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Abstract. Viroids are an independent class of plant pathogens which are 
distinguished from viruses by the absence of a protein coat and by their 
unusually small size. They are single-stranded circular RNAs composed of 
about 360 nucleotide residues. Sequence analysis and physicochemical 
studies of the potato spindle tuber viroid (PSTV) have shown that, as a result 
of intra-molecular base pairing, viroids form a unique rod-like secondary 
structure which is characterized by a serial arrangement of double-helical 
sections and internal loops. There is no indication for an additional tertiary 
structure because all parts of the molecule are freely accessible to ligand 
interaction. During the denaturation all of the native base pairs of viroids are 
dissociated in one highly cooperative transition, and in the same process very 
stable hairpins which are not present in the native structure are newly 
formed. Most of the properties of the structure and structural transitions of 
PSTV have been found also in citrus exocortis viroid, chrysanthemum stunt 
viroid and four different viroid-like RNAs associated with the cadang-cad- 
ang disease. The close similarity between these viroids is more expressed in 
the overall structure and in thermodynamic and functional domains than in 
the primary sequence. The stiffness of all viroids can be described by an 
unique persistence length of 300 ~.  Characteristically, regions of premelting, 
regions of stable hairpins, and the sequence UACUACCCGGUGG which is 
opposite to one of the stable hairpins, are the most conservative sequences 
in the molecules. Current hypotheses about the function of viroids are 
discussed on the basis of their structural and thermodynamic features. The 
suggestion that viroid RNA has features similar to DNA has been supported 
by the finding that they are replicated in vitro by the DNA-dependent RNA 
polymerase II of the host plant. The highly conserved sequence in viroids 
mentioned above corresponds very closely to a segment at the 5'-end of the 
small nuclear RNA U1 of eukaryotes. Because this segment is discussed in 
recent models, to be involved in the splicing process, a hypothesis is 
proposed in which viroids interfere with the splicing process leading to a 
pathogenic misregulation of mRNA processing. 
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I. Identification and Isolation 

Viroids are the smallest infectious agents known. They are distinguished from 
viruses and bacteriophages by the absence of a protein coat and by their 
unusually small size. They were identified as a new and independent class of 
pathogens when different groups of researchers (T. O. Diener, USA, 1971; 
H. L. S~inger, Germany, 1972; J. Semancik, USA, 1972; R. P. Singh, Canada, 
1971) found that diseases of certain higher plants were caused by short 
protein-flee ribonucleic acids. Thus, viroids are single infectious molecules with 
a molecular weight around 120,000, i.e., a factor of 20 smaller than the smallest 
bacteriophages. 

In spite of their small size viroids can be extremely pathogenic as shown in 
Fig. 1A, where a healthy and a viroid-infected tomato plant are depicted. Viroid 
diseases have been found with potato (Diener 1971), tomato (Singh 1972), 
citrusffuit (Stinger 1972; Semancik and Weathers 1972), chrysanthemum 
(Hollings and Stone 1973; Diener and Lawson 1973; Romaine and Horst 1975), 
cucumber plants (van Dorst and Peters 1974), coconut palms (Randles 1975), 
hops (Sasaki and Shikata 1977), avocado (Thomas and Mohamed 1979), and the 
ornamental plant Columnea erythropae (Owens et al. 1978). Probably the most 
economically important disease is cadang-cadang which has killed around 
30 million coconut palms in the Philippinnes (Fig. 1B) (Zelasny et al. 1982). 
Viroids have not been found in man or animal although several diseases have 
been considered to be caused by viroid-like agents. Studies on viroids are not 
only of major importance in agriculture and horticulture but are also of basic 
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Fig. 1, Symptoms of viroid 
infections. In A a healthy tomato 
plant (left) and a plant infected 
with PSTV (right) is depicted. 
In B a grove of coconut palmes 
infected by the cadang-cadang 
disease in shown 

interest in molecular biology. The coding capacity of viroids is apparently too 
small for them to direct the synthesis of enzymes reponsible for their own 
replication. Therefore, the structure, synthesis, and pathogenicity of viroids 
cannot be understood in terms of conventional viral mechanisms. Viroids are also 
of interest to biophysicists. They are of a size which is accessible to a series of 
physical techniques. They are one step more complex than the well known 
tRNA, but they are also markedly smaller than phage RNA. Besides tRNA, the 
structure of viroids is at present better understood than that of any other 
RNA. 

