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 Lost in 
Transcription 
Monkeys have been living with their immunodeficiency virus for thousands of years; 

humankind with HIV for less than a century. That’s not much time for adapting to one 

another, so it’s no wonder that the relationship is fraught with conflict. Matthias Geyer 

of the Max Planck Institute of Molecular Physiology in Dortmund is studying the 

dangerous virus to discover how it co-opts its host’s cells for its own purposes.



TEXT CATARINA PIETSCHMANN

 T  
he threat has receded into the back-
ground and it no longer seems to be 
such a burning issue. And yet, last 
year in Germany alone, some 3,000 
new cases of HIV were identified – and 

2.7 million cases around the world. According 
to estimates issued by the World Health Organ-
ization, 33.4 million people now carry the hu-
man immunodeficiency virus. Two million died 
from AIDS-related diseases in 2008, including 
280,000 children. These numbers are those of a 
pandemic, not an easing of the situation.

However, the HIV retrovirus, which belongs 
to the lentivirus group, has a different effect on 
Matthias Geyer of the Max Planck Institute of 
Molecular Physiology in Dortmund: it fascinates 
him. As a scientist, he sees it as a highly devel-
oped biological system that possesses an aston-
ishing ability: it gets human T immune cells to 
replicate its viral genotype about 100 times fast-
er than their own. How on earth does it do that?

Scientists hope that the solution to this puz-
zle will yield benefits over and above new ther-
apeutic interventions for the treatment of acute 
HIV infections and AIDS. Many new discoveries 
about molecular processes in human cells will 
be made along the way, helping us to under-
stand what makes the difference between 
healthy and ill, young and old.

This is why the 45-year-old scientist does not 
see the deadly virus as merely “lean and mean,” 
but also extremely refined and highly efficient. 
“It clearly doesn’t want to kill its human hosts. 
In Darwinian terms, it wants to live with us in 
mutually stimulating coexistence,” says Geyer. 

Burgeoning HIV viruses under the scanning electron 
microscope: Activated T-cells (blue) produce up to ten 
billion virons (red) each day.
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RNA polymerase

Coding DNA region

Initiation region
Termination region

Transcription unit
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growing mRNA

Transcription – that is, the rewriting of DNA to messenger RNA – consists of three phases: initiation, elongation and 
termination. During this process, the genetic information is read by a special enzyme, an RNA polymerase.
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mutants to evade the antibodies. This 
process is an important part of evolu-
tion and has advantages for both sides, 
because viruses challenge our immune 
system in the same way bacteria do, 
prompting it to become more highly 
tuned.” In fact, it is thought that up to 
8 percent of our genome is made up of 
the remains of former infectious retro-
viruses. Optimistic estimates suggest 
that it will take another 200 years for 
us to achieve this balance with the tiny 
pathogen, while pessimists put the fig-
ure at 500 years. At that stage, it will be 
about as threatening as a herpes virus. 
Two hundred years – that’s a mere blink 
of an eye in evolutionary terms. Yet sci-
entists like Matthias Geyer don’t see 
that as a reason to slacken their pace. 

Of course, it has no choice, because like 
all 4,000 or so known virus species, HIV 
is between a rock and a hard place: 
without a host, it can neither replicate 
its genes nor survive for long in the 
harsh outside world. It consists of just 
a shell or capsid and its genotype – a 
very small single strand of RNA with 
barely 9,500 base pairs. Lentiviruses 
(from the Latin lentus = slow) general-
ly cause slowly progressing diseases. In 
the long run, killing their host would 
mean suicide – so symbiosis is their 
only option.

