(10) 2(10) 2(10) 2(10)

NADT 1 (44) 1(44) 1(44) 1 (44)

UDP-hexose l (36) l (37) l (36) l (40)

Parameters 13,924 14,488 14,168 14,160

Data/parameters 4.5 12. l 5.6 4.3

Root mean square deviations for protein stereochemistry

Bond lengths (A) 0.005 0.012 0.0053 0.0055

Bond angles (°) 1.37 1.58 1.29 1.27

Average B-factor (A2) 14.4 13.4 17.7 21.0

232::(1?: angles 89.9 91.5 90.3 90.0

($331:12?“ 10.1 8.5 9.7 10.0

 

Parenthetic Values of completeness are for the 10% ofdata in the highest resolution shell.
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Table 9

RMSD (A) for alignment of SOD] crystal structures on all a-carbons

 

WT/substrate T145A/substrate T145A/substrate

 

 

1.20.4 1.60A 1.75 A

WT/substrate 1.60 A 0.125 0.096 0.078

WT/substrate 1.20 A ----- 0.101 0.098

T145A/substrate 1.60 A ---------- 0.052

Table 10

RMSD (A) for alignment of SQDl crystal structures on all protein atoms

 

WT/substrate T145A/substrate T145A/substrate

 

1.20/3. 1.60A 1.75 A

WT/substrate, 1.60 A 0.252 0.251 0.239

WT/substrate

1.20A ----- 0.175 0.170

T 1 45A/substrate

1.60 A ---------- 0'068
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Figure 12. Ramachandran plots of the four SQDl structures. The values for nonglycine

residues are shown as black squares; those for glycines are designated by black triangles.

The most favored regions of the plot are dark gray, the allowed regions are medium gray,

the additional allowed are light gray, and the disallowed regions are white. The plots

were generated by PROCHECK 3.0.1 (78).
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the UDP-hexose ligands.

The structure ofwild-type SQD] with NAD+ and UDP-glucose at 1.60 A resolution

The model from the original SQDl structure determination contains amino acid

residues 2-391, NAD+, UDP-glucose, 2 sulfate ions and 351 (67 buried, 284 surface)

water oxygens (Figure 13). The overall temperature factor was estimated by Wilson plot

to be 12.40 A2, and refined to a final average value of 14.40 A2. Because of its planar

geometry, the nicotinamide ring of NAD+ was assumed to be in the oxidized, unreacted

state. The glucose ring of UDP-glucose was also clearly seen to be unreacted. The atoms

of both the nicotinamide and glucose moieties have low B-factors (average values are

8.39 A2 for the nicotinamide and 9.77 A2 for the glucose, indicating that these

conformational states are tightly and homogenously maintained. No candidate for a

sulfur donor was observed in the crystal structure. The protein itself has two domains, a

larger, modified Rossmann dinucleotide-binding fold containing NADT, and a smaller

domain that binds UDP-glucose (Figure 13). Two long a-helices from the large domain

of each monomer interact in an antiparallel fashion with their counterparts in another

monomer to form the dimer interface, which is coincident with a crystallographic two-

fold rotational axis. An unusual feature is formed by residues 161-172, which project out

from the rest of the protein, forming a B-ribbon that lies against the other monomer of the

dimer. The coordinates were deposited at the Protein Data Bank (PDB) as entry lQRR.

NAD+ binding

NAD+ is buried within the protein in an extended conformation. Interactions of
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Figure 13. Overall structure of SQDl. A dimer, generated by crystallographic

symmetry, is shown. a) The protein backbone is represented by ribbons and strands. The

large domain of monomer A is dark blue, the small domain of monomer A is orange, the

large domain of monomer B is light blue and the small domain of monomer B is yellow.

NADT is depicted as green sticks and UDP-glucose as red sticks. b) A molecular surface

is drawn over all protein atoms of each monomer. The surface over monomer A is

colored dark blue, while that over monomer B is colored light blue.
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Figure 13

 



NAD+ in the binding cleft (Figure 14, adapted from Mulichak et al. (80)), are provided by

residues near the C-termini of the Rossmann fold B-strands. The NAD+ pyrophosphate

binds at the N-terminus of the 011 helix, with the phosphoryl groups hydrogen-bonding to

backbone amide nitrogens of Tyr12 and Cysl3, as well as the side chains of Arg36 and

Arg101. Both hydroxyls of the NADT adenosyl ribose are liganded by the carboxyl

oxygens of Asp32, located at the base of the [32 strand. The amide group of Arg36 is also

within hydrogen bonding distance of the 02' adenosyl ribose hydroxyl. The Asp75 side

chain hydrogen bonds to the adenosyl amino group, whereas the main-chain amide

nitrogen of Ile76 interacts with the N1 ring nitrogen. The Asnl 19—05 and —N5 side-

chain atoms make additional hydrogen bonds to the adenosyl N6 and N7 atoms,

respectively.

Around the nicotinamide ribose moiety in SQD], the conserved Tyr182 and

Lys186 side chains interact with the ribose hydroxyls. The NADT nicotinamide moiety

adopts a syn conformation, with the carboxamide nitrogen atom within 2.8 A of the

nearest NAD+ phosphoryl oxygen. The syn conformation may be further stabilized by an

additional hydrogen bond between the carboxamide oxygen atom and the amide nitrogen

of Va1212 (3.2 A). The carboxamide oxygen also makes a solvent-mediated interaction

with the Va1212 carbonyl oxygen.

NAD+ interactions in the SQDl binding site also include five solvent-mediated

hydrogen bonds with phosphoryl oxygen atoms and one adenosyl ribose hydroxyl

oxygen. Another notable interaction near the catalytic site involves WAT410 which is

aligned with the plane of the nicotinamide ring and lies 3.18 A from the C6 atom, within

hydrogen-bonding distance. Although otherwise buried within the complex, WAT410 is
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also in good hydrogen-bonding distance of both the Gln209 amide nitrogen and the

Leu207 carbonyl oxygen, as well as another buried water molecule (WAT411).

UDP-Glucose Binding

The binding of the UDP pyrophosphate and ribose moieties (Figure 14) resembles

the NADT interactions. The pyrophosphoryl group is positioned near the N-terminus of

an a-helix (residues 239-249) from the small domain and makes a hydrogen bond to the

amide nitrogen of Ala239. Both phosphate groups interact with the Arg327 side chain

and additionally make water-mediated interactions to main-chain atoms. The UDP-

ribose hydroxyls hydrogen bond to either oxygen atom of the Glu329 carboxylate, an

interaction mimicking that of the NADT adenosyl ribose with Asp32. The uridine ring is

hydrogen bonded by the side chain 0, and main-chain carbonyl oxygen atoms of Thr254,

the Arg242—N8 atom, and the amide nitrogen of Tyr256. The binding of UDP-glucose is

further stabilized by the parallel stacking interaction of the uridine and Tyr256 rings, with

an interplanar distance of 3.5 A.

UDP-glucose extends into the SQDl cleft in such a way that the plane of the

hexose ring is parallel to, and partially overlaps, the NAD+ nicotinamide, with a distance

of approximately 3.6 A between the two rings (Figure 15a). The glucosyl 3'-hydroxyl is

in hydrogen bonding distance (2.7 A) of the 2'-hydroxyl from the NADT nicotinyl ribose.

The glucosyl ring also abuts closely against the surface of the large domain and is well

stabilized by protein interactions. The 0,, hydroxyl of Thrl45 makes two short hydrogen

bonds (2.45 A) with the 04' and 06' glucosyl hydroxyls (Figure 16a). WAT41 1, which

is above the plane formed by these three atoms, makes close hydrogen bonds with
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Figure 15. The position of UDP-glucose 06' in the SQDl crystal structures. The scene

is in stereo. FO-Fc electron density maps shown (blue wire mesh), contoured at 4.25 o,

are shown. The maps were generated by first carrying out simulated annealing

refinement, then omitting the UDP-hexose from further calculations. NAD+ is green,

with C4 colored orange. All other atoms are colored by element (white=carbon,

red=oxygen, blue=nitrogen, purple=phosphorus, yellow=sulfur). a) Wild-type/substrate,

1.60 A b) wild-type/substrate, 1.20 A c) T145A/substrate, 1.60 A d) T145A/product,

1.75 A (both UDP-sulfoquinovose and UDP-glucose are shown).
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Figure 16. Hydrogen-bonding groups in the SQDl active site. Molecules and their

interactions are shown diagrammatically. Portions of NADT, UDP-glucose (UPG) and

UDP-sulfoquinovose (USQ) are shown as ball-and-stick models, colored by element

(gray=carbon, red=oxygen, blue=nitrogen, yellow=sulfur). Protein residues are labeled

by residue type and number. Open circles represent various ordered water molecules

(1=WAT410, 2=WAT411, 3=WAT461, 4=WAT463, 5=WAT470, 6=WAT475,

7=WAT466). Potential hydrogen bonds are denoted by dashed lines; those where the

groups are separated by S 2.5 A are thicker. a) wild—type/substrate, 1.60 A resolution b)

wild-type/substrate, 1.20 A resolution 0) T145A/substrate, 1.60 A resolution d)

T145A/product 1.75 A resolution (for clarity, the fraction of unreacted UDP-glucose has

been omitted); The 01, 02 and O3 sulfonyl oxygens have been labeled “1”, “2” and “3”,

respectively.
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Thrl45—O, (2.45 A) and with the 04' and 06' hydroxyls (2.38 and 2.44 A). WAT41] is

additionally within hydrogen-bonding distance of WAT410, but is otherwise sequestered

from additional solvent. The simultaneous interaction of Thrl45 with both glucosyl

positions forces the 6'-hydroxyl to be held in the least sterically favored rotarneric

orientation, placing the 06' atom only 2.73 A from 04'. The hydroxyl of Tyr182 is also

within hydrogen bonding distance of both 04' (2.54 A) and 03' (2.92 A) glucosyl

hydroxyls. Additionally, ArglOl forms hydrogen bonds with the 02’ and 03' glucosyl

hydroxyls through the guanidinium nitrogen and main-chain carbonyl oxygen atoms,

respectively.

