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AOBS Observed anisotropy 
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Introduction 

Our lives are shaped by forces that we are very seldom aware of. These are 
economical and social by nature, as well as physical and biological, to pick 
four classical examples. On a good day, and in the right light, we may be 
vaguely aware of some of these. I, for one, spend little enough time brooding 
over what implications it might have had, had I been born in a completely 
different setting. It would obviously have made a world of difference to me; 
it’s not that it’s not interesting. I just lack the tools and the training to ana-
lyse it much further than needed for discussing it in a pub. 

But I have access to other tools. And I’m trained as a molecular biologist. 
This has allowed me to look at other forces that affect the daily lives of 
many other people, and just as much. And in accordance with the principle 
of choosing your tools based on the problem at hand, this thesis concerns 
itself with two rather different methods.  

In the first part, we will look at something both beautiful and fascinating, but 
we will do so for reasons that are very ugly indeed. We take a great interest 
in the enzyme ribonucleotide reductase (RNR) for the sole purpose of inter-
fering with its function. Our reason for doing so arises from the fact that it is 
an essential component of the opportunistic pathogen that causes tuberculo-
sis. As horrible as this disease is, it is likewise fascinating, but only because I 
have the luxury of studying it from a distance. It’s harder to be philosophical 
about things when they cause you personal pain, and tuberculosis is certainly 
spreading its share of misery around.  

Since I’m trained as a macromolecular crystallographer, those are the 
methods I would have liked to use. Unfortunately, there is, after considerable 
effort, still no x-ray structure available of the RNR subunit in question. We 
are, as it were, forced to work in the dark on this one. But as we shall see, it 
has still been possible to develop and evaluate a group of compounds that act 
as inhibitors of RNR by using a competitive fluorescence polarization assay.  

In the second part, our focus will lie on things that are mayhap less humani-
tarian, but potentially of great value and usefulness. There is a group of en-
zymes at work in industry, lipases, that are used on a daily basis for the syn-
thesis of all manner of vital chemicals. Indeed, some of these are precursors 
in the production of drugs. Not only are these enzymes capable of catalyzing 
these reactions in fewer steps, at lower temperatures and with greater speci-
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ficity than would be possible without them, they can also tell one enanti-
omeric form of a molecule from the other. We have solved the x-ray struc-
ture of Candida antarctica lipase A; an enzyme that has a curious history, 
have unique properties, and, as it turned out, is the first member of a new 
family of α/β-hydrolase folds. Here we will look at the type of questions that 
can be answered, and the questions that can be asked, when we can see what 
we are doing.  



In the dark 
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Ribonucleotide reductase 

An essential enzyme 
All life is dependent on DNA. This is true if even if one considers that a 
few classes of viruses store their genomes in the form of RNA. Since vi-
ruses rely on the cells they infect for their propagation, and no cells of any 
kind use anything but DNA for their genomes, it is hard to overstate how 
different a place the world would be without it. Although the difference 
between RNA and DNA appears to be a superficial one (Figure 1), it is a 
difference which is rather difficult to bring about, and something that has 
far reaching consequences. Historically, RNA was probably crucial in the 
ancient world that preceded cellular life, serving both as early catalysts and 
as the main information-carrying molecules. The transition from using RNA 
to DNA for genetic material likely paved the way for larger and more com-
plex genomes, given the greater chemical stability of DNA (Poole et al. 
1998). This shift, however, did not occur until the first protein based en-
zymes arrived on the scene (Jeffares et al. 1998; Stubbe 2000). It is believed 
that no RNA-based catalysts could have performed the requisite chemical 
reactions, but then again, until the seminal work by Peter Reichard and oth-
ers, it was unclear how even proteins could do it. Enter ribonucleotide re-
ductase (RNR), the protein that catalyses the reductive conversion of the 
building blocks of RNA into those needed for DNA. The discovery that 
here was a protein that could generate and utilize a free radical, an electron 
on the loose, in a controlled manner was at the time astounding (Ehrenberg 
et al. 1972; Thelander et al. 1979). Moreover, the fact that it acts on all four 
species of nucleotides, while being kept under tight feedback control, makes 
it even more impressive. 

 
Figure 1. Reduction of 2’-ribonucleotide to 2’-deoxyribonucleotide.  
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Since the action of RNR is the only source of DNA building blocks in any 
organism, it can safely be said to be an essential enzyme. For this reason, it 
is among other things of interest as a drug target in cancer treatment and 
against viral infections, since these afflictions are accompanied by the fre-
quent synthesis of genetic material (Cerqueira et al. 2007). 

Classes 
It comes as no surprise, given how ancient RNR is, that there are several 
variants found today. Although all RNRs share a number of features, such as 
an active site placed in the centre of 10-stranded α/β-barrel and conserved 
ative site cysteine residues, they can still be divided into three major classes. 
These are defined depending on their relationship with oxygen and the spe-
cifics of how they generate their radical, among other aspects. The properties 
of the different classes are summarized in Table 1. It is quite possible that 
the classes of RNR seen today are the effects of convergent evolution, given 
their very low sequence identity. A stronger case, however, can be made for 
all of them having their origins in an anaerobic class III-like enzyme. This 
argument is based on the very tightly controlled allosteric regulation RNR is 
subject to. And all RNRs to date, with some very minor exceptions, react in 
an identical fashion to a given set of effector molecules, which suggests a 
common origin (Reichard 1993; Nordlund et al. 2006). 

Table 1. An overview of the RNR classes 

Class I II III 

Oxygen dependence Aerobic Indifferent Anaerobic 
Radical generation Fe-O-Fe Adenosylcobalamin 4Fe-4S 
Electron source Thioredoxin,  

glutaredoxin 
Thioredoxin,  
glutaredoxin 

Formate 

Quaternary structure α2β2 α or α2 α2β2 
Occurrence Viruses 

Eubacteria 
Eukaryotes 

Bacteriophages 

Archea 
Eubacteria 

Archea 
Eubacteria 

Bacteriophages 

Class Ib 
Since this work has focused exclusively on RNRs belonging to class I, spe-
cifically in a subgroup denoted Ib, little will be said about other classes other 
than for reasons of comparison. In class I, the biologically active complex is 
formed from two pairs of subunits in an α2β2-complex (Figure 2). Com-
monly, the dimer of the larger α-subunit is referred to as R1 and the smaller 
β-subunit dimer as R2. Class I is distinguished by a few points, including: by 
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being oxygen-dependent for its radical generation (a reaction that takes place 
in the core of the R2 subunit), and by having an Fe-O-Fe centre that cataly-
ses the formation of a stable tyrosyl radical. This radical is transported at 
least 45Å to a cysteine residue in the active site of R1 via a pathway that is 
only partially understood. The active site accommodates all four species of 
ribonucleotides in the form of 5’-diphospho –adenosine, –cytidine,  
–guanosine or –uridine (NDP). After the reaction, the newly formed deoxy-
ribonucleoside 5’-diphosphate (dNDP) is free to leave the active site, but the 
cycle of RNR is not complete. The reaction has left a pair of active-site cys-
teines in an oxidized state, and in order to break this disulfide bond the re-
ducing power of an external source must be used, ultimately provided by 
NADPH. This, however, would be difficult to accomplish if the free radical 
used in the NDP to dNDP reaction were still anywhere near the active site; it 
would likely be reduced in the disulfide bond’s stead. Thus, it is essential for 
the free radical to be transported back to the core of R2 in order to be pro-
tected from such reduction. This is mentioned to highlight how necessary the 
R1 – R2 interaction is, both prior to and after the reduction of the ribonu-
cleotide substrate. 

A reaction such as this can obviously not be allowed to go on without 
some form of control. Given the importance of the relative concentrations of 
each base during DNA synthesis, any imbalance would quickly lead to in-
creased risk for mutations.  

 
 

 
Figure 2. A schematic overview of class Ib RNR.  
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As such, RNR is tightly regulated by allosteric control through a system that 
has been studied in great detail. The four ribonucleoside 5’-triphosphates 
(dNTP), plus ATP, act as effectors and can bind to the specificity site in R1, 
which will serve to regulate RNR’s substrate affinity. This has the effect of 
making sure no single nucleotide gets overproduced (Kolberg et al. 2004; 
Nordlund et al. 2006; Uppsten et al. 2006). 

Class Ib is, as opposed to almost all class Ia members, lacking an overall 
activity site (some microbial class Ia enzymes lack it as well). The overall 
activity site is a third nucleotide binding site which activates the enzyme 
when binding ATP, and inhibits it when binding dATP. In class Ib, R1 and 
R2 are encoded by nrdE and nrdF, respectively. But this clear-cut definition 
is a bit convoluted in some organisms. This, as we shall see, is of some prac-
tical consideration. 

RNR in Mycobacterium tuberculosis 
At first glance, the reduction of ribonucleotides to deoxyribonucleotides in 
the pathogenic organism Mycobacterium tuberculosis (Mtb) is a rather 
messy affair. Not only are there at least two alternative genes encoding the 
small subunits, there is also a putative class II RNR present in the genome. A 
steady stream of discoveries in the past decade, however, has clarified the 
picture. We can be quite certain that the biologically active RNR complex in 
Mtb belongs to class Ib and is formed by the gene products of nrdE and 
nrdF2: R1E and R2F. The evidence for this includes studies that show that 
the alternative small subunit gene nrdF1 is unable to compensate for the loss 
of nrdF2. Conversely, the RNR class II gene nrdZ can readily be omitted 
from the genome without affecting the virulence of the bacilli in mouse 
models. Finally, it was recently showed that neither nrdF1 nor nrdB, yet 
another R2 homologue, appears to have any important role to fill during 
Mtb’s stages of infection; the bacilli does just fine in their absence. We can, 
at least for the moment, feel quite well supported by the literature when pur-
suing the R1E/R2F holoenzyme further (Yang et al. 1997; Dawes et al. 
2003; Mowa et al. 2009). 