RAW BUSHMEAT A SOURCE 
OF INFECTION

“Most monkey species have been liv-
ing with the virus for some 10,000 
years, so they have a long history of 
coevolution.” It may sound cynical, 
but it could be said that it’s just our 
bad luck that HIV selected humans 
as new hosts only a few decades ago. 
It wasn’t even a deliberate choice. In 
the early 20th century, the virus was 
transferred to humans in several inde-
pendent instances, first from chim-
panzees (HIV-1), then from a type of 
long-tailed monkey (HIV-2). In both 
cases, it is thought that the infection 
occurred through the consumption of 
raw bushmeat or as a result of hunting 
accidents. It is now very rare for 
a monkey to die from the HIV-like 
simian immunodeficiency virus (SIV). 
When the pathogen infects another 
species, however, it is fatal, since 
changing hosts necessitates a process 
of adaptation. 

“It’s a constant challenge: the im-
mune system defends itself against the 
intruder, and the virus develops escape 

They are working away feverishly to 
discover strategies that will put the 
brakes on HIV propagation.

SCIENCE WITH MOLECULAR 
BUILDING BLOCKS

Matthias Geyer is from East Friesland in 
northwest Germany, and achieved 
school grades that would have paved 
the way for him to study dentistry. In-
stead, he chose physics and musicolo-
gy in Kiel. He dropped the musicology 
after three semesters. “What was I go-
ing to do with it? Become a music crit-
ic or archivist? 

No, thanks.” His physics studies 
were also fairly bleak, generally speak-
ing. Geyer moved to Bonn University, 
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left: Using mass spectra, Matthias Geyer (left) 
and Christian Bösken study how many phos-
phate groups are coupled to RNA polymerase II.

right: High-speed measurements: 
Tim Bommersbach uses a stopped flow appa-
ratus to observe chemical reactions that occur 
in a matter of milliseconds.

and later to Heidelberg. There he heard 
a lecture on something that was still 
quite new – biophysics. That was the 
thing! He wrote his thesis at the Max 
Planck Institute for Medical Research, 
on NMR spectroscopy in the analysis of 
biological reaction mechanisms. “The 
playful aspect of it really appealed to me. 
A construction kit full of molecules: that 
was right up my alley!” he enthuses. It 
isn’t much different from the construc-
tion kits of his childhood, but this time 
the building blocks are much smaller 
and have even more knobs. Which fits 
with what, and how? And what effect 
does that have on the whole?

The biophysicist stands at the board 
in his office, anxious to outline his re-
search. What makes the virus such a 

threat at present is its efficiency at a 
very specific point. “Ultimately, it’s all 
about transcription, the rewriting of vi-
ral RNA to DNA by the reverse tran-
scriptase enzyme, and the subsequent 
propagation of the HIV genes once 
they have become embedded in the 
host genome.” In humans, the princi-
ple is the same, but in reverse: DNA is 
transcribed to RNA, called messenger 
RNA (mRNA). Transcription can be 
broken down into three steps: initia-
tion or kick-off, elongation, when the 
nucleotide sequence is built, and ter-
mination, the final whistle.

While human DNA contains the 
plans for some 24,000 different pro-
teins, HIV’s RNA has instructions for 
just 15. Some of these occur in other 

viruses, but 5 of them – the accessory 
proteins – are highly specific. These 
“accessories” are responsible for the 
pathogen’s refined behavior, making 
them particularly interesting for re-
searchers. “Nothing is in the HIV ge-
nome by chance,” stresses Geyer. “If 
any thing were superfluous, evolution 
would have thrown it out by the third 
round, at the latest.” These “hot 5” pro-
teins include Nef, or negative factor. As 
soon as the virus finds its way into a T 
helper cell, it uses this intracellular pro-
tein to ensure that the cell does not de-
ploy any further CD4 receptors on its 
surface. HIV docks only to immune 
cells that bear these receptors, and if 
further viruses were to enter an infect-
ed cell, it would cause a superinfection, 
thereby inducing cell suicide, known as 
apoptosis, and putting an end to the 
dream of long-term, “peaceful” symbi-
osis with the host – us.

Although Matthias Geyer’s research 
does include Nef, here he tells a differ-
ent story. Right now, the star of the 
show is the accessory protein Tat – tran-
scription activation factor. The virus 
uses this protein to crank up its propa-
gation exponentially. Matthias Geyer 
explains the process of transcription in 
human cells in order to clarify the dif-
ferences with the HIV virus.