Residues 323—330 form a C-terrninal flap that covers the end of the binding clefi

(Figure 17). This flap is held against the rest of the protein by only one main-chain

hydrogen bond (326—COH-HN—382) and one intraloop hydrogen bond (between

Asn325-~-Glu331). Other side-chain interactions include only those of Arg327 and

Glu329 with the bound UDP moiety, described above.

Sulfur-Donor Site

The Arg327 side chain on the flap also partitions off two distinct channels of

buried solvent leading from the enzyme surface to the bound UDP-glucose. The first is a

small channel containing eight buried water molecules that ends at the uridinyl and

pyrophosphate moieties of UDP-glucose. A larger channel, designated the “sulfur donor

Channel”, ends at a much wider solvent cavity of 9-10 A diameter, occupied by 14 water

molecules (Figure 18).
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Figure 17. The flap region of SQD]. a) A monomer of SQDl is shown, with a

molecular surface (gray) drawn over all amino acid residues. UDP-glucose is shown as a

ball-and-stick model colored by element (gray=carbon, red=oxygen); the glucose moiety

is visible through the so-called sulfur donor channel (see also Figure 18). b) The same

view of SQD], with the molecular surface drawn over all amino acid residues, except

those comprising the flap. More of the UDP-glucose ligand is now exposed

(purple=phosphorus).
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Figure 18. The sulfur donor channel. The scene is viewed from the protein surface. A

semi—transparent molecular surface (dark gray) was drawn around all amino acid residues

within 4.0 A of waters in the channel (residues 460-474). UDP-glucose, depicted as a

ball-and-stick model (gray=carbon, red=oxygen, purple=phosphorus) is glimpsed through

the channel. The part of the surface which covers Arg263 is colored blue to indicate its

basicity.
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Bound waters

A systematic numbering scheme, based on location and interactions, was adopted

for bound waters. Waters 410 and 411 are in the active site. Waters 420-427 interact

with UDP-glucose. Waters 440-453 interact with NAD+. Waters 460-474 occupy the

presumed sulfur donor channel. Waters 500-528 are buried at other sites. Waters 600-

885 are on the surface. This classification system was retained for subsequent SQDl

structures. A certain amount of variation in the number of surface waters seen between

different SQDl structures, as is common in crystallographic work. In contrast, nearly all

buried waters were consistently observed, except for those affected by the T145A

mutation or by differences in the type ofbound substrate.

The structure ofwild-type SQD] with NAD+ and UDP—glucose at 1.20 .4 resolution

The electron density now supports inclusion of all amino acid residues from Glyl

to Met392, as well as a partial model of Thr393. Of these residues, 32 have partial side

chains and 32 have alternate conformations, with some overlap between the two

categories. As in the original crystal structure, the high-resolution model contains NAD+

and UDP-glucose, both modeled at full occupancy because of the strength of the electron

density and their low overall temperature factors (7.60 A2 for NAD+, 9.92 A2 for UDP-

glucose). The planarity of the nicotinamide moiety continues to suggest that the bound

cofactor is almost exclusively oxidized NAD+, rather than NADH. Of the 386 waters

modeled in the high-resolution wild-type structure, 70 were buried and 316 were on the

protein surface. Fifty-six of the waters in this structure (475-476, 529, 886-920, 922-932,

934-939 and 944) were not observed in the original structure, while 21 waters from the
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original structure (714, 715, 719, 745, 781, 784, 802, 810, 815, 817, 819-820, 826, 831,

836, 846-847, 864, 873, 875, 878) were not observed. The overall B-factor, estimated as

11.59 A2 from a Wilson plot, refined to an average value of 13.43 A2. The atomic

coordinates and structure factor amplitudes were deposited at the PDB as entry 1124.

Two alternate conformations not observed in the original structure are those of

Arg36 and Phe236, which may be coupled through parallel stacking interactions between

the guanidinium portion of Arg36 and the phenol ring of Phe236 (separation ~ 3.5-4.0

A). In the original structure, the N8 atom of Arg36 seemed to be involved in a hydrogen

bond with NAD+ (80). Because the Arg36 side chain is seen to adopt several conformers

in the 1.2 A structure, it is more likely that any hydrogen bonding interaction with NAD+

is weak at best. However, the side chain interaction of Arg36 with the NAD+

phosphodiester could be electrostatic in nature, and thus somewhat independent of

geometry, unlike hydrogen bonding. The binding of ligands in the 1.6 and 1.2 A

structures is otherwise similar.

Two other interesting differences between the 1.2 A structure and the 1.6 A

structure were seen. The first is in the distance between O,I of Tyr182 and 04' of UDP-

glucose. In the original, 1.6 A structure, these two groups were separated by 2.54 A,

while in the 1.2 A structure, they are 2.64 A apart (Table 11). Since the longest length

for an LBHB is 2.50-2.55 A, it thus seems less likely that an LBHB has formed between

these groups in the poised state of the enzyme. Second, in the 1.2 A structure two

conformations were resolved for 06' of the UDP-glucose substrate (Figures 15b and

16b), the moiety which is replaced by a sulfonyl group during catalysis. Only one

conformation could be resolved in the original structure (Figure 15a), although some
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extra electron density near the glucose 6’-carbon was apparent. The main conformation,

modeled with an occupancy of 70%, corresponds in position to the single, strained

conformation observed in the original structure. The second, more relaxed conformation

seen in the high-resolution structure is generated by a 84° rotation of the O6'-C6'-C5'-

C4' dihedral angle, which displaces 06' by 1.8 A. As in the original structure, the major

06' conformer is seen to hydrogen bond with Thrl45-O, (2.29 A), WAT411 (2.47 A)

and WAT461 (2.66 A). The second, minor conformer interacts by hydrogen-bonding

with WAT461 (2.58 A), WAT463 (2.80 A) and WAT475 (2.63 A). Both 06'

conformers may also interact with WAT470, which lies 3.21 A from the first 06'

conformer, and 2.48 A from the second. Based on the strength of the electron density, it

seems that WAT470 has low occupancy, and in fact may only be present when the major

conformer is in place. In the original crystal structure, water 470 lay 4.43 A from the O6'

hydroxyl, and so was not considered as potential hydrogen-bonding partner. Because

negative Fo-Fc electron density appeared during the course of refinement on the active-

site groups WAT410 and WAT411, they were subsequently modeled at occupancy levels

(0.65 and 0.60, respectively) which resolved this problem. These new observations

slightly modify the network of active-site hydrogen bonds identified in the original

structure determination (Figure 16, Table 1 l).

The structure ofT145A SQD] with NADJr and UDP-glucose at 1.60 A’ resolution

The T145A/substrate structure contains amino acid residues 1-393, NAD+, UDP-

glucose, two surface sulfate ions and 398 waters (65 buried, 333 surface). NAD+ and

UDP-glucose were modeled at 100% occupancy because of the strong electron density
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and low temperature factors (11.11 A2 for NAD+ and 13.89 A2 for UDP-glucose)

associated with them. Of the amino acid residues, 368 are fully defined, 25 are partial

and 8 have alternate conformations, although some amino acids are partially defined and

also have alternate conformations. The nicotinamide moiety was again seen to be planar,

suggesting that the bound cofactor is almost exclusively oxidized NAD+, rather than

NADH. Sixty-four of the waters (475-476, 886-901, 903, 905-914, 932 950 and 956-

967, 969-971) were not observed in the original structure, while 16 waters (410-411, 461,

469, 709, 784, 810, 815, 817-818, 821, 828, 831, 836, 846, 878) from the original

structure were not seen here. The overall B-factor was estimated as 15.24 A2 from 3

Wilson plot, and refined to an average value of 17.70 A2. The atomic coordinates and

structure factor amplitudes were deposited at the PDB as entry 112C.

The overall structural effects of the T145A mutation are negligible and, as

expected, all of the major changes are localized within the active site. The observed

electron density at residue 145 is clearly consistent with alanine at this position. The

distance between 0" of Y182 and 04' of UDP-glucose (2.61 A) is not significantly

different from previous structures. However, the T145A mutation has markedly

disturbed the hydrogen bond network around the ligands (Figure 160, Table 11) resulting

in the loss of buried waters 410, 411, 461 and 469. Hence, all short (5 2.5 A) hydrogen

bonds observed in the wild-type enzyme are absent in the T145A/substrate structure. In

addition, the nicotinamide ring in the T145A/substrate complex shifts and rotates slightly

in the direction of the UDP-glucose 4'-hydroxyl oxygen. The maximal shift between the

nicotinamide rings in the mutant and wild-type structures is about 0.4 A. This movement

brings C4' of the nicotinamide ring 4-carbon to 3.5 A from the UDP-glucose 4'-carbon, a
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position which is actually 0.2 A closer than seen in the original and high resolution wild-

type structures. The positional change of the nicotinamide ring is perhaps a result of

losing the buried active site waters 410 and 411, the former of which may accept a

C—H-"O hydrogen bond from C6 of the nicotinamide ring. Finally, the absence of a

liganding threonine at position 145 results in the loss of all the hydrogen- bond partners

coordinating the 6'-hydroxyl of UDP-glucose in wild-type enzyme. The 6'-hydroxyl

now assumes a conformation different from that seen in the wild-type structure (Figure

15c). Through a combination of a 41° change in the C4'-C5 '-C6'-O6' dihedral angle and

a small shift in the glucose ring position, the 6'-oxygen is moved by 0.82 A fi'om the

wild-type position. In this location, it now hydrogen bonds to the backbone amide

nitrogen of Glyl47 (3.16 A) and to water 470 (2.81 A), which has shifted 1.00 A from its

place in the original wild-type structure. However, WAT470 of the T145A/substrate

complex has an elevated B-factor (42.31 A2) compared to the original and high resolution

wild-type structures (27.76 and 27.24 A2, respectively), perhaps indicating that any

hydrogen-bonding to the UDP-glucose 6'-oxygen is tenuous. In the original wild-type

structure, the UDP-glucose 6'-hydroxyl oxygen was well out of hydrogen-bonding range

from both the amide nitrogen of Glyl47 (3.54 A) and WAT470 (4.13 A). Thus, the

T145A mutant protein achieves extensive hydrogen bonding with UDP-glucose through

shifts in water positions and in the ligand itself, without significant changes in the protein

structure per se.