Whence then, comes our interest in this particular class of RNR? Why, from 
the very fact that this is the RNR used by Mtb. An organism in which I, 
along with roughly 1/3 of the world, take an interest. 

Tuberculosis and Mycobacterium tuberculosis 
Mycobacterium tuberculosis (Mtb) is the causative agent of the disease tu-
berculosis (TB). Far from being conquered, as appears to be the image of the 
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disease in discussions with lay people, TB is the second most common infec-
tious cause of death worldwide, with HIV/AIDS as the most common cause. 
But there is a substantial overlap between these two afflictions. Particularly 
in the sub-Saharan region where, according to a World Health Organization 
(WHO) survey in 2006, more than 50% of patients with new cases of TB 
also tested positive for HIV. The consequences of this are severe, because of 
the combined strain placed on the immune system. Rather than living with 
either disease, those co-infected die from both. According to WHO, 1.77 
million people died from TB in 2007, of which ~25% had HIV. Currently, 
although the estimated rate of incidence is slowly falling, the total number of 
new TB cases, and deaths, are still rising due to population growth. Current 
estimates suggest that ~2 billion people are infected with Mtb, and are thus 
potentially lethal carriers of the disease (Vitoria et al. 2009; WHO 2009). 

If you find it as difficult to relate to that absurd figure as I do, then think 
back on your day and try to imagine every third person you interacted with 
as a carrier of something that might kill them.  

Biology and pathogenicity 
Mtb is a bacterium of the class Actinobacteria. It is an inordinately success-
ful pathogen using the measure of how many people carry it around, and for 
how long. In an otherwise healthy individual, there is only a 10% chance of 
developing the active disease tuberculosis. When Mtb is spread from one 
person to another it does so in an aerosol. Coughing, sneezing, singing or 
even talking may be sufficient to bring up small clusters of cells from the 
recesses of a diseased person’s lungs and propel these into the air. The nor-
mal course of infection is then for the cells to reach the alveoli of an inhaling 
recipient. Once there, the immune response recruits macrophages to the site, 
which will quickly encounter the bacilli. At this point all would be well, if 
things were allowed to run their normal course. However, rather than being 
passively endocytosed, Mtb has evolved the ability to interact with a large 
variety of host receptors. This very likely has an effect on the next step in the 
infection. Once engulfed by the macrophage, the bacilli reside in a cellular 
compartment called a phagosome. These organelles are supposed to mature 
into killing pockets, lysosomes, but are stopped from doing so by the invad-
ing Mtb. To pick an example among several mechanisms involved: if Mtb is 
endocytosed by interaction with complement receptor 3, the macrophage 
fails to initiate the oxidative burst where reactive oxygen species are used to 
kill of the invading cell. Instead, phagosome maturation is arrested at an 
early stage, leaving the bacilli free to proliferate inside. Here is a microor-
ganism that not only survives but flourishes by manipulating the very de-
fence mechanisms made to kill them. 

 The body reacts by containing the site of infection with a mass of macro-
phages and other immune cells, thus forming a distinctive granuloma. This is 



 19

a stable state until the infected individual becomes further immunosup-
pressed by some other means. Age, malnutrition and coinfection with HIV 
are common factors in this. The enclosed bacilli will then break out of the 
granuloma and enter the pulmonary cavity from which they can again be 
aerosolized by the coughing this provokes. If left untreated, each person with 
an infection that has reached this state will infect 10-15 others every year 
(Cole et al. 1998; Collins et al. 2001; Russell 2001; WHO 2009). 

Treatment and drug resistance 
There are currently 10 anti-TB drugs approved by the U.S. Food and Drug 
Administration, all of which were developed in the 1960s or earlier. Of 
these, four form the first-line alternative for a successful treatment. This 
takes a minimum of 6 months. It is a well-known phenomenon that a pa-
tient’s motivation for taking prescribed drugs is directly proportional to how 
ill they feel from the disease. In the case of TB, that is quickly not very ill at 
all, whereas the side effects of the drugs are often felt throughout the course. 
We are left with a situation where, in the most ideal setting imaginable, it is 
both costly and difficult to treat people with a full, successful regimen. With 
the large majority of cases in the developing world, where the setting is far 
from ideal, it becomes very difficult indeed.  

With but four front-line drugs to combat such a common disease, what 
happens when resistance develops as it inevitably will? The term “mul-
tidrug-resistant” TB (MDR-TB) gives the impression of strains that are resis-
tant to scores of drugs. In fact, all it takes for a strain of Mtb to be labelled as 
MDR is that they do not respond properly to the standard 6-month regimen. 
The alternative drugs may have to be taken for up to 24 months, and they are 
both more costly and have more severe side effects. Based on the most re-
cent survey by WHO, MDR-TB is at an all-time high, constituting about one 
case in twenty.  

But MDR-TB can still be treated with at least some optimism, as opposed 
to extensively drug-resistant TB (XDR-TB). In this form, the bacilli are re-
sistant to all of the most effective drugs, plus any of the second-line in-
jectable drugs. The presence of XDR-TB has been confirmed in 45 countries 
(WHO 2008; CDC 2009; WHO 2009; WHO 2009). 

These, and no less, are our reasons for attempting to find novel drugs.  

RNR as a drug target 
RNR presents the prospective drug-developer with several options. Two of 
these, targeting the specificity site and the active site, are obvious and in-
deed, three cancer drugs in current use do just that. The third site, the general 
activity site, is missing in RNR class Ib. An alternative is to disrupt the vital 
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protein-protein interaction between R1 and R2. This has been shown to be an 
option for RNR from a number of sources including E. coli (Climent et al. 
1991), mammalian (Yang et al. 1990), yeast (Fisher et al. 1993) and viral 
(Cohen et al. 1986; Dutia et al. 1986; Gaudreau et al. 1987). It has been 
known since the mid-eighties that one way to inhibit RNR is to use the C-
terminal amino-acid sequence from R2. It was concluded that this derived 
peptide was able to inhibit RNR by competing with R2 for the binding to R1. 
And as anyone trained as a structural biologist is wont to ask, where’s the 
structure?  
 
There are as of October 20, 2009, no less than 90 x-ray structures in the 
RCSB Protein Data Bank that relate to RNRs from various sources, mutants, 
and ligands (Berman et al. 2000). One of these is R2F from Mtb (PDB code 
1UZR) (Uppsten et al. 2004), but unfortunately there is still no structure 
published for R1 from this organism. It is therefore all the more fortunate 
that the one RNR holocomplex (that is, a structure with R1 and R2 interact-
ing) ever solved is from Salmonella typhimurium (Sty). As a model for the 
missing Mtb R1, the Sty R1 structure of the holocomplex serves very well. 
For one thing, the overall sequence relationship between the two organisms 
is quite high, as detailed in Table 2.  

Table 2. Mtb RNR versus Sty RNR 

Amino acid comparison: length in bold, similarity in italics, and identity in regular font 

 Mtb R1E Sty R1 
Mtb R1E 693 72% id 
Sty R1 84% sim 723 

   
 Mtb R2F Sty R2 

Mtb R2F 324 71% id 
Sty R2 84% sim 319 

 

The 2BQ1 model of the holocomplex is a very important structure under any 
circumstances, given the insights it offers into the workings of RNR. One 
such is how very delicate the R1-R2 interaction appears to be (Figure 3). 
Only ~3% of the surface area of R2 is involved in the biologically relevant 
interaction in the crystal structure. Granted, the 2BQ1 structure is believed to 
be a snapshot of one of the intermediary stages in the RNR reaction cycle, 
but it appears unlikely that any significantly larger areas come into contact 
for any longer periods. RNR could not function as imagined if this alone 
were the case. The explanation for this is apparent from the holocomplex as 
well, where this weak interaction is supplemented by the binding of the C-
terminus of R2 in a shallow groove on the surface of R1. Although demon-
strated to be the case in previous binding and truncation studies, and shown 
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when the first R1 structure was solved from Escherichia coli with an R2 C-
terminal peptide bound to it, this is the first (and presently only) holocom-
plex example. The resolution of the holocomplex structure is unfortunately 
no higher than 4Å, which means that it has not been possible to model every 
side chain of the R2 C-terminus binding in this groove with confidence. 
Some side chains are simply modeled as alanine, since the electron density 
gives no hint of where the side chain of the actual residue might lie (Figure 
4). However, given that the C-terminal region of the Mtb R2F structure is 
completely disordered and thus not visible in the structure at all, the Sty 
holocomplex remains the best Mtb model available for our purposes (Uhlin 
et al. 1994; Uppsten et al. 2004; Uppsten et al. 2006). 

 

 

Figure 3. The RNR α2β2-holocomplex, as shown in the 2BQ1 structure. In the un-
faded half on the right, the R1-subunit is shown in grey and the R2-subunit in black. 
The R2 C-terminus is shown as black cylinders, and the missing electron density 
linking it and R2 is shown as black dots.  