It is a play with many subplots and 
a very large cast. Act One: Initiation. 
Some 100 different proteins come to-
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gether at the start of the transcription 
of DNA to mRNA – in addition to the 
enzyme RNA polymerase II, the univer-
sal reader-writer. These proteins hunker 
down piggyback on certain recognition 
sites (promoters) in the gene sequence. 
Part of the DNA uncoils and the 
polymerase moves in, reads and con-
nects about the first 30 mRNA nucle-
otides. Then the machinery stops. “It’s 
a feedback mechanism, a way of saying, 
‘Do we really want to do this?’” ex-
plains Geyer.

FESTIVE FIREWORKS AND 
VERBAL SPARKS IN JULY

Act Two: Elongation. If the answer is 
yes, P-TEFb, the positive transcription 
elongation factor, gives the go-ahead. It 
loads one end of the polymerase chain 
(known as the C-terminal domain, 
CTD) with phosphate groups, and the 
process continues: the 100 proteins of 
the initiation complex fall off, the DNA 
uncoils further, and the polymerase 
continues its work and completes its 
transcript – mRNA. 

Act Three: Termination. Finally, the 
“immature” mRNA is trimmed and – 
voilà! – the template for the desired pro-
tein is ready.

It is one of those sweltering July 
days. The heat hangs in the small office 
and the air gets heavier by the minute.

when the cell is not undergoing divi-
sion. Geyer has now discovered where 
the fatal effect of HIV’s Tat protein lies: 
it is an activator and replaces P-TEFb’s 
Hexim1 brake. Consequently, the cell 
starts to produce the corresponding 
protein type endlessly.

The detailed explanation is rather 
more complicated. P-TEFb is a com-
plex comprising two subunits: the 
cyclin T1 protein and its enzyme, cyc-
lin-dependent kinase, Cdk9. First, Tat 
binds to a particular sequence of viral 
RNA: TAR. Then this nasty double-act 
(Tat-TAR) hooks onto cyclin T1, there-
by occupying pole position – the very 

P-TEFb! Hexim! Nef! 7SK! Cdk9! 
Cdk2! Cyclin! Tat protein! TAR! Tat-
TAR! Names and abbreviations are 
flung into the air, one after another, 
exploding under the ceiling and show-
ering the room with verbal sparks. It is 
clear that the speaker is on fire with 
enthusiasm for his research. Matthias 
Geyer talks fast, passionately and with-
out any conceit. Let’s continue, this is 
no time to falter!

The “go-ahead” factor P-TEFb pos-
sesses a natural brake: a small protein 
called Hexim1. Its function in human 
cells is to switch off this factor when no 
more proteins are required, such as 

It is now assumed that the disease was transmitted in four separate instances, 
which may have taken place on several occasions. The most important is from 
chimpanzees and probably took place between 1910 and 1930. By far the largest 
group, that of the HIV-1 M allele (M for major), arose from this transmission. The 
outlier group (HIV-1 O), also representing long-term non-progressors in part, was 
probably also initiated by chimpanzees. The HIV-2 variant arose from the manga-
bey monkey in West Africa. 

The newest variant is HIV-1 P (HIV-3), which is thought to have transferred from 
chimpanzees to gorillas and then from gorillas to humans. In other words, it, too, 
originated with chimpanzees. This variant was first identified in 2009. Since this 
virus, like HIV-1 O, is not pathogenic, or only slightly so, it was categorized using 
the next letter of the alphabet: HIV-1 P.

ORIGIN OF HIV
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1 Cellular watchdog: A T-cell (pink) comes into contact with an antigen-presenting cell (mint green) and checks 
 its surface for foreign proteins.

2  Matthias Geyer uses the whiteboard to explain how the elongation phase of transcription is regulated in humans. 
 The phosphorylation patterns of RNA polymerase II are responsible for the transitions between the phases.
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place where the Hexim1 brake normal-
ly docks. This is also how the virus 
cranks up the transcription of its gene 
– or “upregulates its expression level,” 
in biochemist-speak.