Preparing novel SQDI/ligand complexes

SQDl crystals are approximately 64% solvent by volume, as estimated by the
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refinement program CNS, and have large solvent channels. These channels allow the

free diffusion of small molecules, as demonstrated by the successful derivatization during

MIR work. Nonetheless, introducing ligands into the active site of SQDl proved very

difficult, particularly once it had been set up for crystallization. It is worth noting that

none of the heavy atom compounds used for MIR bound in or near the active site (Figure

11). Crystallization experiments set up with UDP or UDP-phenol generally did not give

a good yield of crystals of a size suitable for collection of diffi'action data, whether the

ligands were added to the protein stock or to the drop stock. When small, useable

crystals did appear, they always were found to have UDP-glucose in the active site.

Apparently, UDP-glucose from the E. coli overexpression host remains tightly bound in

the active site of some of the SQDl during purification. It seems that most of the protein,

whether or not it bound the non-native ligand, did not crystallize. Rather, only that

fraction of protein which was contaminated with UDP-glucose was able to form crystals.

Addition of exogenous sulfur compounds, either during or after crystallization, likewise

produced no changes. For example, crystals of wild-type SQDl, in complex with UDP-

glucose and NAD+, were soaked overnight in a solution with 0.1 M sulfite. Diffraction

data from a sulfite-treated crystal (designated “mjt_f28”) were collected at the APS,

Beamline 19-ID, to 1.3 A resolution. The electron density maps derived from these data

showed no changes from the original 1.6 A structure. It seems that once SQD] enters a

high ionic strength environment, and certainly after it has crystallized, its active site

becomes closed. This is supported by the inverse relationship of ionic strength and

catalytic activity observed for wild-type SQDl in vitro (71).

The availability of the T145A mutant SQD] protein, which had no detectable
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catalytic activity under normal assay conditions, offered the possibility of preparing a

complex of SOD], its cofactor NAD+ and both substrates, UDP-glucose and sulfite (71).

For reasons detailed above, it was not possible to introduce sulfite during or after

crystallization. Therefore, purified T145A SQDl protein was incubated overnight in

“Dialysis buffer” supplemented with 5 mM UDP-glucose and freshly-prepared sodium

sulfite to 200 11M, then set up for crystallization the next morning. So far, wild-type

SQDl has not been similarly preincubated with UDP-glucose and sulfite. In additional

experiments, both wild-type and T145A SQDl protein samples were preincubated with

either reduced glutathione (GSH), oxidized glutathione (GSSG), sulfoglutathione (GSO3)

or glutathione thiosulfonate (GSSO3). However, crystallization experiments with these

batches of protein produced only very small crystals. Diffraction data from the crystals

of the sulfite-soaked T145A SQD] were collected and processed as usual. The results

are described in the next section.

The structure ofT145A SQD] with NAD+ and UDP-sulfoquinovose at 1. 75 1 resolution

The model contains amino acid residues 1-393, NAD+, UDP-hexose (65% UDP-

sulfoquinovose and 35% UDP-glucose), two sulfates and 402 bound waters (61 buried,

341 surface). Seventy-two waters (886-911, 915-920, 940-964, 972-986) were not seen

in the original structure, while 21 waters (410-411, 461, 470-471, 474, 692, 709, 714,

751, 775, 783-784, 802, 810, 814-815, 817, 828, 831, 837) from the original structure

were not included in this model. The nicotinamide moiety is planar, suggesting that the

bound cofactor is almost exclusively oxidized NAD+, rather than NADH. Among the

amino acid residues, 361 are fully defined, 28 are partial and 5 residues have alternate
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conformations (some residues have alternate conformations and are only partially

defined). The height of the electron density and low average B-factors for NAD+ (14.29

A2) and UDP-hexose (18.77 A2) again suggest near 100% occupancies of the ligands in

the mutant structure. The overall B-factor was estimated as 20.04 A2 from a Wilson plot

and refined to an average value of 2 l .02 A2. The atomic coordinates and structure factor

amplitudes were deposited at the PDB as entry 1128.

In the active site, the 0.1 of the catalytic Tyr182 remains at roughly the same

distance (2.66 A) from the UDP-hexose 4’-oxygen as in the-high resolution wild-type

and T145A/substrate structures. As with the T145A/substrate structure, a number of

active site waters (410, 411, 461, 470, 471, 474) are lost, although water 469 is present

(Figure 16d). The nicotinamide ring of NAD+ is positioned as described for the

T145A/substrate complex, i. e. shifted more towards the glucose ring than in wild-type.

Initial refinement was carried out with only protein residues, then NAD+ and a

partial model of UDP-glucose lacking the O6' hydroxyl were included. Electron density

maps calculated with coefficients of the form 2Fo-Fc and Fo-Fc showed a trilobed feature

extending from the expected position of the UDP-glucose 06'. This extra density was

easily fit with a model of sulfite, obtained from the Heterocompound Information Centre,

Uppsala (HIC-Up), by overlaying the sulfur atom on the expected 06’ position (81).

Because of the proximity of the sulfur atom to C6' of the hexose ring, it was clear that the

active site contained the product, UDP-sulfoquinovose, rather than the substrates, UDP-

glucose and sulfite (Figure 15d). Later, another sulfite—incubated crystal was used to

collect a separate, highly redundant dataset at the Cu Kc wavelength, making sure to

measure a high number of Friedel pairs. Anomalous difference electron density maps,
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calculated with coefficients of the form (Wl-|F|)e(‘p'90) from this dataset, clearly showed a

significant anomalous signal at the position after C6'. This observation is consistent with

a sulfur atom, rather than an oxygen.

Initially, UDP-sulfoquinovose was modeled at 100% occupancy. During

subsequent refinement, considerable negative Fo-Fc electron density was seen on the

sulfonyl group, but not the rest of the hexose. The sulfonyl atoms B-factors also became

elevated (average value of 28.65 A2) relative to those of the rest of the UDP portion of

the molecule (average value of 19.37 A2). By comparing the level of electron density

about the sulfonyl oxygens to that of oxygens elsewhere in the structure, the occupancy

of the sulfonyl group was estimated to be approximately 65%. This lower limit could be

an underestimate if conformational disorder lowers the average occupancy of the major

conformer. For the rest of the refinement, a consensus structure was used, where UDP-

sulfoquinovose was modeled at 65% occupancy and “unreacted” UDP-glucose was

modeled at 35% occupancy.

In the T145A/NADVUDP-SQ (“T145A/product”) complex, the position of the

sulfur atom of UDP-sulfoquinovose differs from that of the 06' hydroxyl found in either

the wild-type structure or the T145A/substrate complex structure (Figure 15). Oxygen

01 of the sulfonyl group sits essentially at the position of WAT461 in the wild-type

structure and apparently displaces it, forming hydrogen bonds (Figure 16d) to H183—Ne,

WAT463 and WAT466 (2.99, 2.68 and 3.11 A, respectively). Oxygen 02 forms

hydrogen bonds to the backbone amide nitrogens of Metl46 and Glyl47 (2.86 A and

2.59 A). Oxygen O3 lies 3.37 A from the nearest potential hydrogen-bonding partner

(WAT467), beyond the distance considered normal for such an interaction. Interestingly,
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the 02 oxygen of the sulfonyl group in the T145A/product complex structure (Figure

19a) is in a position that could not be accommodated in wild-type enzyme, because it

would be only 1.63 A from the O, of Thrl45 (Figure 19b). Hence, the sulfonyl group

must assume a slightly different conformation in the native enzyme-product complex. A

rotation of 22° about the sulfoquinovose C4'-C5 '-C6'-S6’ dihedral would suffice to place

the 02 oxygen in the same relative position as the 06' oxygen of UDP-glucose found in

the wild-type structure (Figure 19c). In this configuration, the 01 oxygen would displace

WAT463 and be 2.48 A from a phosphodiester oxygen of the UDP-sulfoquinovose

group. 02 would be 2.48 A from the Glyl47 amide nitrogen, 3.36 A from the Metl46

amide nitrogen, and 2.46 A from the Thrl45—0,. 03 would be 3.20 A from WAT467.

Hence, UDP-sulfoquinovose can be accommodated in the wild-type structure in a

stereochemically and catalytically feasible manner.

Model stereochemistry and the nonplanarity ofthe Tyr182 ring

While the stereochemistry of all four SQDl models is within the normal range for

protein crystal structures (Figure 12, Table 8), a notable statistical outlier is the

nonplanarity of the Tyr182 phenol rings (Table 12). Within each of the four SQDl

crystal structures, the ring of Tyrl 82 is always the most distorted from planarity of all 16

tyrosine residues (Figure 20a), despite the use of different methods for data collection,

data processing and model refinement. Temperature factors are low for the atoms of the

Tyr182 side chain (Table 12), indicating that a tight conformational state is maintained.

Moreover, the RMSD from planarity of the Tyr182 ring atoms increases linearly with

improving resolution, while those of noncatalytic tyrosines do not show a strong trend.
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Figure 19. Clash between the UDP-sulfoquinovose sulfonyl group and T145—Oy. The

figure is in stereo. Molecules are shown as ball-and-stick models, colored by element

(white=carbon, red=oxygen, blue=nitrogen, purple=phosphorus, yellow=sulfur). The

oxygen atoms of ordered waters are represented by blue spheres. a) The arrangement in

the T145A/product structure. b) UDP-sulfoquinovose from the T145A/product structure,

placed into the high-resolution wild-type/product‘ structure in the position of UDP-

. glucose. 0) UDP-sulfoquinovose in the high-resolution wild-type structure, with the

sulfonyl group moved to an acceptable binding position.
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Figure 20. Alignment of tyrosine side chains to compare ring distortion. The tyrosines

were manually aligned as follows. For each tyrosine, Cg and Q, were first overlaid onto

Cg and C, of an “ideal” model, then the whole side chain was manually rotated about the

C13—CY bond until C51 and C52 were equidistant from their ideal counterparts. Tyr182 is

colored orange, while other tyrosines are colored by element (white=carbon,

red=oxygen); each atom is labeled by name. Blue spheres with a diameter of 0.5 A are

placed at the ideal positions for a planar tyrosine side chain. a) Superimposition of

tyrosine side chains from the high-resolution wild-type/substrate structure. b) Catalytic

tyrosines from the four SQDl structures and from 14 independently-refined monomers of

nucleotide-sugar modifying SDRs (PDB entries lBSV, IBWS, lBXK {Chains A and B},

1DB3, lEKS, 1EK6 {Chains A and B}, 1EQ2A {Chain A only}, 1FXS, lGFS, lUDA,

lUDB and lUDC).
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In the 1.2 A structure, Tyr182 deviates by 2.4 o from the average distortion of all tyrosine

rings in that structure; the distortion of any other tyrosine was S 1.5 o from the mean.