In fact, a closer look at the amino acids involved in creating the binding 
groove on the surface of R1, reveals a very close match between Sty and 
Mtb. The helices involved are almost perfectly conserved in sequence be-
tween the two organisms, much higher still than the 72% overall sequence 
identity.  
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Figure 4. Close-up of the Sty holoenzyme structure (2BQ1), showing the binding 
groove in R1, modelled as a surface. The R2 C-terminus is shown as a stick repre-
sentation with the sequence Thr-Val-Glu-Thr-Glu-Asp-Glu-Asp-Trp-Asn-Phe 
(bold residues are modelled with their actual side chain). Carbon is in yellow or 
white, nitrogen in blue and oxygen in red.  

Peptide based RNR-inhibitors 
It is thus perfectly clear why Yang et al was able to show in 1997 that RNR 
from Mtb could also as be disrupted by using the acetylated, 7 amino acid 
long C-terminus of R2 (Figure 5). This heptapeptide formed a starting point 
for our subsequent inhibitor studies in Mtb RNR. Yang et al reported that 
this Ac-heptapeptide could inhibit RNR from Mtb with an IC50-value of 20 
μM, under their specific assay conditions (Yang et al. 1997).  

 
Figure 5. Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH: the inhibitory heptapeptide de-
rived from the Mtb R2 C-terminus. 
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Even if this value was several orders of magnitude lower, ideally in the 
nanomolar range, and thus conceptually a much more potent ‘drug’, it would 
still not suffice as a cure for tuberculosis. Some of the reasons for this are 
inherent in our relationship with peptides; we normally eat them for food. 
Much of our gastrointestinal tract is devoted to breaking down dietary pro-
teins into peptides that are small enough to be absorbed across the intestinal 
mucosa and transported further into our bodies. The upper size-limit for this 
absorption appears to be tripeptides; anything bigger is digested. The oral 
bioavailability of larger peptides will be very low, and the in vivo half-life is 
under 30 minutes. Thus, a 7 amino acid long peptide taken orally will never 
reach the sites of TB infection in high enough concentration to have any 
effect at all. Given the astounding number of people in need of TB drugs, 
and that the same areas are often rife with other transmissible infections such 
as HIV, administering drugs as an injection is really not an alternative 
(Pauletti et al. 1997; Yang et al. 1997). 

Paper I 
In a first round of screening centred on the acetylated heptapeptide, the ef-
fects of truncating the peptide were investigated. A small library of peptides 
was constructed, where each new member was one amino acid shorter, start-
ing from the N-terminus. The acetyl-group was kept at the same end and sim-
ply moved along. The inhibitory capacity was assayed using a method based 
on the RNR-catalysed reduction of tritium-labelled CDP, the product of 
which is then separated from unreduced nucleotides on a Dowex column and 
finally quantified in a scintillation counter. This activity assay is further de-
scribed in Paper I. It was soon clear that the binding efficacy is highly de-
pendent on having the complete heptapeptide. Removing just a single amino 
acid dropped the relative inhibition to 36% compared to the full-length pep-
tide. After one more truncation, making it a pentapeptide, the IC50 was in the 
millimolar range, suggesting that it was pointless to truncate further.  

 
Figure 6. Effects on the relative inhibition when truncating the acetylated heptapeptide.  
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Figure 6 shows the effects of the truncations and has apparent data-points for 
all lengths for completeness only; no measurements were made for peptides 
shorter than four amino acids. 

In a second experiment, an alanine scan was performed. For this method, 
classical to protein research (Cunningham et al. 1989), a new library was 
constructed where every position in the peptide was systematically ex-
changed for an alanine. As for the previous library of truncated peptides, the 
number of new compounds to be tested remains low, since only one position 
is affected at a time. Since alanine is both smaller than the average naturally 
occurring amino acids, and very common, replacing a residue with alanine 
will tell the investigator more about the loss of the original residue than 
about the introduction of the new. Furthermore, given what is known about 
the structure of the R2 C-terminus as it binds to R1, it is unlikely that the 
minimal secondary structure that can be seen will be disrupted. The results 
of this are summarized in Figure 7. One of the more interesting results to 
take note of, is how comparatively little difference replacing the charged 
amino acids had. This suggests that the binding is largely driven by entropy 
rather than enthalpy, since no specific electrostatic interactions appear to be 
important. But the most vital result from this study, which would provide the 
basis for paper II, was the evidence for how utterly essential two residues are 
for binding: the tryptophan in position 5 and the phenylalanine in position 7. 
Without either of these, the inhibitory capacity of the peptide plummeted to 
less than millimolar potency. 

 
Figure 7. Effects of an Alanine scan on the relative inhibition. 

Based on the knowledge gained from these two trials, a third peptide library 
was constructed. A statistical method called focused hierarchal design of 
experiments (FHDoE) was used for this, as described in detail by Muthas et 
al 2007. Using criteria outlined in that paper, a set of possible substitutions 
was designed. These consist of allowed amino acid substitutions, where each 
of the four types of amino acids in the heptapeptide has its own list. The 
number of possible substitutions ranged from 5 for the phenylalanine, to 11 
for the aspartic acids, and included several amino acids that do not normally 
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occur in proteins. From the more than 3x106 possibilities that would result if 
all combinations were tested, 16 were selected and synthesized. Unfortu-
nately, only one had an inhibitory capacity on a par with the starting hep-
tapeptide. It did however strengthen the hypotheses about which residues 
where the essential ones, and which could be substituted or omitted (Muthas 
et al. 2007). 

Paper II 
In a further attempt to modify the moderately inhibiting acetylated heptapep-
tide into something more drug-like, inspiration was drawn from discoveries 
made by Cooperman and co-workers (Pender et al. 2001; Gao et al. 2002; 
Tan et al. 2004). There is a molecule commonly used as a protecting group 
during solid-phase synthesis of peptides: 9-fluorenylmethoxycarbonyl 
(Fmoc). This N-terminal protecting group, a hydrophobic ring system, is 
removed in each cycle of elongation as the peptide is being synthesized. 
Cooperman et al. found, when investigating inhibitors of mammalian RNR, 
that if they left the Fmoc-group on the tripeptides being studied, their inhibi-
tory efficacy increased. 

Based on this, a series of new peptides protected by the Fmoc-group, as 
well as three other N-terminal protection groups, were designed. A total of 
15 new inhibitors were screened, plus the original acetylated heptapeptide 
for basis of comparison. For this, and related screening projects, an alterna-
tive assay was devised based on fluorescence polarization (FP). Rather than 
IC50-values, FP can be used to produce dissociation constants for the interac-
tion between R1 and a probe derived from the R2 C-terminus, something 
that does not require an enzymatic reaction to take place. Since IC50-values 
reflect the concentration of compound that results in 50% inhibition of the 
maximal activity in an assay, these values are very dependent on the specific 
conditions they where produced under. In order to make a meaningful com-
parison of results for different compounds, the assay must be run under very 
similar conditions. By comparison, dissociation constants are are much more 
universally applicable. Furthermore, the FP-based assay had the advantage 
of being more stable and reproducible than the activity assay, not to mention 
being far quicker to perform and much less complicated. The dissociation 
constant for the interaction between a compound and R1 is denoted KD2. The 
FP method is discussed in full in below. 

With the acetylated heptapeptide remaining a touchstone in the project, 
the KD2 for its interaction with R1 was determined to be 8.0 μM. That this 
figure differs from the one Yang et al reported (20 μM) is of no concern 
since their figure is an IC50-value estimated from an activity assay and ours 
came from FP binding studies. It came as a very pleasant surprise to find that 
the heptapeptide with an N-terminal Fmoc had a KD2 of ~0.7 μM; an im-
provement by approximately a factor of ten. A question that arose was how 
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this new peptide would respond to systematic truncation. As Figure 8 illus-
trates, it fares no better than its acetylated kin. The main difference being 
that the Fmoc-pentapeptide is as potent as the full length acetylated one. This 
is a promising start, but again, not nearly sufficient for a drug. 

 
Figure 8. Effects of truncating the Fmoc heptaptide. The heavy black line is the 
efficacy of the original acetylated heptapeptide (Ac-7).  

Still, with the success using the Fmoc protective group, other N-terminal 
blocking groups were investigated. Three tetrapeptides with other hydropho-
bic ring systems where assayed, but failed to provide any improved binding 
characteristics.  

A real difference wasn’t obtained until single amino acids with the N-
terminal Fmoc-group were tested. Some of these where included for com-
pleteness rather than from any rational idea that they might be potent, e.g. 
aspartic acid with Fmoc was inactive, as might have been expected from 
earlier studies. Protected glycine meant we were assaying the inhibitory ef-
fect of Fmoc with no possible side chain interaction; this compound turned 
out to be inactive. Phenylalanine with an N-terminal Fmoc group came as 
something of a surprise; from the alanine scan it seemed not only possible, 
but even probable, that it would be potent. Instead, it had an inhibitory po-
tency so low, that it could not even be measured. The reasons for this can 
only be speculated about for the moment. The other amino acid that ap-
peared to be of some importance however, the tryptophan, made good on its 
earlier promise. With a KD2 of 12 μM, this ‘FmocW’ is on a par with the 
inhibitory potency of the acetylated heptapeptide. Granted, this level os in-
hibitory potency (8.0 μM) was the starting point of the project, but on the 
basis of both charge and size, a marked improvement (Figure 9). 
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Figure 9. The Fmoc-tryptophan (FmocW) inhibitor with a KD2 of 12μM.  