A prerequisite of physical and physicochemical investigations was the 
availability of at least microgram amounts of highly purified viroid material. It 
was a long and tedious process to develop a procedure for isolating viroids from 
diseased plants (Stinger et al. 1976). Young tomato plants were found to be 
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appropriate for viroid propagation because they can be cultivated in large 
numbers in greenhouses and show clear symptoms a few weeks after viroid 
infection. Leaf material is homogenized, extracted with phenol, and the total 
nucleic acids remaining in the aqueous phase are precipitated with ethanol. 
Repeated precipitation and extraction steps are used to free the precipitate 
(which contains the infectious viroid RNA) from large nucleic acids and also 
from polysaccharides the presence of which complicates the purification 
considerably. Repeated preparative polyacrylamide gel electrophoresis finally 
yields a nucleic acid which is infectious, and which is absent from similar 
preparations derived from healthy plants. The yield of the purified viroid RNA 
is extremly low as only about 0.2 mg of pure viroid can be obtained from 5,000 
diseased plants. Recently, HPLC-technique has been applied successfully for a 
large scale purification of viroids leading to a more simple and rapid isolation 
(Colpan et al. in preparation). 

In this article we will describe the development of our present knowledge 
about the structure and dynamics of viroids and outline current concepts and 
hypotheses about their function. The article is centered mainly around the work 
of the authors with particular emphasis on the physical aspects of these studies. 
Biological and chemical features of viroids have been reviewed elsewhere 
(Diener 1979; Gross and Riesner 1980; Stinger 1981; Kleinschmidt et al. 
1981). 

II. Structure 

Following purification of viroids in sufficient quantity early studies centred on 
their structure. Details of their structure could then be used as a basis for present 
and future studies on their function. 

Only those techniques which can be applied to microgram amounts of viroid 
RNA could be used for structural studies. For example, very small amounts of 
RNA are needed for electron microscopy. Furthermore the modern techniques 
of nucleotide sequencing require little material because the nucleic acid or its 
fragments are radioactively labeled in vitro and detectable in subsequent steps 
by autoradiography methods. Physicochemical methods can also be refined for 
small and low concentration samples if they take advantage of the high 
UV-absorption coefficients of nucleic acids. Therefore, thermodynamic, kinetic, 
and hydrodynamic studies with UV-recording can be done systematically 
whereas calorimetry, NMR etc. can be applied only when sufficient quantities 
are available. 

1) Electronmicroscopy 

Under native conditions viroids appear in electronmicrographs as rod-like 
molecules of an average length of 37 _+ 6 nm (Fig. 2A) (Stinger et al. 1976; 
Riesner et al. 1979). The shape of viroids has also been studied with 
hydrodynamic methods in solution. By determining the molecular weight and 
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Fig. 2. Electromicrographs in dark-field illumination of viroids in the native conformation (A) and as 
relaxed circles (B). Magnification is 185,000 

sedimentation coefficient independently, an axial ratio of 20 :1  has been 
estimated - a value in good agreement with the results from electronmicros- 
copy. 

Spreading and grid preparation was also carried out under fully denaturing 
conditions (see bel.ow), i.e., after all basepairs are disrupted by urea, by 
formamide or by elevated temperatures, and the resulting structures were 



150 D. Riesner et al. 

sometimes fixed with formaldehyde. Viroids are then visible as covalently closed 
single-stranded circles with a contour length of 100 + 6 nm (Fig. 2B) (Stinger et 
al. 1976; McClements and Kaesberg 1977; Riesner et al. 1979). This conclusion 
was clearly confirmed by chemical methods (see below). The discovery that 
viroids were circular was surprising and viroids were the first example of a 
natural circular RNA. Ring structures had previously only been found in DNA, 
and these were of much higher molecular weight. In the mean time circular RNA 
molecules of various size have recently also been found in the cytoplasm and in 
mitochondria of eukaryotic cells (Ming-Ta Hsu and Coca-Prados 1979; Arnberg 
et al. 1980). 

2) Nucleotide Sequence of PSTV 

The first complete primary structure of a viroid, that of the potato spindle tuber 
viroid (PSTV), was established in 1978 (Gross et al. 1978). We will not discuss in 
this context the particular difficulties which made the work on the sequence of 
the 359 nucleotides of PSTV a very difficult task, we will take the result of that 
work as a basis for further quantitative treatments. While discussing structural 
aspects it should be pointed out that distribution of enzyme digested fragments 
in PSTV showed unequivocally that the 359 nucleotides of PSTV form a 
covalently closed circle. The nucleotide sequence and the secondary structure 
sequence of PSTV are shown in Fig. 3. 

3) Thermal Denaturation and Secondary Structure of Viroids 

In the viroid circle, the formation of intramolecular basepairs leads to a well 
defined secondary structure. This structure can be derived either from the 
nucleo~ide sequence by calculating the thermodynamically most stable structure 
or from thermodynamic experiments. 