The distortion arises largely from an angular deviation of the Cg-C, bond from the plane

formed by the atoms C3, C7, C5] and C52. In the 1.2 A structure, this deviation has a

magnitude of 4.4°. As a result, 0:. of Tyr182 is displaced 0.72 A from its ideal position,

which is approximately six times the estimated global coordinate error (Table 12). In 14

independently-refined monomers from crystal structures of other nucleotide-sugar

modifying SDRs, the catalytic tyrosines were either undistorted, or less distorted than

noncatalytic tyrosines.
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Discussion

The overall structure

The crystal structure of SOD] definitively established it as a member of the SDR

family of enzymes, based on conservation of overall fold, protein-ligand interactions and

catalytic residues, as discussed below. Crystal structures of at least 24 different kinds of

SDR enzymes were available for this study. A list of the enzymes, along with some

conserved catalytic residues, is shown in Table 13. Six are sugar-nucleotide modifying

SDRs (Table 4). There are 37 separate crystal structures within this subgroup, comprised

of 57 independently-refined monomers. The 1.20 A wild-type/substrate SQDl structure

has the highest nominal resolution of any SDR, which is particularly impressive since it

is also has one of the largest monomers. The next best resolution for an SDR is for

sepiapterin reductase (PDB entry IOAA), solved at 1.25 A resolution (81). After SQDl,

GMER has the best resolution among the sugar-nucleotide modifying SDRs, at 1.45 A

for PDB entry 1E6U (82). Because of the high quality of the 1.20 A SQDl model, it

serves as a benchmark against which other SDR crystal structures may be compared.

SQDl is also the only crystal structure of an active, wild-type SDR in complex with its

substrate. This unique situation is made possible by the poised state which is maintained

in the absence of a sulfur donor. The SQleNADVUDP-glucose complex is probably

closer to the activated state of catalysis than any other SDR crystal structure, and so gives

us an excellent chance to understand the roles of the catalytic groups.
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NAD+ binding

The interactions between NAD+ and SQDl are generally similar to those of other

SDRs. Interestingly, the GXXXGXG (where X is any amino acid) fingerprint sequence

of the Rossmann fold at the pyrophosphate site in monodomain SDR enzymes is replaced

by a GXXGXXG sequence in SOD] and the other bidomain, sugar-nucleotide modifying

SDR enzymes. The hydrogen bonding between the NAD+ pyrophosphates and the

backbone amide nitrogens of Tyr12 and CyslB is characteristic of Rossmann folds. A

hydrogen bond similar to that of ArglOl is provided by a lysine side chain in some

bidomain SDRs (Lys84 in E. coli UGE complexes, Lys92 in human UGE and Lysl78 in

AGME), but not in any other SDR structure examined. Direct protein side-chain

interactions with the pyrophosphate moiety of NAD+/NADP+ vary greatly among related

enzymes, and are absent altogether in some cases (63,69,75,84,85).

A difference is seen between those SDRs that utilize NADVNADH and those that

utilize NADPVNADPH. Interactions of an aspartate side chain with the ribose nearer the

adenosine group, analogous to those of Asp32 in SQDl (Figure 14), are observed for

nearly all of the NAD-binding SDRs (Table 14). Only GDH lacks it, having a different

fold at that part of the structure. In SDRs which utilize NADP (GMD, GMER, etc.), the

phosphate group on the ribose 2'-hydroxy1 makes this hydrogen-bonding interaction

impossible, hence none of these SDRs retain this residue. This method of discrimination

was first reported by Tanaka et al. (86) Highly conserved interactions with the NAD+

adenosine moiety are also generally observed. An Asp (or more rarely an Asn) which

hydrogen bonds to the adenosyl base (structurally homologous to Asp75 in SQDl) is

found in all SDR enzymes. The hydrogen bond between a main-chain amide
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Table 14

Residues in NAD-binding SDRs homologous to Asp32 of SQDl

 

 

Protein Residue Number ofthe Aspartate

SQDl 32

UGE (E. coli) 31

UGE (human) 33

AGME 31

dTGD (E. coli) 33

dTGD (S. ent.) 32

GDH --

cBDH 36

mBDH 33

3HCDH 41

ADH (D. leb.) 37

3aHDH 32

3a200HDH 37

7aHDH 42

DPR 37
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(Ile76 in SQDl) and the adenosyl base is also highly conserved. The hydrogen bonding

between Asn119 and the adenosyl N6 and N7 is residue is seen in E. coli UGE (Asn99),

AGME (Asn92), and has a similar counterpart in E. coli dTGD (Thr100), S. ent. dTGD

(Thr99) and GMER (WAT49:Gln82). It is not otherwise widely conserved among SDRs.

The interactions of Tyrl 82 and Ly5186 with the nicotinamide ribose in SQDl are typical

of SDR enzymes.

Positioning and orientation ofthe nicotinamide ring

Proper positioning of the nicotinamide ring is necessary to allow hydride transfer

to and from the substrate. The observed syn conformation of the nicotinamide group is

the proper orientation for the expected B-side hydride transfer, and is seen in most other

SDR structures. Of the 37 structures of nucleotide-sugar modifying SDRs available for

this study, 35 contain a nicotinamide adenine dinucleotide cofactor. Five have the

nicotinamide group in the anti conformation (GMER, PDB entries 1E6U, 1E7Q, and

1FXS, and E. coli UGE, PDB entries lNAH and 2UDP), one has very disturbed cofactor

binding (PDB entry 1E7S). The other 29 have nicotinamide in the syn conformation. In

one structure of GMER (PDB entry IBWS), the nicotinamide ring is syn, but is rotated

away from the presumed reactive position. The two structures without a cofactor are of

GMER (PDB entry lGFS) and GMD (PDB entry 1DB3). Several factors, described

below, may contribute to keeping the nicotinamide ring in the correctly positioned and in

the syn orientation.

First, hydrogen-bonding fi'om a main-chain amide nitrogen (Va1212 in SQDl) to

the carboxamide group may limit flipping of the ring to the anti position. The distance
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from Va1212—N to 07 of the nicotinamide ring is in the range of 3.03-3.19 A in the four

SQDl structures, with an average value of 3. 12 A. The same type of arrangement is seen

in dTGD (E. coli, Asn190, S. ent., Asn197), as well as among monodomain SDRs, for

example DPR (Leu18l—N to 07, 2.87 A) and GDH (Ile19l—N to 07 2.86 A). In the ten

monomers of the AGME asymmetric unit, similar interaction (Va1170—N to N7) ranges

in distance from 3.09 to 3.60 A, with an average value of 3.27 A. In GMER the distances

from Leul66—N to the nearest carboxamide atoms vary widely (3.25-4.58 A). A proline

at this position substitution in UGE (E. coli, Prol80, human, Prol88) makes such a

hydrogen bond impossible.

Second, the size of residues adjacent to the nicotinamide also may have an effect

position (Table 15). In SQDl, the mid-sized residues Gln209 and Va1212 allow a fair

amount of room. In UGE, a bulky tyrosine side chain and a proline crowd the

nicotinamide ring towards the UDP-hexose by about 1.2 A. Nearly all of the

monodomain SDRs have proline in the first position, and a residue with a medium-sized

side chain in the second. This general conservation of side chain size, if not identity,

serves to keep the nicotinamide ring constrained to the general area of reaction by steric

repulsion.

Third and lastly, C6 of the nicotinamide ring may be hydrogen-bonding, directly

or indirectly, to a main-chain carbonyl oxygen of the residue before the catalytic Set/Thr.

C—H---O hydrogen bonds can occur when the carbon has some acidic character (87), as

would be expected in a positively charged nicotinamide ring. In SQDl the hydrogen

bond appears to be to G1y144=O, but is bridged by WAT410 (Figure 21).. The Cu-O

distance of 3. 1 8 A and C-H-O angle of 163° (based on calculated ideal H positions) agree
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Table 15

Residues in SDRs abutting the nicotinamide ring

 

 

Protein Residue 1 Residue 2

SQD] Gln209 Va1212

UGE (E. coli) Tyrl77 Pr0180

UGE (human) Tyr185 Pr0188

AGME Tyrl 67 Val 1 70

dTGD (E. coli) Cysl87 Asnl90

dTGD (S. typh.) Cysl94 Asnl97

GMER Pro 1 63 Leu166

GMD Leu183 Hisl 86

GDH Pro] 88 Ilel 91

MDH Pro 1 99 Va1202

cBDH Ser184 Ile187

mBDH Pro] 82 Val 1 85

ADH (D. leb.) Prol8l Thr184

3aHDH Prol85 Thr188

30.2013HDH Pr0182 Thrl 85

7aHDH Pro 1 89 Ilel 92

17BHDH Cy8185 Va1188

3HCDH Prol98 Phe201

CR Pro] 79 Val 1 82

TR-I Pro201 Ile204

triHNR Pr0208 Ile21 1

tetraHNR Pr0208 Va121 1

PR Pr0224 Ser227

DPR Pro 1 78 Leu181

BKR Prol97 Ile200

SR Prol99 Leu202
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Figure 21. Hydrogen-bonding of the nicotinamide 6-carbon. Coordinates from 30

different nucleotide-sugar modifying SDRs were used. Alignments were performed

using backbone atoms of the two amino acids flanking the residue which putatively

hydrogen bonds to C6 of the nicotinamide ring (in SQDl, these are Leu143 and Thrl45,

which flank Gly144). Molecules are represented as stick models; WAT410 from the two

wild-type SQDl structures is shown as spheres. Putative hydrogen-bonding in these two

structures is depicted by dashed gray lines of cylinders. Hydrogen bonding in other

structures would be directly between the corresponding backbone carbonyl oxygen and

C6 of the nicotinamide ring, and has been omitted for clarity. a) The groups are colored

by protein type: yellow is SQDl, green is dTGD, red is GMER, purple is AGME, light

blue is E. coli UGE and dark blue is human UGE. b) The same scene, rotated 90° about

the y- and z-axes.
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Figure 21
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well with water molecules coordinated by C—H hydrogen bonds in a survey of small

molecule neutron crystal structures (88), where the typical C—O distance was found to be

3.4-3.5 A. No other structure of a sugar-nucleotide modifying SDR has a water in a

position to hydrogen-bond to the nicotinamide C6. Rather, the hydrogen-bonding occurs

directly between C6 the main-chain carbonyl oxygen (Table 16 and Figure 21).