Fluorescence polarization 
Fluorescence polarization (FP) is a widely used method for studying protein-
protein interactions, and as an assay in drug discovery. The method is highly 
scalable, meaning that it can be used in screening chemical libraries with 
tens of thousands of compounds using single-point measurements, or it can 
be used to make very precise and accurate characterisations of a single com-
pound. FP has seen little to no prior use in our laboratory. This justifies a 
closer look at the lessons learned (Jameson et al. 1999; Pope et al. 1999; 
Tetin et al. 2000). 

Background 
When a fluorescent molecule is excited with polarized light, the light emitted 
is polarized as well. If the molecule is allowed to tumble freely in a solution, 
there will be no discernible difference between light measured through a 
filter parallel to the incident light and that measured through a perpendicular 
filter, i.e. the polarization will be low. If, however, the fluorescent molecule, 
the probe, is attached to a significantly larger body, a receptor, the random 
tumbling is slowed down enough to make a difference. The emitted light will 
retain more of its polarization. FP instruments suitable for biological applica-
tions normally take the form of plate-readers using opaque plates, so the path 
of the measured light cannot simply be a straight line through a well in the 
plate. A common setup is illustrated in Figure 10.  
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Figure 10. The principle of the FP instrument used.  

Note that this principle relies on the fact that the light absorbed and emitted 
by the probe is of different wavelengths, meaning that a dichroic mirror can 
be used to first reflect the light and then let it pass through. Another property 
of the probe is the characteristic fluorescence lifetime, which will have an 
effect on the size of receptor it can be used to study. The smaller the recep-
tor, the more quickly the probe has to emit, in order for the polarization to be 
detectable. In the case of R1, with a molecular weight of ~160 kDa, most 
commercially available probes will do, so dansyl was chosen for its rela-
tively small size (Figure 11).  

 
Figure 11. Dansyl: the fluorescent probe attached the to heptapeptide N-terminus via 
a linker. With absorption/emission maxima at 333 nm and 518 nm, respectively, and 
a fluorescence lifetime of 20 ns, it was suitable for our purposes. 

In FP, light from two channels is measured: light parallel to the plane of 
emitted light (I=) and light perpendicular to the same (I⊥). These are used to 
calculate one of two related values: polarization or anisotropy. Since one of 
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these, anisotropy (A), is the more useful one for our purposes, this is used 
henceforth, using the formula: 

 

A = I = − I ⊥

I = + 2I ⊥  
(1) 

 

Theory 
The potency of our compounds as inhibitors of RNR was evaluated by use of 
a competitive FP assay. This is a suitable approach since it can be used to 
calculate the dissociation constant of a compound for R1. The method is 
exhaustively detailed in two back-to-back publications by Roehrl et al 
(Roehrl et al. 2004 (A); Roehrl et al. 2004 (B)). Two binding models have to 
be used in order to evaluate the compounds, direct binding and complete 
competitive binding, as illustrated in Figure 12.  

 

 

Figure 12. The concentrations of the following components are denoted as follows: 
R, the free receptor; LS, the free probe; RLS, the complex of probe and receptor; L, 
the free ligand (inhibitor) or RL, the complex of ligand and receptor. KD1 is the dis-
sociation constant of the R – LS interaction, and KD2 is the dissociation constant of 
the R – L interaction. 

Direct binding model 
The interaction between a probe, in our case the dansylated heptapeptide, 
and a receptor, in our case R1, is described by the direct binding model. 
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This two-state equilibrium binding model is expressed by the following 
relationships: 

 

KD1 = R ⋅ LS

RLS

  (2) 

 
RT = R + RLS  

 

 
(3) 

 
LST = LS + RLS 

 

 
(4) 

 

FSB =1− LS

LST

 

 
(5) 

where FSB is the fraction of probe bound to the receptor. Equations (2)-(5) 
can be solved for a physiologically meaningful root for FSB, resulting in 
equation (6):  

FSB =
KD1 + LST + RT − KD1 + LST + RT( )2 − 4LSTRT

2LST

 
(6) 

where RT is the total concentration of receptor used. In order to calculate a 
value for KD1, a link between the relationships described by equation (6) and 
the experimentally measured anisotropy needs to be established. This gap is 
bridged by equation (7):  

 

AOBS =
QFSBAB + 1− FSB( )AF

1− 1−Q( )FSB

 
(7) 

where AOBS is the observed anisotropy; AB is the anisotropy of the com-
pletely bound probe; AF is the anisotropy of completely free probe and Q is a 
corrective factor. Q can be estimated from the same experiment where KD1 is 
calculated, see below.  

Anisotropy measurements are made in reactions where the concentration of 
the probe is kept constant and the concentration of R1 varied. Equations (6) 
and (7) can then be fitted to the measurements using nonlinear regression. 
The value for KD1 can thus be calculated, according to Figure 13, and subse-
quently used throughout the compound screening (Motulsky et al. 1987; 
Bowen et al. 1995; Brown 2001). 
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Figure 13. The dissociation constant of the probe-receptor complex is modelled 
using the direct binding model (black line). Dotted lines enclose a 95% confidence 
interval of the true fit. Detailed parameters are given in Figure 3 of Paper II. 

Q is equal to 1 when there is no correlation between the total concentration 
of receptor and the total fluorescence intensity (FItot, equation 8): 

 
 FItot = I = + 2I ⊥  (8) 

When this is not the case, and Q>1, the fluorescent group on the probe might 
be directly involved in the binding to the receptor. The Q-value can be esti-
mated from the direct binding experiment and then refined as another pa-
rameter.  

 

Complete competitive model 
In order to describe the complete competitive binding used to evaluate the 
compounds, an additional set of equations are needed. This is a three-state 
equilibrium binding model described by:  

 

KD2 = R ⋅ L
RL

 (9) 

RT = R + RLS + RL  (10) 

LT = L +RL  (11) 
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Again, these can be solved for a physiologically meaningful root for FSB:  
 

FSB =
2 a2 − 3b( )cos d / 3( )− a

3KD1 + 2 a2 − 3b( )cos d / 3( )− a
 

(12) 

where  
a = KD1 + KD2 + LST + LT − RT   

b = LT − RT( )KD1 + LST − RT( )KD2 + KD1KD2   

c = −KD1KD2RT  

d = arccos −2a3 + 9ab − 27c

2 a2 − 3b( )3

� 

� 

� 
� � 

� 

� 

� 
� � 
 

 

 
The anisotropy is measured in reactions where the concentration of R1 and 
probe is kept constant and the concentration of competing ligand varied. A 
value for KD2 is calculated by fitting equations (7) and (12) to the measure-
ments. 

Points of interest 
One of the parameters that has to either be known or refined during curve 
fitting is Q: a measure of how the emitted light is affected by the probe either 
bound to the receptor or free in solution. Since this parameter will affect the 
calculated KD1, it may be of some concern how to get the value as correctly 
as possible. This turns out to be an unfounded worry. With the assumption 
that the goal is to measure the KD2 for a set of compounds, Q has very little 
effect. This is true even when it leads to a gross mis-estimation of KD1, as 
illustrated in Table 3: 

Table 3. Effects of Q on KD1 and KD2 

Q 0.1 
(Underestimated) 

1 
(True value) 

10 
(Overestimated) 

KD1 10.1300 1 0.0983 
KD2 1.0080 1 0.9947 

Every equation that uses Q also includes KD1, with the effect that they cancel each other out 
almost entirely. KD2 is thus in practise unaffected.  

Another point of some practical interest has to do with how much receptor to 
use in a given assay, which of course also ties in with estimating how much 
protein will be consumed when screening a compound library. This is possi-
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ble if it is known, either from pilot experiments or from experience, what 
order of magnitude of KD2 values to expect. For a given KD2, there is an op-
timal fraction of bound tracer (FSB) where the change in anisotropy is maxi-
mized. This in turn corresponds to a value of a more practical use: the total 
amount of receptor (RT) used in the assay. Table 4 was calculated for the 
assay setup used in papers I and II. Based on these findings, and backed up 
by the actual readings this generated, between 1.0 μM and 2.0 μM R1 was 
used throughout, depending on circumstances. 

 

Table 4. Choice of receptor concentration.  

Target KD2 (μM) 100 10 5 2.5 1 0.5 0.1 0.05 

Optimal FSB 0.50 0.43 0.39 0.35 0.28 0.23 0.12 0.09 
Optimal RT (μM) 2.2 1.7 1.5 1.2 0.9 0.7 0.3 0.2 

Calculated with KD1 = 2.2μM and LST = 0.1μM.  

As can be read from Table 3, to make the best possible measurements of 
tightly binding compounds one has to go down in RT. This ties in with the 
concept of signal windows since a lower concentration of RT will mean that 
the measured I= and I⊥ channels, as well as the maximum anisotropy of the 
experiment (see Figure 13), will be lower as well. One then runs into prob-
lems with discriminating signal from noise. One way to increase the accu-
racy of the measured data is of course to set up multiples of each reaction. 
But there is still the question of whether the difference between the highest 
and lowest groups of data is sufficiently large, i.e. if the screening window 
of the assay is wide enough to be of any use. That this will be a property of 
the averages and the standard deviations of the two groups may be intuitive, 
but what to do with them? One very useful method for evaluating this is the 
Z’-value (Zhang et al. 1999): 

 

Z'=1-
3Aσ high − 3Aσ low

Ahigh − Alow

 
(13) 

where Aσhigh is the standard deviation of the group of anisotropy measure-
ments with the highest values (the ones with no or minimal inhibitor pre-
sent); Ahigh is the average the highest group; Aσlow and Alow are the same for 
the group with lowest values (the ones with the highest concentration of 
inhibitor). Values of Z’ above 0 indicate that the assay is at all feasible; 
above 0.5 is considered to be excellent. In our FP measurements, values 
above 0.5 were the norm, indicating that signal discrimination was never a 
problem.  