The fact that Cdk9 is (normally) 
put out of action by Hexim1 binding 
to cyclin T1, thereby putting a stop to 
elongation, was only discovered in 
2003. “It is interesting that misregula-
tion of transcription elongation, such 
as that which occurs with HIV, also oc-
curs in other diseases, like myocardial 
hypertrophy,” says Geyer. This causes 
heart muscle cells to keep producing 
more and more protein, leading to ex-
treme enlargement of the heart and, 
ultimately, to death.

Certain types of cancer tell the same 
story. Hexim1 mutations can be dem-
onstrated in ovarian, testicular and 
bowel cancer, among others. This either 
prevents the cell from producing 
enough protein, or causes point muta-
tions that give rise to defective opera-
tion of the protein. Take breast cancer: 
it is now known that Hexim1 inhibits 
the growth of mammary cells. This 
function is controlled by estrogen, but 
it is weakened in tumors. Researchers 
have recently discovered that a very ag-
gressive form of childhood leukemia is 
also dependent on the Cdk9 function. 
“However, this cell regulation mecha-
nism was discovered in HIV,” stresses 
Geyer. Reason enough, as far as he is 

concerned, to take a very close look at 
all participating molecules – the “good” 
and the “bad.”

Bromodomain 4 is a case in point. 
This molecule activates the P-TEFb 
complex to give the go-ahead for 
polymerase II to continue reading and 
writing until the transcript is ready. 
“But how does specificity arise?” says 
Matthias Geyer smiling, as he ap-
proaches the whiteboard once more. Of 
course, we guessed it – there are plenty 
more questions to answer! A pivotal 
one is this: Why is one gene read and 
not another? The virus has only a small 
number of genes, but we have 24,000! 
“The cell could use different marks to 
identify each gene that is to be read, but 
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CTD C-terminal domain 
of RNA polymerase

Cdk9 Cyclin-dependent kinase

CycT1 Cyclin T1

Brd4 Bromodomain 4

Hxm Hexim1

Tat-TAR Complex of viral 
protein and viral RNA

Brake failure: Hexim1, a small protein, is normally 
responsible for stopping transcription in human cells. 

HIV’s Tat protein puts this brake function out of action, 
so that certain proteins are produced interminably.

Interrupted elongation of the RNA strand

Phosphorylation of RNA polymerase II Activated elongation of the RNA strand
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Active transcript
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the inhibition of reverse transcriptase 
or protease, which trims immature pro-
teins. It attacks enzymes that occur in 
a very similar form in humans. Conse-
quently, lifelong treatment is associat-
ed with many adverse reactions.

A NEW TOOL TO CURTAIL VIRAL 
PROPAGATION

Where could a new tool be applied ef-
fectively and with less collateral dam-
age? “If we could switch off Tat-TAR, we 
would have a great tool for reducing vi-
ral propagation, because that particular 
system plays a role only in HIV,” says 
Geyer. The viral load increases one to 
three weeks after the initial infection; 
that is, the number of pathogens swim-
ming around in the body rises steeply, 
and at the same time, the number of 
CD4 helper cells drops dramatically. “If 
we could gain an advantage for the 
body at this point by curtailing viral 
replication, antibodies would recognize 
all HIV-infected cells and switch them 
off, because the virus is fairly uniform 
to start with.” Afterwards, though, it 
changes with each round of replication 

that would mean having 24,000 differ-
ent marks – far too many for one cell. 
Then again, it could have a small set of 
marks that could be constantly com-
bined in unique new patterns.” 

A CRYPTIC CODE AT THE END 
OF THE ENZYME

Two molecules are hot candidates for 
this type of marking pattern. One of 
them is the above mentioned Bromodo-
main4. Not only does it activate P-TEFb, 
but it also interacts with the histones, 
those small, knobby proteins where the 
DNA is coiled up so that it doesn’t get 
tangled. Each histone has small “hairs” 
of amino acid chains at the side, where 
hydrocarbon particles sit in particular 
patterns. Could these chemical modifi-
cations on the histones be a recognition 
pattern to prompt gene reading?