Hydrogen-bonding directly versus indirectly may be related to the timing of catalysis, as

discussed below.

UDP-glucose binding and theflap region

The main-chain hydrogen bonds to UDP-glucose and the Tyr256zuridine aromatic

stacking interaction are echoed in the structures of AGME and human UGE, as well as

those E. coli UGE structures where the cofactor is reduced to NADH. In AGME, Phe201

(corresponding to Tyr256 in SQDl) stacks against the adenine group of the inhibitor

ADP-glucose. Phe243 is located in a good position to stack against the other face of

ADP, but its phenyl ring is tilted away. The aromatic residue in human UGE is Phe226,

while in E. coli it is Phe218. In the E. coli UGE complex with UDP and NAD+, the

aromatic stacking was reported to be disrupted by a second conformation of the

corresponding Phe218 side chain (84). Steric interference by the surrounding side chains

in SQD] would prevent the occurrence of a similar conformational change in the Tyr256

side chain.

In the SOD] and E. coli UGE ternary complexes, the relative positions of the

glucose ring differ significantly due to the combined effects of conformational

differences in their small domains in the ligands themselves. In contrast, human UGE
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(PDB entry 1EK6) is more similar to SQDl (89). One possible reason is the substitution

of a cysteine (position 307 in human UGE) for a much larger tyrosine (position 299 in E.

coli UGE). In SQDl the overall fold is somewhat different, so that the protein surface

corresponds more closely to human UGE than to E. coli UGE. A second, more general

reason is that the structure of human UGE is of a “clamped-down” form, where the small

domain has descended against the UDP-hexose. This resembles the SQD] complex,

which enfolds the UDP—sugar very closely. The E. coli UGE structures are all more

open.

As the bound UDP-glucose ligand is completely buried within the SQD] structure

(Figure 17), a significant conformational change of the protein must occur to allow entry

and exit of substrate and product. Since the “flap” region is apparently stabilized by the

presence of bound UDP-glucose, the absence of ligand may increase its flexibility and

allow access to the binding site. However, this point is brought into question by

comparison of temperature factors among crystal structures nucleotide-sugar modifying

SDRs (Figure 22). As expected, structures containing nucleotide sugars or analogs do

have lower overall B-factors than those without. Additionally, one might expect that the

flap regions of structures lacking a ligand would be more mobile than the rest of those

structures. However, this is not observed, as flap B-factors trend linearly with overall B-

factors. A caveat is that B-factors for flap residues in some of the structures, particularly

those of UGE, were artificially constrained to lower values, thus biasing the results.

Furthermore, very high B-factors may result in electron density which is too weak for

model-building, so that these data points are removed from consideration. It is not

possible to draw a firm conclusion at this point.
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Figure 22. Flap B-factors versus overall B-factors for NMSDRs. Filled circles are for

structures containing substrate or an analog, while open circles are for structures lacking

either. A best-fit line, calculated using all data, is also shown.
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Sulfur-Donor Site and UDP-glucose 06 ' conformations

The larger, water-filled cavity from the protein surface to the glucose ring is the

presumptive binding site for the sulfur donor (Figure 18). Arg263, which extends into

the center of the cavity, is an obvious candidate for potential interaction with a

negatively-charged sulfonyl group on the sulfur donor. The sulfonyl group of UDP-

sulfoquinovose sits at the end of the channel, suggesting that the sulfur donor does enter

by this route. If this is indeed the sulfur donor channel, then the minor conformation of

UDP-glucose 06', observed only in the 1.2 A structure, would block approach of the

sulfur donor to C6'. Thus, if loss of O6' is coordinated with addition of the sulfonyl

group to C6', holding O6' in the major, strained conformation may be important in

allowing the sulfur donor proper access to its target.

A number of possible sulfur donor compounds have been considered as potential

sulfur donors, including sulfite, sulfate, thiosulfate, sulfide, glutathione (reduced and

oxidized), glutathione thiosulfate, adenosine 5'-phosphosulfate (APS), and 3'-

phosphoadenoine 5'-phosphosulfate (PAPS), as well as a protein sulfur donor (71). Of

these, only the last could be ruled out based on the crystal structure, since the reactive

glucosyl C5' atom of bound UDP-glucose is > 10 A from the channel entrance. The

large diameter (7-9 A) of the channel at the protein surface could potentially allow quite

large compounds to enter, although whether they could react would depend on their

binding position and chemical composition. Yet, despite a very empty crystal lattice

(VM=3.5; 65 % solvent content) and no crystal contacts which appear to interfere with

domain movement, crystalline SQDl has resisted all attempts at soaking sulfur ligands

into its active site. Co-crystallization has likewise been unsuccessful. Even sulfate from
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the crystallization medium, present at upwards of 1 M concentration, does not appear in

the active site. It seems that crystalline SQDl undergoes no conformational change(s)

which would open its active site to bulk solvent. It remains unclear how and why small

molecules are excluded from the SQDl sulfur donor channel, at least under high salt

conditions and after crystallization.

Revised mechanism

The hypothetical SQDl mechanism has been modified and expanded from its

original conception (Figure 23; compare to Figure 8) based on the new data. First, a

poised state has been added prior to the active complex, consisting of enzyme with bound

NAD+ and UDP-glucose. Second, “catalytic” protein residues at the active site have been

identified: Tyr182, Ly3186, Thrl45 and His183. Distortion of the catalytic Tyr182 has

supported the idea that it is deprotonated on 0.1. Third, the sulfur donor is now depicted

as sulfite.

The catalytic active site residues: Tyr182, Lys186, Thr145, Hisl83

Only a few residues are highly conserved throughout the entire SDR family,

among them a characteristic YXXXK motif and a Ser (or Thr) residue, which together

form a “catalytic triad” (see Table 13) (90). Generally among SDRs, the catalytic Tyr is

absolutely conserved and the catalytic Lys nearly so. Loss of tyrosine usually causes the

greatest decrease in km. Ser/Thr appears to be less critical and is even replaced by other

residues in some cases (91,92). Nonetheless, the position of the oxygen corresponding to

Ser—Oy or Thr—Oy is conserved, including in SQDl.
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Among the SDRs studied in this work, all conserve the catalytic tyrosine and

A lysine residues. Two have a residue other that serine or threonine as the first part of the

triad. One is dihydropteridine reductase (DPR), which as a water in the position normally

occupied by a Ser/Thr side chain hydroxyl (93). The other is pteridine reductase (PR),

which has an aspartate at the same position (94). Mutational studies with SQDl (71), E.

coli UGE (95-97), E. coli dTGD (65), GMD (66), GMER (83), D. mel. ADH (98-100),

SR (101,102), 3Bl7BHDH (90), human placental 15-hydroxyprostaglandin

dehydrogenase (15HPDH) (103-105), rat DPR (93,106) and cBDH (107) have

demonstrated the importance of these residues for catalysis (Table 17). Thrl45 in SQDl

is located at the N terminus of a short segment of a-helix (residues Thrl45-Tyr149),

which puts the Thrl45-O, atom within hydrogen-bonding distance (2.91-3.03 A) of the

Glyl47 amide nitrogen atom. Interestingly, both the hydrogen bond and short a-helical

segment are conserved in the three-dimensional structures of other SDR enzymes,

suggesting that this interaction, perhaps enhanced by the helical dipole, may be important

in maintaining the proper orientation of the catalytic Ser/Thr side chain.

Tyr182 distortion, Lysl86 H-bonding and the tyrosinate hypothesis

A catalytic tyrosine is believed to initiate reaction in SDRs. In SQDI, Tyr182

would abstract a proton from the 4'-hydroxyl of UDP-glucose, while NAD+ strips a

hydride from C4', to produce the 4'-keto Intermediate 1 (Figure 23). Chen et al. first

suggested, for Dros0phila alcohol dehydrogenase, that the catalytic tyrosine exists in a

negatively-charged form (98). This hypothesis has since become widely accepted.
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Apparently, the NAD(P)+ and conserved lysine (Lysl86 in SQDl) surrounding the

catalytic tyrosine stabilize the deprotonated, negatively-charged form of the amino acid.

In E. coli UGE and Drosophila lebanonensis (D. leb.) ADH, it is estimated that the pKa

of the catalytic tyrosine is lowered by approximately four pH units (95,98,108) . The

interaction between the Tyr/Lys pair had always been assumed to be purely electrostatic

in nature, since the On—Ng distance in all determined structures of related SDR enzymes

had been greater than 4 A, well beyond hydrogen-bonding range. In the SQDl

complexes, in contrast, the Tyr182 and Lys186 side chains are 2.86-2.97 A apart, easily

within hydrogen bonding distance Figures 15 and 16, Table 11). It may be that such a

Tyr-"Lys hydrogen bond also forms in other SDRs when substrate is present.

From the close approach of Tyr182 to UDP-glucose O4' in SQDl crystal

structures (Table 11), it appeared that this amino acid residue could abstract the 4’-

hydroxyl proton directly (80). Whether direct proton abstraction occurs in most of the

nucleotide-sugar modifying enzymes of the SDR superfamily was previously less clear.