 34 

Conclusions and future perspectives 
As far as Lipinsky’s oft-quoted ‘rules of five’ on oral bioavailability go, the 
FmocW compound is doing rather well. With a molecular weight of 414 Da, 
3 and 6 hydrogen bond donors and acceptors, respectively, and suitable lipo-
philicity (at least barely, by theoretical estimation), it doesn’t deviate from 
these rules once even. Obviously, this is not by any stretch of the imagina-
tion a drug yet, but it must be considered a very viable lead compound. The 
R1-R2 interaction we seek to interfere with is different from protein-protein 
interfaces taken as a whole. Rather than the slab-like areas of several thou-
sand square Ångströms seen in most protein-protein interactions, the tar-
geted binding site is a shallow, but still rather defined, groove. The fact that 
it was known already what binds there in a biological setting, has probably 
made all the difference in developing drug leads (Lipinski et al. 2001; Wells 
et al. 2007). 

Given the rise of drug resistance in Mtb, it is only prudent to consider the 
possibility of resistance developing towards drugs targeting RNR as well. 
But targeting the R2-binding site may give the prospective drug some pro-
tection from mutations that would otherwise confer resistance. This is the 
case since although it is not known how FmocW, or a later drug derived 
therefrom, binds to R1, some overlap with the R2-binding site seems inevi-
table (Figure 14). 

 
Figure 14. The light grey circles covers amino acids residues in R1 that are involved 
in binding the R2 C-terminus and the drug, respectively. Residues in the overlapping 
area are less likely to confer drug resistance if mutated. 

If at all possible to influence, it ought to be a good thing to maximize the 
overlap between the two areas in Figure 14. Indeed, it may even be interest-
ing to do so at the cost of a worse binding affinity. In a hypothetical scenario 
with two drugs that inhibit RNR equally well but have different binding 
patterns, the more interesting of the two ought to be the one that interacts 
more with the R2-binding site. This is the case, since any mutation that oc-
curs in this overlapping region would have to lower the affinity of the drug 
for R1 while not affecting the affinity of the R2 C-terminus. The probability 
that a mutation would simultaneously take place in the R2 C-terminus to 
compensate for the one in the binding groove, so that strength of the R1-R2 
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interaction is unchanged, seems unlikely. So given a choice, it may therefore 
even be more beneficial to increase the number of interactions a prospective 
drug makes with the R2 binding site, even at the cost of lowering the affinity 
for R1 in total.  

Now, about false positives in generated by FP. In the widespread use FP has 
seen in various high and low throughput screening projects, it is somewhat 
known for its capacity to produce false positives. This is of course a very 
strong reason for putting prospective hits through assays with an orthogonal 
design. But are there any early warning signs to be taken into account when 
analyzing the FP results? One such is to keep track of the autofluorescent 
properties of the tested compound. This can be done by monitoring the total 
fluorescence intensity (FItot). The anisotropy for each compound concentra-
tion is calculated from the parallel and perpendicular channels according to 
equation 1, and the same information is used in equation 8 for FItot, so no 
additional measurements are needed. In principle, FItot is expected to be 
completely uncorrelated with the concentration of the compound. Although 
this appears seldom to be the case in practice, some care should be taken 
when FItot is increasing inordinately. A very informal measure of this, sub-
stantiated only by my experience, is to calculate a ratio between FItot with no 
ligand present, and at 10 μM ligand. In several cases where FItot for the 
ligand at 10 μM was more than twice that of the reaction with no ligand, the 
calculated KD2 was later shown to be untrustworthy. In every case so far 
where this ratio served as a warning sign, the fitted KD2 indicated a poten-
tially very strong binder, making it all the more important to treat such re-
sults with care.  

Although it is very tempting to speculate about the details of the binding of 
FmocW to R1, to do so is simply to invite future ridicule. For now, a tenta-
tive Structure Activity Relationship based on assay results will have to suf-
fice. The next steps to be taken will be to back this up with an orthogonal in 
vitro assay and an in vivo assay such as a minimum inhibitory concentration 
in Mtb, as well as discovering the actual mode of binding via x-ray crystal-
lography. The latter will involve solving the structure of Mtb R1, if at all 
possible, or otherwise using R1 from Sty.  



Lights on 
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Lipases 

Lipases are ubiquitous enzymes that have been isolated and characterized 
from a great many sources. The function they are most known for is their 
ability to catalyse the hydrolysis of lipids. The most basic scheme of this can 
be summarized as follows:  

triacylglycerol + H2O = diacylglycerol + a carboxylate (EC 3.1.1.3) 

Furthermore, tentative lipases can often be identified from their primary 
structure, even though they are a diverse group with little overall sequence 
identity. Every lipase to date includes the signature motif GxSxG, and has a 
characteristic α/β-hydrolase fold (Holmquist 2000). 

Background 
The fatty acids that build up a triacylglyceride can be of variable length and 
different states of unsaturation. Since each triglyceride consists of a glycerol 
moiety and three fatty acyl chains, the number of possible combinations 
producing unique triacylglycerides is staggering. It comes as no surprise then 
that lipases can be characterized based on their substrate preference. This 
can of course be based on length and level of saturation of individual fatty 
acids. The relative positions of the fatty acids in the triacylglycerides can 
also be used. These positions are normally designated sn1-sn3, according to 
Figure 15:  

 
Figure 15. A stylized triacylglyceride, showing the snN-positions. 
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Of the three sn-positions, it is far more common for lipases to display a pref-
erence for the two outer positions (sn1 and sn3), while leaving the middle 
sn2 be.  

From a biological perspective, fatty acids are important as metabolic fuels, 
and triacylglycerols are the main form they are stored in. On the basis of 
energy by weight, they are about twice are effective (~38 kJ/g) as energy 
stored in the form of proteins or carbohydrates (~18 kJ/g). The reasons for 
this are twofold: the fatty acids are more reduced, so yield more energy 
when oxidized, and the hydrophobic nature of triacylglycerols also means 
that they can be stored more efficiently than hydrated molecules. But here 
also we find that the placement of the fatty acyl group along the glycerol 
backbone makes a difference. For instance, in breast milk, it is not enough 
for the main fat component to be a triacylglycerol with two oleic acid and 
one palmitic acid moieties. It is in fact essential for the proper absorption 
that the palmitic acid be placed in the central sn2 position. If placed in any 
other position, it will be hydrolysed, start to accumulate and then interact 
with calcium, thus forming hard-to-digest calcium soaps. This has obvious 
consequences for the production of e.g. infant formula (Lopez-Lopez et al. 
2001).  

But lipases can be used for many more reactions than just hydrolysing lipids. 
In fact, if left at that, it would be a rather poor summary of a group of en-
zymes renowned for their many applications. A picture that lies closer to the 
truth is illustrated in Figure 16. The fact that one of these reactions, esterifi-
cation, is the reverse of another, hydrolysis, can be used to illustrate a key 
point: under the right conditions lipases can be driven to synthesise com-
pounds rather than hydrolyse them. That they will do so in a manner that is 
both substrate-specific and enantioselective, and can operate for hundreds of 
hours under a wide range of conditions, means that they are of supreme in-
dustrial importance. This also leads to the confusion of some terms; the 
products of hydrolysing an ester (a fatty acid and an alcohol) are the sub-
strates of esterification. In order to avoid this confusion, it is therefore often 
better to speak of what binds where. This gives us, for instance, the acyl 
binding site, and the alcohol binding site. 
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Figure 16. The possible reactions catalysed by lipases. 

The low solubility of triacylglycerides ties in with an early observation made 
about lipases: many lipases are all but inert in aqueous environments with 
low concentrations of the hydrophobic substrate. If, however, the concentra-
tion of the substrate is increased, then a very distinct increase in lipase activ-
ity is observed when the critical micelle concentration of the substrate is 
reached. This is termed interfacial activation, and once the first lipase struc-
ture became available in 1990, concrete suggestions could be made about the 
mechanism by which it occurred. Brady and co-workers found that the active 
site of the Mucor miehei lipase was covered by a lid, which by necessity had 
to be moved aside if anything was to gain access to the binding site. It 
seemed likely that if hydrophobic amino acid residues under or near the lid 
could make contact with a large body of hydrophobic molecules, such as the 
triacylglyceride micelles, the lid would be moved aside, so causing interfa-
cial activation. The enzyme would thus go from a closed/inactive state to an 
open/active one. This has later been confirmed in a number of lipases that 
have been crystallized with transition-state analogues, forcing the enzyme to 
stay in the activated state (Brady et al. 1990; Brzozowski et al. 1991). 



 40 

Candida antarctica lipase A (Paper III) 
Candida antarctica is a basidiomycetous yeast of the class Saccharomycetes. 
The organism was first described under this name in 1983. Although its cur-
rent preferred species name is actually Pseudozyma antarctica, it shall be 
referred to here as Candida antarctica (C. antarctica) for practical reasons 
(Boekhout 1995; Morita et al. 2006). 

As is strongly implied by the name, this yeast was isolated in Antarctica, 
from the permanently frozen Lake Vanda. This makes it all the more inter-
esting that two highly thermostable lipases could be isolated from an organ-
ism that has to be cryophilic by nature. These two lipases, C. antarctica li-
pase A (CalA) and C. antarctica lipase B (CalB), share no sequence identity 
worth considering, are alike in some physical features and very different in 
others. 