The other candidate is CTD – re-
member? It’s at one end of RNA polymer-
ase II, and it bears a cryptic code called 
a “repeat” consisting of seven amino 
acids – tyrosine-serine-proline-threo-
nine-serine-proline-serine. And this se-
quence is repeated 52 times – in hu-

mans, that is. In baker’s yeast, only 26 
times; in some other organisms even 
more. It is a kind of “Da Vinci Code” – 
only no one really knows what it 
means, just yet.

What is known, though, is that 
transcription cannot continue until the 
heptad repeat is “embellished” by phos-
phate groups that settle onto serine 
(and do so in a different sequence than 
previously thought, as Geyer recently 
discovered). This could be the second 
part of specification for gene reading. 
Matthias Geyer and many of his col-
leagues around the world are working 
to solve riddles such as these – partly, 
but not exclusively, to enhance their 
understanding of HIV.

Back to immune deficiency. With 
current treatments, a person who is in-
fected with HIV at the age of 20 will live 
to an average of 69.4 years of age. Of 
course, this applies only if they live in 
a country with optimal healthcare pro-
vision, such as Germany. In other 
words, they may wind up dying of 
something other than AIDS. Mostly, 
treatment involves a combination of 
several agents whose functions include 

Biochemist Sonja Kühn takes protein crystals out of a beaker with liquid nitrogen.
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invisibility cloak. “Even if just 5 out of 
1,000 new viruses get through, it’s 
enough!”, as they then replicate unhin-
dered. Sloppy work, but unfortunately 
not sloppy enough. “If the transcriptase 
error rate were a little higher, the fol-
lowing generations of the virus would 
lose track of what it’s about. It would 
lose its functions and therefore its effec-
tiveness,” says Geyer.

Each new discovery raises new ques-
tions. Yet if even viruses are such com-
plex entities, how much more sophisti-
cated must a highly developed cell be? 
Each individual body cell integrates 
functions such as genotype reading, 

– not out of “malice,” but because its 
reverse transcriptase is a sloppy worker; 
it functions on the basis of quantity, 
not quality. The enzyme has an error 
rate of 1 to 1,000 nucleotides, so there 
is a constant flow of incidental chang-
es that lead to slightly modified pro-
teins. In some cases, this causes no 
damage: these proteins are called silent 
mutants. In others, an important site 
might be affected, such as an envelope 
protein. Consequently, an escape mu-
tant is formed, and there we have a new 
variant of the virus that is practically 
indiscernible to the immune system’s 
watchdog cells, as if it were clad in an 

transcription, protein production and 
much more. Depending on the “loca-
tion” and demand, it may perform 
these functions dozens, hundreds or 
even thousands of times a day – and all 
this in a coordinated, largely error-free 
manner. The fact is, it’s almost a mira-
cle that there are any higher life forms 
than single-celled organisms, not to 
mention human beings. Matthias Gey-
er laughs. “That’s one of the reasons 
why we’re working on the HIV virus. It’s 
small and neatly arranged, and many of 
its processes have hardly changed dur-
ing the course of evolution, so it’s an 
ideal model for us to study.”                          
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Reverse transcriptase 
An enzyme that catalyzes the 
transcription of RNA to DNA. In-
cidental errors occur constantly 
during this process, giving rise 
to new virus variants.

Retroviruses 
(Reverse transcriptase oncoviruses) 
A group of viruses that attack animal 
cells. Their genetic information, encod-
ed as RNA, is transcribed to DNA and 
integrated into the host cell’s genome.

GLOSSARY

Coevolution 
A process of mutual adapta-
tion between two species 
that can take place over long 
periods of evolutionary de-
velopment and history.

CD4 helper cells 
Subgroup of white blood cells 
that have special molecules 
called CD4 receptors on their 
surface. The HIV virus uses these 
as entry gates into the cell.
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