Work on E. coli UGE had led to the suggestion that proton abstraction to the catalytic

Tyr149 occurred via a “proton shuttle” involving the catalytic Ser124 (95,97). This idea

was based on a series E. coli UGE complex structures in which Ser124 was closer (2.6 A)

than Tyr149 (4.3 A) to the position of the UDP-galactose 04'. On the other hand, in the

SQDl structures the reactive 4'-hydroxyl of UDP-glucose and UDP-sulfoquinovose

clearly interacts directly with both the catalytic Tyr182 and Thrl45. In fact, Tyr182—OII

and Thrl45-O, are farther from one another than either is from 04' of UDP-glucose.

This is consistent with the ternary complexes of many SDR enzymes (86,109,110), in

which the susceptible oxygen atoms of bound inhibitors or reaction products also make
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analogous hydrogen bonds with both catalytic residues. Thus it appears that postulating a

proton shuttle function for the catalytic serine in UGE was an unnecessary complication.

Recent structures of human UGE in complex with either UDP-glucose or UDP-N-

acetylglucosamine have shown the catalytic Tyr157 at 3.01 or 3.20 A (in the “B” chains

of PDB entries 1HZJ and 1EK6, respectively) from 04' of substrate (85,89). These

findings have strengthened the case for direct proton abstraction by the catalytic tyrosine

for all related SDRs, and the proton shuttle theory has been abandoned by some groups

(85), if not all (65).

The marked distortion ofTyrl 82 in SQDl (Figure 20 and Table 12) is particularly

interesting in light of its role in catalysis. In the observed resting state, Tyr182 of SQDl

is expected to exist largely in this On-deprotonated form because of its electrostatic

environment (95,108). Resonance between phenolate and quinone forms could lend a

partial carbanionic, sp3 character to the mostly spz electronic configuration Tyr182—Cy

(Figure 24). The conformation that would result fi'om the electronic configurations of

these two resonance states would have distortion at C,, as is consistently observed in all

four SQD] crystal structures. However, the ring distortion may also be influenced by

steric repulsion between Tyr182 and the 4'-hydroxyl group of the UDP-hexose, which

are only 2.55-2.66 A apart in the four available SQDl structures, and/or fi'om favorable

hydrogen-bonding and electrostatic interactions with NAD+ 02 'N (2.62-2.86 A), UDP-

glucose 03' (2.92-3.08 A), and Lys186—NC (2.86-2.97 A) atoms. The distorted catalytic

tyrosines in the SQDl structures, if they indeed arise from phenolate-quinone resonance,

are the first structural evidence of the presence of a deprotonated catalytic tyrosine in an

SDR enzyme.
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While the source and importance of this distortion are not entirely certain, the

observation that Tyr182 deviates more from ideality than any other tyrosine in SQDl is

intriguing. In contrast, catalytic tyrosines in structures of other SDR enzymes are not

more distorted than the general population of tyrosines within each structure. These other

enzymes are mostly believed to utilize a deprotonated tyrosine. If mechanism-based

tyrosine distortion is observable in SQDl at resolutions of 1.20 to 1.75 A, then why is

distortion not seen in structures of other SDRs at comparable resolutions? One reason

may be the unique “poised” state maintained by SQDl, in which it is on the brink of

reacting, but is somehow prevented from initiating catalysis. In contrast, in crystals of E.

coli UGE, the conversion of the UDP-hexose to the 4'-keto intermediate is quite facile

(75). Similarly, rapid mix-quench MALDI-TOF monitoring of the E. coli dTGD reaction

on the timescale of tens of milliseconds revealed no accumulation of the 4'-keto

intermediate (111). In SQDl, the 4'-keto Intermediate 1 is perhaps equally fleeting.

Most SDRs catalyze monosubstrate reactions. For them, maintaining the catalytic

tyrosine in the deprotonated state before the reactants are bound offers no advantages and

could lead to untoward reactions. Since none of the other SDR crystal structures is of

active enzyme with normal substrate, it is possible that their catalytic tyrosines are in the

unreactive, protonated state, and thus would not display distortion due to phenolate-

quinone resonance.

Hisl83 and catalytic bases in other SDRs (dehydratases and GMER)

In the next step of the SQDl reaction, a general base is needed to abstract a

proton from the acidic glucosyl C5' atom, forming a glucose-5 ',6'-ene Intermediate Ila
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(Figure 23). Based on proposed reaction schemes, a similar proton abstraction to a

general base might be expected during catalysis by CGD, dTGD, GMD, and GMER

(66,67,83,111-116). Hisl83 of SQD], whose N6 atom is 4.02-4.25 A from the C5' atom

of UDP-hexose (Figures 15 and 16, Table 11), is the most likely candidate for this

function. The orientation of the Hisl83 side chain is stabilized by a hydrogen bond

between its N5 atom and the hydroxyl of Ser180. In the dehydratases, this catalytic base

is a glutamate (Glul35 in GMD, Glu136 in E. coli dTGD and Glul35 in S. typh. dTGD),

while in GMER it is thought to be Hisl 79.

It has been suggested (Dr. R.M. Garavito, personal communication) that histidine

may be particularly suited to the SQDl reaction because, when protonated by C5', it

would acquire a positive charge. This could help attract a negatively-charged sulfur

donor towards the site of reaction. In contrast, the catalytic base of the dehydratases is

negatively-charged at neutral pH, and becomes neutral when protonated. In

dehydratases, no second substrate participates in the reaction. Rather, the C6' position is

simply reduced from a methylene to a methyl group by donation of a hydride fi'om

NAD(P)I-I. Why GMER would use Hisl79 as its catalytic base, rather than an acidic

residue, is less clear. Several intermediates in the GMER reaction could have positive

charges on the hexose ring at C3' or C5'. It may be that the positive charge on the

imidazole ring could promote flipping of the hexose ring, thus exposing the opposite face

to allow completion of epimerization. Ring flipping appears to be the mechanism of

epimerization by UGE (1 17).
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Thr]45 and LBHBs

The Ser/Thr in the catalytic triad has been shown to be important, in most SDRs,

for maintaining a high kc... Reasons for this have variously been supposed to substrate

binding, stabilization of reaction intermediates, or in the case of E. coli UGE, to shuttling

of protons between the substrate and the catalytic Tyr149. As described above, this last

theory is now discounted. A function for Thrl45 in SQD] was suggested by the

participation of its side chain hydroxyl in a network of three unusually short hydrogen

bonds with the l) glucosyl 4'-hydroxyl (2.45-2.52 A), 2) the glucosyl 6'-hydroxyl (2.29-

2.45 A) and 3) WAT411 (2.45-2.57 A) (Figures 15 and 16, Table 11). WAT411, which

is bound above the plane of these three atoms, not only makes short hydrogen bonds with

the Thrl45-07, but also with the O4' (2.38-2.49 A) and O6' (2.44-2.49 A) hydroxyls.

Hydrogen bonds with these lengths, under the right conditions, have the potential to form

“low-barrier” hydrogen bonds (LBHBs). Distinguished structurally by a heteroatom

distance of S 2.55 A, these interactions are characterized by partial covalent contributions

between the hydrogen and both heteroatoms (118). They can occur when the

heteroatoms have similar proton affinities (i.e. pKa’s). Because of inherent error in

macromolecular structures, a more conservative distance cutoff of S 2.50 A is usually

used. Experimental determination of pKa is not possible by X-ray crystallography, but

can be estimated by NMR methods or calculated a priori (108) If an NAD+:tyrosinate

charge transfer band is present, the tyrosine pKa can be estimated by observing pH-

dependent changes in the nicotinamide absorbance spectrum (95).

LBHBs have been proposed to figure in the catalytic mechanisms of some

enzymes by stabilizing reaction intermediates or transition states, or by lowering
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energetic barriers to proton transfer. LBHBs have been invoked for stabilization of

enolic species, such as could occur during formation of Intermediate II in SQDl (Figures

23 and 25) (119,120). The unusual network observed at the reactive center of the SQDl

ternary complex suggests that LBHBs may be important in transition state stabilization,

and perhaps in promoting removal of the O6' hydroxyl.

Tyr182 may notform an LBHB

In the original SQDl crystal structure, the separation between 182—0n and UDP-

glucose 04' was 2.54 A, approaching the distance cutoff of 2.50 A commonly accepted

for LBHB formation. In later SQDl structures, this distance ranged from 2.61 to 2.66 A

(Table 11), making it somewhat less likely that a LBHB exists in the poised state of the

enzyme. The differences in distance seen in the SQDl structures are within the global

coordinate error estimated from Luzzati and 6(A) plots, and so it cannot be said with

confidence that the distances are significantly different. However, even a small

positional change during transition to the activated state of the enzyme could bring

Tyr182—O,1 to within 2.50 A of the UDP-glucose 04'. Assuming that Tyr182 already

has a negative charge on On, such a positional shift would produce the proper conditions

for creating of an LBHB, labilizing the proton on 04' of UDP-glucose.

The kinetic and structural effects ofthe T145A mutation in SQD]

In other SDRs, mutation of the catalytic serine/threonine (Table 17) generally has

a drastic effect on kcat (65,66,83,90,93,95,100-102,]05-107). Likewise, mutation of

Thrl45 to alanine in SQDl greatly reduces kw, but nonetheless allows a productive cycle
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of catalysis to occur, as seen from kinetic data and from the T145A/product structure.

Wild-type SQDl turns over once in ten minutes with the standard assay, an endpoint

product determination with an incubation time of 40 minutes. All ligands are

subsequently released by denaturation of the enzyme and detected by HPLC (71). With

T145A SQDl, an amount of product corresponding to 10% turnover is observed only

after 46 hours of incubation. This residual activity corresponds to a km of 19 year". The

magnitude of decrease in turnover number is in line with the effect of homologous

mutations in other SDRs (Table 17).

If reduction of reaction rate is due to alterations in ligand binding, most of the

effect should be seen as a change in Km. Other mutant SDRs did not have increased Km’s

relative to wild-type, which could be interpreted as meaning that the affinity of ligand

binding is unchanged. With T145A SQDl, the low rate of catalysis makes estimation of

this parameter difficult. Considering the results in other SDRs, it may well be similar to

wild-type. The high occupancy of UDP-hexose in the T145A structures also suggests

that the mutant protein binds substrate at least as tightly as wild-type protein.