CalB is a very well characterized enzyme that sees plenty of use in both 
industrial and academic settings. It displays a very high degree of substrate 
specificity, particularly on the alcohol-binding side, and is e.g. used in the 
commercial production of optically pure compounds from racemic reactants. 
That its structure was determined in Alwyn Jones’ laboratory in Uppsala, 
Sweden, soon after its isolation, and in collaboration with the biotechnology 
company Novo Nordisk A/S, has likely contributed to its widespread use 
(Uppenberg et al. 1994; Hoeegh et al. 1995; Kirk et al. 2002). 

By contrast, CalA is something of an unknown quantity. The data keeps 
building up, however, and a more complete picture is taking shape. What is 
clear however, is that CalA has a number of very interesting properties, 
some merely unusual, some unique. Figure 17 displays examples of unusual 
compounds that can be catalyzed using CalA. The enzyme displays an excel-
lent activity towards large and bulky alcohol substrates. These can be tertiary 
alcohols, such as 2 (tert-butyl alcohol), or otherwise sterically hindered al-
cohols such as 1 and 3. CalA remains highly specific when esterifying acyl 
groups with these. In fact, CalA’s capacity for accepting tertiary alcohols as 
substrates is unmatched by any other presently investigated enzyme. Like-
wise, CalA is a useful catalyst in the production of enantiopure amino acids 
by virtue of its high chemoselectivity towards the N-acylation of β-amino 
esters. In contrast to this, the lipase displays poor enantioselectivity towards 
simpler secondary and primary alcohols, where there is no discernible differ-
ence in initial reaction rates for racemic or optically pure enantiomers (Kirk 
et al. 2002). 
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Figure 17. Examples of compounds that can act as products or substrates of CalA. 1 
and 3 are sterically hindered alcohols that can be produced, often with an enantiose-
lectivity ranging from good (E=70-100) to excellent (E>100) (Kingery-Wood et al. 
1996; Ayers et al. 1997). 2, a tertiary alcohol, is mayhap uniquely accepted as a 
substrate among known lipases (Bosley et al. 1997). Finally, CalA has a rare pre-
fence for fatty acids in the trans-configuration such as 4 (Borgdorf et al. 1999). 

Unsaturated fatty acids can be of a cis- or trans- configuration with respect 
to the carbon-carbon double bond. CalA’s strong preference for esterifying 
unsaturated fatty acids in the trans-configuration (such as 4 in Figure 17) is 
of some note, since most lipases that can distinguish between the two at all 
tend to favour the cis-isomers (Borgdorf et al. 1999). 

Among all these useful reactions, however, possibly the most intriguing 
one is CalA’s near-unique preference for hydrolysing triacylglycerols at the 
sn2-position. Along with a scant few other lipases that have been reported to 
have this regioselective sn2-preference, CalA’s preference is rather pro-
nounced. No enzymes reported yet display an absolute sn2-specificity, but of 
the triacylglycerides hydrolyzed by CalA, up to 2/3 of the diacylglycerides 
are cleaved at the middle position. As potentially useful as this is, wild type 
CalA does not however show any such regiospecificity in esterification or 
interesterification experiments (Bosley et al. 1997; Kirk et al. 2002). 

With some variation in the reported values, the temperature optima of 
CalA and CalB are very similar when immobilized, with for a maximum 
hydrolytic activity at 50 °C. This activity however, is almost unaffected up 
to 70 °C for both enzymes and even 90 °C for CalA. Both enzymes are ac-
tive at a wide range of pH values, with CalA more resistant to acidic condi-
tions (CalA is active in pH 6-9, and CalB in pH 7-10). This has very clear 
industrial implications, in that both enzymes can be used as biocatalysts in 
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reactions that require high temperatures and varying pH (Kirk et al. 2002; 
Dominguez de Maria et al. 2005). 

Finally, CalA has been shown to possess only limited interfacial activa-
tion, whereas CalB was shown in the same set of experiments to have none 
at all (Martinelle et al. 1995). 

CalA is 441 amino acids long, and the biologically relevant entity is likely 
a monomer with a molecular weight of 45 kDa. Preliminary sequence analy-
sis revealed that CalA had no homologues among structures in the PDB. A 
search using the Phyre server (Protein Homology/anologY Recognition En-
gine, provided by Imperial College in London (Kelley et al. 2009)) produced 
a surprisingly insightful hit by listing a protein with a known α/β-hydrolase 
fold as the most similar structure (PDB code 1ORV, the C-terminal region of 
the dipeptidyl peptidase IV/CD26 (Engel et al. 2003)). The amino acid se-
quence identity to CalA was, however, but 14%, suggesting that this infor-
mation would be useless for structure solution by molecular replacement.  

Cloning, expression and purification 
CalA was isolated from genomic DNA by PCR and transferred into the 
pPICZαCTM vector via an intermediary cloning vector. Linearized pPICZαC 
vector was used to transform the expression host, electrocompetent Picha 
pastoris of the Invitrogen X33 strain. This introduces the gene into the ge-
nome of P. pastoris by genetic recombination. Selection for recombinant P. 
pastoris cells was done on ZeocinTM- and Carbenicillin-containing YPDSA 
plates.  

CalA was expressed by growing pPICZαC-CalA carrying X33, first in 
YPD-medium, and then in BMMY-medium, both supplemented with the 
same antibiotics as during selection. The cells were incubated at 30 °C and 
1% v/v methanol was added twice daily for induction. BioRad’s Protein As-
say Solution was used to keep track of the increasing concentration of pro-
tein in the growth medium. After 96 hours, harvest of CalA was started by 
aborting the incubation, pelleting the cells and continuing with the protein-
rich supernatant.  

CalA was purified by hydrophobic interaction chromatography on a GE 
Healthcare HiTrap butyl FF column. Ammonium sulphate was added to the 
supernatant to a final concentration of 1M prior to loading it on the similarly 
equilibrated column (1M (NH4)2SO4; 50mM K2PO4 pH 7). The CalA protein 
was eluted by a gradient of pure water. The protein was concentrated on a 
Millipore CentriconTM Plus column to ~70 mg/ml, resuspended in crystalliza-
tion buffer (20 mM Tris-HCl. pH 7.8) and its purity checked on 12% SDS-
PAGE. 
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Crystallization and structure determination 
Crystallization conditions for CalA were searched for using sparse matrix 
screens. All initial hits were produced in sitting drop vapour diffusion ex-
periments, by mixing 1 μL screen and 1 μL protein at 10 mg/ml concentra-
tion. During setup at room temperature, the JCSG+ screen (Newman et al. 
2005) resulted in several hits, as shown in Table 5.  

Table 5. CalA crystallized under a range of conditions in a matter of days. 

JCSG+ condition 

D8 0.1 M TRIS pH 8; 40 % v/v MPD 
E3 0.2 M Sodium chloride; 0.1 M HEPES pH 7.5; 10 % v/v Isopropanol 
E4 0.2 M Lithium sulfate; 0.1 M TRIS pH 8.5; 1.26 M Ammonium sulfate 
G11 2.0 M Ammonium sulfate; 0.1 M bis-TRIS pH 5.5 
G12 3.0 M Sodium chloride; 0.1 M bis-TRIS pH 5.5 
H7 0.2 M Ammonium sulfate; 0.1 M bis-TRIS pH 5.5 25 % w/v PEG 3350 

For all JCSG+ conditions producing crystalline hits, screen conditions were 
reproduced with in-house chemicals. The new vapour diffusion experiments 
were scaled up for a hanging drop setup using 500 μL as the reservoir vol-
ume. As an initial refinement of crystallization conditions, the protein to 
screen ratio in the drops was varied, mixing each component in discrete 
steps. Volumes between 0.5 μL protein plus 2 μL screen, and vice versa, 
were set up. In this way, JCSG+ condition H7 was identified as the most 
promising. As the crystal production was scaled up, the setup used was as 
follows: 2 μL CalA at 10 mg/ml plus 1 μL reproduced JCSG+ condition H7. 
The best looking crystals were still elongated needles after about one week, 
with the approximate dimensions of 0.2 x 0.03 x 0.03 mm3 (Figure 18). For 
cryoprotection, crystals were briefly transferred to a separate drop where 20 
% glycerol was added to the reservoir solution.  

 
Figure 18. Rod-like crystals of CalA; the pivotal uranyl-chloride soaked crystal 
based on which the structure was solved; and a sample diffraction pattern thereof.  
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The first data sets were collected at Max Lab in Lund, Sweden. The crystals 
diffracted to ~2.8 Å and could be integrated in a tetragonal space group with 
what was likely to be two molecules per asymmetric unit. Some attempts 
were made to solve the structure with molecular replacement using the top 
Phyre hit (1ORV) as the search model, but these failed, rather unsurpris-
ingly. This was the case also when the considerably larger search model was 
trimmed down to the canonical α/β-hydrolase unit only. Expressing a se-
lenomethionine-substituted protein was briefly considered. However, with 
but two methionine residues in the sequence, it was deemed too unlikely that 
this would yield sufficient phasing power without the somewhat risky intro-
duction of more such residues by mutagenesis.  