The low activity of T145A SQD] is most likely due to slow catalysis, and not to

slow product release. If the mutant enzyme catalyzed product formation at the wild-type

rate (0.1 min") but released product slowly, then one quarter of the protein would be

expected to turn over during the normal 40 minute assay time. The amount of product

thus would be 25% of wild-type, an easily detectable quantity. Instead, no product is

detected after 40 minutes, while a small but significant 10% yield is seen after 46 hours.

The amount of UDP-sulfoquinovose in the T145A/product structure also does not

contradict the “slow reaction” hypothesis. After an extended incubation time (6 months
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after crystallization started), approximately 65% of the monomers contained product. It

seems likely that sulfite must entered the enzyme active site while the protein was in

solution and became trapped during crystallization. The crystallize enzyme subsequently

underwent catalysis to generate the product. Since no unreacted sulfite or intermediates

were seen in this structure, it seems that the reaction stopped due to lack of substrate,

rather than for some other reason.

While the mutation of Thrl45 to alanine in SQDl greatly decreases the rate of

catalysis, only subtle effects on the conformation of substrate UDP-glucose and

essentially no changes in the overall protein structure are observed. As the T145A

substrate and product structures illustrate the endpoints of a successful, albeit very slow,

cycle of catalysis, we can infer that the lowering of catalytic activity in the mutant is not

due to major structural perturbations of the protein and ligands. The large effect on

catalytic rate is therefore most likely due to a specific chemical effect resulting fi'om loss

of the threonine side chain. One major change is that all potential LBHBs are missing in

the T145A mutant structures (Figure 16, Table 11). This is due to the loss of Thrl45- ,,

WAT410 and WAT411. Another active-site water, WAT461, is also absent. Although

the short hydrogen bonds are lost, an extensive network of hydrogen bonds is maintained

by small rearrangements of bound waters, protein residues and the UDP-hexose atoms

themselves, consistent with the maintenance of tight substrate binding.

No other significant structural changes were seen due to the T145A mutation. In

particular, the distance between Olrl of Tyr182 and 04' of UDP-hexose is essentially the

same in all of the SQDl structures (Table 11) at 2.54-2.66 A. The position of Hisl83,

postulated to be involved in formation of Intermediate II, is similarly unaffected (Table
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11). Thus, the low rate of catalysis in T145A SQDl cannot be attributed to a change in

these relationships. Since the only significant structural change seems to be the loss of

LBHBs, while normal catalysis continues at a greatly reduced rate, it is reasonable to

conclude that LBHBs (and Thrl45) are responsible for accelerating catalysis in SQDl,

without being absolutely necessary for reaction. LBHBs could speed up the SQDl

reaction during at least two stages of the reaction. First, removal of the proton fi'om 04'

of UDP-glucose could be accelerated if its distance from Tyr182—O.1 can be reduced

slightly, to less than 2.50 A. This result should stabilize the O4'-deprotonated form of

UDP-glucose, giving NAD+ a chance to abstract the C4' hydride. Second, if an enol

intermediate exists during the reaction, perhaps between Intermediates I and 11 (Figure

25), it could be stabilized by a favorable LBHB between 04' and Thrl45—0,. Thrl45-

O, and UDP-glucose 04' are already at approximately the correct distance (2.45-2.52 A)

for an LBHB to occur between these atoms.

Similarly short hydrogen bonds were recently observed in crystal structures of

human UDP-galactose 4'-epimerase, where the 8132—0, is 2.40 A (PDB entry 1EK6,

monomer A), 2.47 A (PDB entry 1EK6, monomer B) and 2.27 A (PDB entry 113K,

monomer B) fi'om the substrate 4'-hydroxyl (85,121). The unusual geometry and

catalytic importance of the Thr/Ser hydroxyl implicate it in formation of the 4'-keto

intermediate, the common initial step between UGE, GMD, dTGD, CGD and SQDl. For

SOD] and the nucleotide-sugar 4',6'-dehydratases GMD, dTGD and CGD, the catalytic

Thr/Ser hydroxyl may also play a role in the dehydration step to form Intermediate 11

(Figure 23) as Thrl45 coordinates not only the glucosyl 4'-hydroxyl, but also the

glucosyl 6'-hydroxyl and a buried water molecule (WAT411; Figure 16). As the 4'-keto
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group is formed (Figure 23), the O4' atom would move away allowing Thrl45—O, to

ligand the glucosyl 6'-hydroxyl even more strongly. The possible contributions of the

hydrogen bonds to the dehydration and sulfite addition steps remains incompletely

defined, yet clearly have a rate-enhancing role.

Delaying catalysis by nicotinamide orientation: possible role ofH-bonding to C6

In the current SQDl reaction scheme (Figure 23), the enzyme initially exists in

the poised state, in which it binds NAD+ and UDP-glucose, but does not react. It is not

until the sulfur donor binds that the enzyme becomes activated and catalysis truly begins.

Looking at Figure 23, one might expect the reaction to proceed spontaneously to the 4'-

keto-glucose—S',6'-ene Intermediate 11, even in the absence of the sulfur donor. An

obvious explanation for this delay may be that binding of the sulfur donor is required to

induce a productive arrangement of NAD+ and/or substrate. Indeed, the NAD+ and

glucosyl rings are overlapped such that the nicotinamide C4 atom is poorly aligned for

abstraction of hydride from the glucosyl C4' position (Figure 26). The nicotinamide

ring is canted away from UDP-glucose so that the distance between the reacting atoms

(nicotinamide C4 and UDP-glucose C4’) is 3.7 A. In liver alcohol dehydrogenase

(LADH), a well-studied model of nicotinamide hydride transfer, the distance in wild-type

enzyme is 3.5 A. In LADH mutants, catalytic efficiency decreased sharply with

increasing transfer distance (122). More importantly, the angle between the nicotinamide

plane and the hydrogen atom of UDP-glucose C4' (as calculated by the PRODRG server

(123)) in SQDl is 886° (Figure 26). In a contrasting example, the structure of the

tropinone reductase-II terminal complex, the angle is 101.4°. This is in line with the
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Figure 26. Orientation of the NAD+ nicotinamide ring. UDP-glucose (left) and NAD+

(right) are shown as ball-and-stick models, with atoms and bonds colored by element

(carbon=gray, hydrogen=dark gray, oxygen=red, nitrogen=blue, phosphorus=purple).

The atoms used to calculate the “attack angle” of 88.6° (N l and C4 of NAD+ and the

hydrogen on C4') are connected by green, dashed lines.
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theoretical optimal range of 102-109° (124). It is likely that the immediate reason that the

reaction does not proceed is that the nicotinamide C4 ring is at the wrong angle and too

far fiom its target. The presence of the sulfur donor would presumably alter the active

site, perhaps by changing the charge environment, in such a way that the nicotinamide

ring would become properly oriented. As the sulfur donor should be rather unstable in

the aqueous environment of the cell, it would be advantageous for its binding to initiate

NAD+ reduction and subsequent catalysis, in order to maximize the likelihood of

achieving a successful catalytic outcome. The ability of SQDl to tightly bind and

sequester UDP-glucose and NAD+, maintaining them in a poised state until sulfite is

available, suggests that the enzyme may be adapted to limited sulfite availability in vivo.

One interaction which may play a role in keeping the nicotinamide canted away

from the reactive position is the bridging hydrogen bond:

Glyl44=O---WAT410-"C6—NAD+ (Figures 15a, 15b, 16a,, 16b). WAT410 is 3.18 A

from C6 and 2.57 A from the carbonyl oxygen. In the high-resolution wild-type/substrate

structure, WAT410 is positioned only 2.36 A from the carbonyl oxygen of Gly144. Of

the nucleotide-sugar modifying SDRs with known crystal structures, five have serine at

this position (E. coli UGE, human UGE, dTGD, AGME and GMD) and two have glycine

(SQDl and GMER) (Table 16). The identity of the G1y144 residue in SQDI is conserved

across homologs from seven other species (Personal communication from a former

colleague, Dr. Sherrie Sanda). The glycine residues in SOD] and GMER adopt (p-w

angles that would be strained for serines, or indeed any other amino acid with a B-carbon.

This division in residues interacting with the nicotinamide C6 is paralleled by a

division in mechanism. In those NMSDRs where a serine carbonyl oxygen interacts with
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the nicotinamide ring, the enzymes utilize a single substrate, with participation of the

nicotinamide group in forming the first intermediate. Thus they would be most efficient

at catalysis if hydride abstraction occurs immediately after substrate binding. In contrast,

the proposed mechanisms for SQDl and GMER both require that the UDP-hexose

substrate bind, but that hydride abstraction not occur, until another condition has been

satisfied. In SQDl, this condition is that the sulfur donor also be present. In GMER, the

prerequisite is presumably that the substrate first be epimerized at the 3 ’ and 5' positions,

independent of cofactor, before the 4’-carbon is reduced by NADPH. In the cases of

SOD] and GMER, premature involvement of the cofactor in the reaction could lead to

untoward product formation, wasting a catalytic cycle. In other nucleotide-sugar

modifying SDRs, this is not a concern.

It may be that the substitution of glycine for serine in SQD] and GMER is a

structural adaptation which permits these enzymes to bind substrate in a reactive

conformation, yet delay cofactor involvement until a specific triggering event. In both

the T145A mutant SQDl structures, in which WAT410 and WAT411 are lost, the

nicotinamide ring is shifted 0.2 A closer to the UDP-glucose than in the two wild-type

structures. Structures ofGMER lack a “bridging” water (WAT410 in SQDl). This could

be due to the lack of a substrate or analog in any GMER structure. Unfortunately, testing

the effect of a G144S mutation in SQDl would be difficult, because there is no additional

space for a larger side chain at position 144. It would be necessary to construct a double

mutant, for example G144S/E148A, to accommodate the Cg and 07 of a serine.
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Displacement ofactive site waters during reaction

Interestingly, besides possible displacement of WAT410 during a hypothetical

realignment of the cofactor, other waters in the SQDl active site would need to move

during catalysis. WAT411 would be displaced by formation of a 4'-keto on UDP-

glucose (Intermediate 1), assuming that the atoms of the glucose ring remain stationary

(Figure 27). Further along in the reaction, again assuming no ring movement, WAT461

would need to move when the 4'-keto-5',6'-ene Intermediate II is formed, while

WAT463 likely would clash with the sulfonyl group of Intermediate 111 and the final

product, UDP-sulfoquinovose.