Instead, the screening of heavy atom soaked crystals began. Attempts 
with adding approximately ten different heavy atom compounds to the drop 
with cryoprotectant were performed, as well as one of the halides (KI). The 
crystals were generally physically stable to these additions, and most could 
be screened at a synchrotron. Of these, crystals soaked with uranyl chloride 
yielded both the best diffraction data collected and the highest phasing 
power. Data were collected to a resolution of 2.2 Å at ESRF beam line ID29 
in Grenoble, France, at a wavelength of 0.802 Å. This is quite far above the 
theoretical uranium L-III edge at 0.722 Å, but as close as the limitations of 
the beam line would allow. In what would eventually become a SIRAS solu-
tion, the best native data set was a prospective platinum soak, collected at the 
same beam line. The final integration of all diffraction data was done using 
MOSFLM (Leslie 1992), with subsequent scaling in SCALA (CCP4 1994). 
With unit cell parameters a=b=91.7 Å and c=299.6 Å for the uranium set, 
and assuming two molecules per asymmetric unit, the Matthews coefficient 
VM equalled 3.2 Å3 Da-1, which would correspond to a solvent content of 60 
% (Matthews 1968). Initially, all data were processed in parallel in the enan-
tiomorphic space groups P41212 and P43212, until the ambiguity of these two 
space groups could be broken. The phasing power of all collected data sets 
was estimated using SHELXC (Sheldrick 2003), which for the uranium set 
indicated a high-resolution cut-off of 4.4 Å for SIRAS phasing. Four tenta-
tive uranium sites were identified by SHELXD (Sheldrick et al. 2001). These 
were carefully cross-validated using MLPHARE (Otwinowski 1991) before 
trusting them sufficiently for initial SIRAS phase estimates. This was done 
in SHARP (Bricogne et al. 2003), where solvent flattening in DM (Cowtan 
et al. 1998) could be used to both break the space group ambiguity (P43212 
refined much better), and generate a first generation of interpretable maps. 
These were good enough to be able to place two copies of the α/β-hydrolase 
fold, derived from 1ORV, in the density thus identifying the two prospective 
chains in the asymmetric unit. This was done in O (Jones et al. 1991), which 
was also used to calculate NCS operators for two-fold averaging. Subse-
quently, ARP/wARP (Perrakis et al. 1997) could build most of the model. 
Manual corrections and additions were made in O using σA-weighted |2Fobs|-
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|Fcalc| and |Fobs|-|Fcalc| maps (Read 1986) with each building cycle refined with 
REFMAC5 (Murshudov et al. 1997). An excess of waters was added with 
BUSTER (Blanc et al. 2004), and then removed where appropriate. Final 
refinement statistics are given in Table 1 of Paper III.  

Overall structure 
As was suspected, part of CalA takes the form of an α/β-hydrolase. This is a 
rapidly growing family of structurally related proteins with diverse func-
tions. CalA includes the most common features of the fold: i) the sequence 
order of the catalytic triad is nucleophile (Ser184) – acid (Asp334) – his-
tidine (His366); ii) the active site is centred around a conformationally 
strained ‘nucleophile elbow’ where Ser184 is placed between a β-strand and 
an α-helix; iii) due to an extra N-terminal β-strand, the acid component of 
the triad is placed after β-strand number 8, and not after strand number 7, as 
is the case in the canonical fold. The overall fold is shown in Figure 19 
(Holmquist 2000) 

 
Figure 19. The structure of Candida antarctica lipase A. Colouring is through the 
rainbow, with a blue N-terminus and a red C-terminus. In the ribbon structure, a 
molecule of PEG can be seen as a sphere representation in the acyl-binding site.  

The part of the structure that is not of the α/β-hydrolase architecture creates 
a lid placed on top of the acyl-binding site. This lid is a discrete, 6-helix 
structure, which also forms part of the fatty acid-binding tunnel. It begins as 
a roof directly over the active site, but further from this it opens up, thereby 
shaping the tunnel, which turns by 90° into the lid where it terminates. This 
is illustrated in Figure 20.  
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Figure 20. The acyl-binding tunnel is in part shaped by the lid. Colouring of the 
accessible surface area is according to the atoms defining it (yellow carbon, blue 
nitrogen, red oxygen). Active site residues are shown as ball and stick representa-
tions.  

The acyl-binding tunnel branches near the active site into a longer section 
and a shorter. The shorter section, shown pointing downwards and slightly 
covered by helix A5 in Figure 20, is lined with polar residues. The much 
longer main tunnel is largely lined with nonpolar residues, and is expected to 
accommodate 20-25 methylene units. Both tunnels are completely closed off 
from the surrounding solvent in the present structure. Given that there is no 
path for a substrate/product to enter or leave the current structure, it can be 
concluded that it represents the closed/inactive form of the enzyme as usu-
ally defined by interfacial activation. That it is the correct binding tunnel 
under consideration is made more likely by the presence of a stretch of con-
tinuous electron density in the site. This was modelled as a molecule of PEG, 
probably picked up from the crystallization solutions.  

At the time of publication, there were few structures closely related to 
CalA as a whole, and none at all related to the lid, as determined by searches 
with DALI (Holm et al. 1993). However, a more recent search (October 11 
2009) produces hits among structures published since. Even though there are 
still no proteins labelled as lipases among the higher scoring hits (the first of 
these are still hundreds entries down with Z-scores of 17 and lower), there is 
a new highest scoring structure. This is described as a bacterial esterase 
(PDB code 3H2G) with a Z-value of 31.7 and an rmsd of 2.9 Å (Aparna et 
al. 2009). Other than being more similar to CalA than previously reported 
structures, the greatest surprise offered by the new structure lies in the fact 
that it has a very similar lid. In fact, a DALI search using only the CalA lid 
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produces a weak but still relevant hit in the 3H2G structure, with a Z-value 
of 5.3 and an rmsd of 3.3 Å; there are no other hits. The two structures are 
aligned in Figure 21. Sequence identity between the two proteins is still, 
however, low (28% over 111 amino acids) and covers an area that ends just 
before the lid sequence starts in CalA. As in CalA, the acyl-binding tunnel in 
the 3H2G structure is partly defined by the lid. In contrast to CalA, the es-
terase tunnel is shorter, lined with more polar residues, and traverses through 
the protein at a different angle. Indeed, the 3H2G structure appears to mainly 
be an esterase with only limited lipase activity. Another difference of some 
importance is the absence of the flap which covers the active site in CalA 
(beta sheet B10-B11, Figure 19-20). This, and other defining features of 
CalA will be discussed more fully below. 

 
Figure 21. A structural alignment of CalA (in black) and the top DALI hit (a bacte-
rial esterase, PDB code 3H2G, in grey), shown as Cα-traces in divergent stereo view. 
The flap covering the CalA acyl-binding tunnel can be seen covering the PEG mole-
cule shown as black spheres. A grey sphere representation of the 3H2G substrate can 
be seen oriented in a completely different substrate-binding tunnel. 

Reaction mechanism and active site 
Given the type of reactions CalA has been shown to catalyse, and the pres-
ence of a catalytic triad, it seems safe to assume that the enzyme will work 
via a mechanism common for all serine hydrolases. It has further been 
shown that replacing any of the three components of the triad with alanine 
renders the enzyme all but inactive (Kasrayan et al. 2007). ). The CalA reac-
tion mechanism proposed in Figure 22 is a textbook example of the work-
ings of a serine hydrolase, with one important, and to date unique, exception.  
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Figure 22. In step 1 of the reaction, an ester substrate is subjected to nucleophilic 
attack by Ser184, which is itself activated by proton abstraction by the His366/ 
Asp334 pair. The resulting tetrahedral intermediate is stabilized by the backbone 
nitrogen of Gly185, and the side chain of Asp95. In step 2, His366 releases its pro-
ton to the alcohol product as the tetrahedral intermediate collapses. The alcohol 
leaves the site, and a water enters (step 3). After being activated by the histidine/ 
aspartate pair (step 4), the water attacks the covalent intermediate to generate the 
second tetrahedral intermediate, which then collapses to release the carboxylate 
product (step 5). 

As outlined in Figure 22, two steps in the reaction scheme require the stabi-
lization of a tetrahedral intermediate. This is normally achieved in a local 
environment in the active site called an oxyanion hole. The intermediate is 
negatively charged and is thus always stabilized by the presence of two or 
three hydrogen bond donors: often the backbone nitrogen of the residue suc-
ceeding the nucleophile, as well as the nearby hydroxyl groups of e.g. seri-
nes or tyrosines. In the present structure of CalA, there are suprisingly few 
such alternatives. Other than the backbone nitrogen of Gly185, there is but 
one side chain correctly positioned and within a reasonable distance, and that 
is that of Asp95. The normal pKa of aspartic acids (~5) is such that they are 
usually considered to be negatively charged at the pH range CalA is known 
to be active under (pH 6-9). Obviously, it would present some difficulties if 
that were the case here. It is therefore suggested that the mainly hydrophobic 
environment of Asp95 raises its pKa sufficiently to keep it protonated. This 
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is supported by the predicted pKa-value of 7.91 as calculated by 
PROPKA2.0 (Li et al. 2005). There is some precedence for using a normally 
acidic amino acid as one of the anion-hole components; a search for the four-
residue triad+Asp motif using SPASM (Madsen et al. 2002) produces a few 
relevant hits. In all of these, however, there is at least one other side chain 
available that positions a hydroxyl group nearby. In CalA, some of these 
prospective alternatives are blocked by Tyr93 (Figure 23). The structure 
most similar to CalA, the bacterial esterase 3H2G, has no oxyanion hole 
component acting as the equivalent of Asp95. Thus, it appears that this un-
usual oxyanion hole is not something strictly correlated with having a CalA-
like lid, a domain only CalA and 3H2G has been shown to have so far. 
Asp95’s status as an integral part of the active site in CalA is further sup-
ported by how very conserved it is. In a search of NCBI’s non-redundant 
databases using BLAST (Altschul et al. 1997), the resulting multiple se-
quence alignment shows a conservation of D95 that is almost on a par with 
that of the catalytic triad, being only rarely substituted for asparagine or 
glutamine. Furthermore, Asp95 was shown in a recent study to be essential 
for CalA activity. In this study, Asp95 was substituted for every natural 
amino acid using degenerate primers, with not a single active mutant result-
ing (Sandstrom et al. 2009).  

 
Figure 23. A view of CalA’s active site, as seen with the lid omitted for clarity. 

Several important points are illustrated in Figure 23. Firstly, there are no 
other oxyanion hole components available. Every amino acid side chain and 
backbone atom that could conceivably serve as an additional component is 
shown. Secondly, the ligand with black carbons is in part docked and in part 
modelled; AutoDock3 (Morris et al. 1998) was used to dock a molecule of 
palmitate into the emptied acyl-binding tunnel. Once in place, the acyl chain 
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was ‘esterified’ into a molecule of para-nitrophenyl ester, a known substrate 
of CalA. From this it is clear that unless the ester can be positioned in some 
manner that could not be found manually, something has to give. There is 
likely some sort of flap that will move aside during activation, in a manner 
homologous to other lipases that display interfacial activation. Although 
temperature factors do not imply any enhanced mobility in the region, the 
two-strand β-sheet (B10-B11 in Figure 19-20) seems eminently suited for 
this. One can imagine the flap moving, perhaps driven by the contact made 
with a nonpolar interface. Along with several other aromatic and nonpolar 
residues in the region, Phe431 could be instrumental in this since it has also 
been shown to be without functioning substitutes, as was seen for Asp95 
(Sandstrom et al. 2009). This could be due to its hypothesised role in interfa-
cial activation, to its contribution to the hydrophobic environment of the 
active site, or a combination thereof.  

Substrate selectivity revisited 
Many of CalA’s substrate preferences are explained if one imagines the B10-
B11 flap moving aside and exposing the active site.  

The capacity for accepting sterically hindered groups is no mystery when 
there is essentially infinite space on the alcohol side of the active site. Given 
that the active site is positioned rather near the surface of the protein, as soon 
as the flap is moved aside, there will be immediate access to the catalytic 
triad and to whatever is bound in the acyl-binding tunnel. The other side of 
this coin is that CalA has few amino acid residues that can interact specifi-
cally with something bound in the alcohol side. This lack of interaction is 
likely the reason for CalA’s poor enantioselectivity for simpler primary and 
secondary alcohols.  

It seems clear how to explain CalA’s preference for long fatty acids, such 
as palmitate, over smaller ones, such as buturate, given the length of the 
acyl-binding tunnel. Conversely, it is harder to explain why CalA favours 
unsaturated fatty acids of the trans-configuration with such discrimination. 
The near 90° turn at the midpoint of the tunnel seems to suggest that cis-fatty 
acids with the double bond at the right distance from the active site should 
be able to fit very well indeed, certainly better than trans-fatty acids which 
are easier to imagine as fairly straight chains.  

The reasons behind CalA’s unique preference for hydrolysing triacylglyc-
erides at the sn2-position, is likewise only speculative in the current closed 
structure. Presumably, upon activation, the area on the outside of the cata-
lytic triad is such that any of the fatty acid chains can swing around and enter 
the acyl-binding site while the remaining two chains are kept in the micelle. 
Given that there are hydrolases without any sn-preference at all, it is hard to 
imagine on what basis CalA chooses sn2 in ~60% of the cases.  
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Conclusions and future perspectives 
With the structure of CalA solved, it is possible to address certain questions 
and ideas in a more realistic manner. CalA’s properties as a catalyst were 
known long before the structure was made available, but with it, an already 
fascinating enzyme can be made more interesting yet. One example where 
this has already begun is in a study by Sandström et al., who created a num-
ber of libraries with CalA mutants. These were then screened for an increase 
in selectivity towards the two enantiomers of a common ester substrate 
(Sandstrom et al. 2009). As a proof of principle, it shows what can be done 
once the amino acid positions to be varied can be chosen based on their posi-
tion in the structure.  

Another, highly interesting possibility for protein engineering has to do 
with the direct synthesis of 2-monoacylglycerides (2-MAG), i.e. acylglyc-
erides with only the sn2-position occupied. This is currently done in at least 
two steps involving one non-specific lipase and one sn1,3-specific lipase. 
The direct route would be to act directly on the sn2-postition using e.g. CalA 
engineered for this purpose. Steps in this direction have been taken by Jan 
Pfeffer et al at the University of Stuttgart (results unpublished).  

The next big step to be taken in order understand more about CalA, is the 
acquisition of the x-ray structure of the open/activated form of the lipase. 
This was attempted by incubating the enzyme with a phosphonate inhibitor 
prior to crystallization. The inhibitor ought to have bound to the enzyme 
covalently, trapping the enzyme as an acyl intermediate. Since the inhibitor 
is too bulky to allow closure of the flap, the enzyme should be forced to stay 
in the open/activated form. When successful, this will explain more about 
CalA’s unique substrate specificities, as well as conclusively showing if any 
unexpected components are added to the proposed oxyanion hole upon acti-
vation of the enzyme.  
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Svensk populärvetenskaplig sammanfattning 

Vi har alla olika verktyg som vi använder oss av när vi tittar på världen runt 
omkring oss. En del av dessa är verktyg i den klassiska betydelsen, fysiska 
prylar som vi behöver för att prestera något som annars varit svårt eller 
omöjligt, medan andra handlar om att vara skolad att tänka på saker på ett 
visst sätt. Oavsett betydelse, så finns det ett otroligt stort antal verktyg att 
välja bland. Jag är skolad som molekylärbiolog. Detta har låtit mig titta på de 
två väldigt olika problemställningar som utgör de två delarna av min avhand-
ling. För att kunna göra det, har jag dessutom behövt använda mig av två 
olika uppsättningar verktyg. 

Den första halvan av avhandlingen beskriver hur en forskningsgupp, som jag 
var en del, av med hjälp av olika analysmetoder kunnat ta fram en substans 
som borde döda bakterien som orsakar tuberkulos.  

Den allmänt utbredda bilden av tuberkulos tycks vara att det är något som 
var allvarligt, men inte längre är något problem. Det tas därför oftast emot 
med viss skepsis att en tredjedel av alla världens människor är infekterade av 
bakterien som orsakar sjukdomen: Mycobacterium tuberculosis. Världshäl-
soorganisationen (WHO) uppskattar att ca 2 miljarder människor just nu är 
smittade. Bara under 2007 dog uppskattningsvis 1.8 miljoner människor av 
sjukdomen.  

Ett av problemen är hur lång tid det tar att bota någon som insjuknat i tu-
berkulos. Det finns fungerande mediciner, men de måste tas under minst 6 
månader för att helt döda av infektionen, vilket är svårt att få folk att göra 
även under de bästa av omständigheter. Dessutom har bakterien utvecklat 
resistens över tiden, vilket gör att de mediciner som finns inte längre längre 
hjälper i samma utsträckning. I alla delar av världen finns det nu stammar av 
tuberkulos som inte längre svarar på vare sig de vanligaste av de mediciner 
som finns, eller ens på några befintliga behandlingar alls. Behovet av helt 
nya behandlingar mot tuberkulos är alltså stort. 

Vi har utan att i någon bemärkelse kunnat ”se” vad vi gör arbetat fram 
några lovande substanser som tuberkulosbakteien skulle kunna vara känslig 
för. Detta fungerar genom att substanserna binder till en essentiel del av 
bakterien och slår ut dess funktion. Eftersom att vi inte ser vad vi gör, måste 
vi hela tiden utgå från indirekta metoder. En sådan metod, fluorescenspolari-
sation, låter oss mäta hur hårt våra testsubstanser binder till denna essentiella 
del av bakterien. På så vis kan vi sluta oss till vilka substanser som fungerar 
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bäst. Även om dessa inte på långa vägar är fungerande läkemedel ännu, så är 
det ett nödvändigt steg på vägen.  

I den andra halvan av avhandlingen beskrivs det hur ett väldigt användbart 
enzym studerats. Enzymer är ett protein som utan att förbrukas kan effektivi-
sera kemiska reaktioner på ett otroligt specifikt och kostnadseffektivt vis. 
Dessutom finns det flera typer av viktiga substanser som inte kan tas fram på 
annat vis än med hjälp av enzymer. Det här specifika enzymet, Candida 
antarctica lipas A (CalA), har mängder med egenskaper intressanta för indu-
strin. Det är bland annat väldigt värmetåligt, vilket är minst sagt lite oväntat 
av ett enzym som hittats i en permafrusen sjö på Antarktis. De här aspekter-
na var kända sedan tidigare, men det som inte var känt var exakt hur enzy-
met såg ut. Vi lyckades använda oss av metoden röntgenkristallografi för att 
ta reda enzymets strukturen. Till skillnad från första halvan av avhandlingen, 
så kunde vi alltså här snart se precis vad vi hade att arbeta med. Det betyder 
att vi kunde förklara en hel rad av CalA’s egenskaper, lägga märke till saker 
som inte var kända sedan tidigare, samt ställa en del nya frågor. Dessutom 
kan man nu, i och med att vi tagit fram strukturen på CalA, designa om delar 
av enzymet för att förändra eller förbättra vissa av dess egenskaper.  
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