Sulfite is a sulfur donor in vitro

In vitro assays using radiolabeled UDP-glucose and sulfite have demonstrated that

SQDl catalyzes UDP-sulfoquinovose formation in vitro (71). Radiolabeled sulfite also

can be incorporated into UDP-sulfoquinovose in this assay system. In tests with various

sulfur-containing compounds, inorganic sulfite was found to be at least as effective as

any other substance. However, the in vitro reaction displays several curious kinetic

properties. First, the reaction is extremely slow, with a km ofonly 0.1 min". Apparently,

this is the slowest rate known for a wild-type enzyme (Dr. Christoph Benning, personal

communication). Second, the maximal reaction velocity is reached at a sulfite

concentration of only 100 11M. At higher concentrations an inhibitory effect, apparently

due to ionic strength, reduces the amount of product formed. In vivo, such a level of free

sulfite is not likely to be achieved, due to the cytotoxic effects, e.g., sulfitolysis, lipid
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Figure 27. Displacement of active-site waters by modeled reaction intermediates. The

scene is in stereo. UDP-glucose, intermediates and UDP-sulfoquinovose are shown as

ball and stick models, with atoms colored by element (white=carbon, red=oxygen,

purple=phosphorus, yellow=sulfur). Oxygens of waters are shown as cyan spheres and

labeled by residue number. Clashes are depicted by dashed pink lines. a) The poised

state, with UDP-glucose and the buried waters '410, 411, 461 and 463. b) Intermediate 1,

with the 4'-keto oxygen clashing with WAT411. 0) Intermediate 11, missing WAT410

and WAT411, with the C6' of the C5'=C6' portion displacing WAT461. (1).

Intermediate 111, missing three waters, with the sulfonyl group displacing WAT463. e)

The final state, with UDP-sulfoquinovose and all four waters lost.
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peroxidation, damage to nicotinamide adenine dinucleotide cofactors and inhibition of

PSII activity (125-128) .

Substrate channeling

Our current hypothesis is that sulfite is also the in vivo sulfur donor. A difficulty

with this idea is the apparent absence of free sulfite in chloroplasts, despite the presence

of sulfite-producing pathways (71,129). The low rate of catalysis, as well as the

difficulty of introducing molecules into the SQDl/NADVUDP-glucose complex, has led

to a supposition that substrate channeling might be necessary to efficiently introduce

sulfite into the active site in vivo. This presumably would increase the rate of SQDl

catalysis, and would also explain the lack of free sulfite in plant chloroplasts. A sulfur

donor or inorganic sulfite in the free state may be rather unstable in vivo. Therefore,

SQDl may have adapted by excluding bulk water from its buried active site, permitting

access only through solvent channels. Since free sulfite is cytotoxic (125-128),

preventing its free diffusion would be beneficial to the cell. Interestingly, the A. thal.

chloroplast enzyme APS reductase-1 (APRl) can be used in vitro to “feed” sulfite to the

SQDl (71). However, the two enzymes would not necessarily have to be tightly coupled

for this to work in vitro.

Alternatively, it may be that some condition or factor which facilitates sulfur

donor binding or reaction in vivo has not been reproduced in vitro, for example an

allosteric affector. Such a molecule could cause a conformational change in SQDl

leading to higher activity. This hypothesis is attractive because it could be a additional

point of communication between sulfolipid biosynthesis and its proposed function in
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responding to low phosphatidyl glycerol levels. However, it is known that SQDl

expression increases during phosphate deprivation (35). Proteinzprotein interactions could

also affect the activity of SQDl.

Summary andfuture directions

The SQDl structures are unique is several aspects. First, they provide

information on the endpoints of reaction, using protein which is catalytically competent,

albeit very slow in the case ofT145A SQDl. All other SDR crystal structures are farther

from the catalytically relevant state, either because they lack substrate and/or cofactor,

have an inhibitor bound, are in an inappropriate oxidation state, or have been

mutagenized. Second, SQDl is the only SDR which is known to catalyze a bisubstrate

reaction, this despite its high structural similarity to other SDRs. I-Iow SQDl coordinates

catalysis of two substrates, while retaining most of the structural characteristics of a class

of monosubstrate enzymes, is an interesting point that could be explored in the future.

Some of the questions about SQDl which have already been (at least partially)

answered are the roles of Thrl45 and other active-site residues, the identity of the sulfur

donor, and how the reaction may be initiated by nicotinamide reorientation. Several

issues remain. Is sulfite the in vivo sulfur donor, and if so, how is catalysis triggered by

its binding? What are the intermediates in the SQDl reaction? At what stage of reaction

does Thrl45 provide its rate-enhancing effect? 18 His183 indeed responsible for

abstraction of a proton from C5 '? Is the reaction rate enhanced by substrate channeling,

protein-protein interactions or binding of affector molecules? Finally, could SQDl be

modified in some way to produce novel sulfonated sugar compounds, for example UDP-
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6 '-deoxy-6 '-sulfogalactose?

In the area of testing whether sulfite as the in vivo sulfiIr donor, Dr. William

Smith has suggested an interesting experimental strategy (personal communication). The

putative sulfur donor channel in SQDl appears to be large enough to accommodate

molecules that are more bulky than sulfite. By mutating protein residues in the channel,

it might be possible to restrict its size so that only sulfite could conceivably enter. The

activity of the mutant enzyme could be monitored by in vitro activity assays, and its

structure could be checked by X-ray crystallography. This mutant could then be

reintroduced into A. thal. lacking wild-type SQDl, to see if it can complement the

deficiency. If successful, this would suggest that the biological sulfur donor is no larger

than sulfite, thus eliminating from consideration many of the larger candidate biological

sulfilr donors.

Further insight into the chemistry and biology of SOD] will depend on 1)

determining how substrate is provided to the enzyme in vivo, 2) modifying the enzyme by

mutagenic and chemical means, 3) solving structures of complexes between native and

modified SQDl and various molecules and 4) modeling and comparative studies. One

complex which would be interesting is wild-type SQDl with UDP-sulfoquinovose. The

possibility of generating this complex would depend on the kinetics of the various steps

in the SQDl catalytic mechanism. The wild-type enzyme turns over about once every

ten minutes, which includes the time for the actual reaction (kg in Figure 28) plus time

needed for product release (kg in Figure 28). If crystallization could be set up before the

cycle of reaction and product release is completed, and if the high salt crystallization

conditions indeed “seal” the active site, preventing ligand ingress or egress, then it might
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be possible to observe the structure of wild-type enzyme in complex with product. It is

less likely, given that several weeks are generally required for sizeable crystals to grow,

that intermediates would remain at the time of data collection. To obtain a complex

containing both substrates in the unreacted state, it might be necessary to modify SQDl

both mutationally and chemically. For E. coli UGE, it was necessary to mutate both the

catalytic serine (8124A) and tyrosine (Y149F), as well as to chemically reduce the

cofactor. To do the same in SQDl, a double mutant (T145A and Y182F) would first

have to be made and purified. NAD+ would be reduced to NADH, and finally exogenous

UDP-glucose and sulfite would be added.

Complexes which are even more interesting might be obtained by trapping the

enzyme with a bound intermediate. For example, if mutation of H183 halted catalysis

alter formation of the 4’-keto Intermediate 1, it would simultaneously confirm the role of

this residue, while offering a view of any structural rearrangements necessary to

accommodate the intermediate, such as loss of WAT411 and WAT410. Some

intermediates may be too fleeting to be observed crystallographically. As was mentioned

above, the 4’-keto species in E. coli dTGD could not be captured, even on the millisecond

time scale (111). This suggests that this intermediate proceeds very quickly to the more

stable 4'-keto-5',6'-ene form, and so never accumulates to significant levels. If the 4'-

keto intermediate in SQD] is similarly unstable, it would never survive during the much

longer timescales of X-ray crystallography. Nonetheless, with an amenable mutant

enzyme and the right conditions, it might be possible. Alternatively, substrate analogs

unable to complete the whole reaction cycle could be added to the enzyme to mimic an

intermediate compound or a transition state.
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Figure 28. A kinetic scheme for the SQDI reaction. Crystal structures described in this

work are enclosed in boxes. In keeping with the hypothesis that the SQDl reaction is

ordered, arrows which are dashed indicate a pathway which reactions which are

disallowed under this system.
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In order to efficiently form SQDl/ligand complexes, techniques for introducing

ligands into the active site will need to be improved. A strategy to achieve this is

suggested by the tight binding of His-tagged SQDl to the Ni-NTA during affinity

purification. While still bound to the Ni-NTA column, SQDl could be incubated in a

buffer containing sulfite. Presumably, any UDP-glucose present from the E. coli host

would react to form UDP-sulfoquinovose, which would then be released from the

enzyme. Afterwards, the column could be washed to remove the UDP-sulfoquinovose.

Before or after elution of SOD] from the column, the enzyme could be incubated with a

different solution containing a ligand, for example UDP-xylose, or left in the unliganded

state.

Comparison of SQDl to other SDRs has already yielded some interesting

contrasts. Examples of these are the relative abundance of potential LBHBs in the SQDl

active site, the distortion of Tyrl 82, the use of Hi8183 as the general base, rather than an

acidic residue, and the possible role of backbone carbonyl oxygens in orienting the

nicotinamide ring. Further detailed comparisons could provide more information on the

relationship between structure and function. Of particular interest from a biotechnology

standpoint is the possibility of changing substrate specificity and reaction type. If the

SQD] active site could be mutagenized to resemble those of enzymes which utilize other

substrates, it might be tailored to sulfonate a whole variety of sugars. These could form a

pool of novel starting materials for further syntheses.

A final, entirely speculative avenue for investigation is related to the health

implications of SQDG levels in food plants. Since levels of SQDG in plants depend on

the availability of exogenous phosphorus, SQDG levels should be at a minimum in the
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presence of abundant phosphorus, as is common when modern fertilizers are used. If

SQDG is indeed beneficial to human health, as suggested by studies related to psoriasis,

cancer and viral replication, then growing food plants with phosphorus-rich fertilizers

may deprive consumers ofmany of these health advantages.
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