Calculation of the Most Stable Structure. The stability constants, the reaction 
enthalpies and entropies for basepair formation are given in the literature (Borer 
et al. 1974; Gralla and Crothers 1973a, b; P6rschke et al. 1973; Rubin and 
Kallenbach 1975; Scheffier et al. 1970; Riesner et al. 1979; Steger et al. in 
preparation). Firstly they depend on the type of the basepair formed and the 
type of the neighboring basepair. In addition to the classical Watson-Crick 
basepairs, A : U and G : C, the so called wobble type G : U is also taken into 
account. Furthermore, if a basepair is formed as a first pair closing a loop the 
parameters depend upon the size and kind of the loop. In Table 1 the different 
elementary steps for secondary structure formation are listed. Several graphical 
and computerized methods are available to search for highly basepaired 
structures of a given sequence. The highly basepaired structure is considered to 
arise from the unpaired circle as the product of a multistage process of the 
elementary steps whose contribution to the overall free energy are then 
summed. The basepairing scheme with the lowest free energy is the 
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Table 1. Stability parameters of ribonucleic acids. The values for the equilibrium constants, reaction 
enthalpies, and reaction entropies can be found in the literature (see text). The growth parameters of 
base pairing (see 1) not only depend upon the type of base pair to be formed but also upon the type of 
the preceding base pair. Loop formation (see 2) depends upon the factor y, which describes the 
probability of pairing of bases which are within a favorable distance, and upon the loop weighting 
function ~9 (p+l) which describes the probability of approaching the favorable distance and includes 
the geometry of the loop. l t o  t = total number of nucleotides of the molecule 

1) Base pairing --[TTTT@ s [ T T ~  
s~ ,  S~A, SOu a :Experimental , ~  ~_ \ 

2) Loop formation 
A) Hairpin loop 

p < 13: Experimental 
Monte-Carlo-calculations 
p=>13: Q (p + 1 ) = 0.319.p~ 

y-r (p + 1) 

B) Internal loop - ~  Y'~i (r) 

r _<- 8: Experimental 
r > 8: Qi = ~9 (r  + 1) "",., 

C) Bulge loop _ ~  _ ~  

t -< 8: Experimental ~'Qb (t) 
t > 8: ~b (t) = Q (t + 1) ~ .  

3) Base pairing in circles N - 1  @ K ~ 
K=y~)(P + l ) ' ~ ) ( q + l ) . S  

o(lt~ R 

thermodynamically most favorable secondary structure. This structure is shown 
for PSTV in Fig. 3 (Riesner et al. 1979). A similar scheme is obtained as a first 
order approximation if the number of basepairs is optimized (Gross et al. 
1978). 

Secondary Structure as Concluded from Melting Curves. The helix-coil transition 
of nucleic acids can be induced by temperature increase, and it is associated with 
a 30-40% increase in UV-absorption. These transition curves, commonly called 
melting curves, can nowadays be recorded with computer controlled spectro- 
photometers, using microcuvettes of 50 bd sample volume and 1 cm optical 
pathlength. Consequently, less then a microgram of nucleic acid is needed to 
obtain a melting curve (Heneo et al. 1980). In Fig. 4 melting curves of PSTV and 
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&.a, lZ60r, m) [,(;_11 
0.1 AT 

0.08 
Viroid {PSTV) 

0.06 

0.04 

0.02 tRNA / 

ds RNA(Reovirus 

d s DNA.(Phage~ A) 

Fig. 4. Optical denaturation curves of PSTV, t R N A  Phe from yeast, dsRNA from reovirus and 
dsDNA from phage 2. The curves are presented in the differentiated form. Buffer conditions: 1 mM 
sodium-cacodylate, 20 mM NaC1, pH 6.8, 0.1 mM EDTA; concentration of the nucleic acid: A260 
(20 ~ C) = 1 

other types of RNA and DNA are depicted. Melting curves in the differentiated 
form as in Fig. 4 are commonly used today because the occurence of more than a 
single transition can be recognized more easily and the evaluation of the 
midpoint temperature T m and the half width AT1/2 is easier (Riesner and R6mer 
1973). 

It is quite obvious from Fig. 4 that different nucleic acids can give rise to 
quite different melting curves, tRNA shows the well known curve of several 
broad transitions at a fairly low average Tm-value. The other extreme is the 
denaturation of homogenous double-stranded RNA from reovirus, which occurs 
in several very sharp transitions at high temperatures. DNA from phage 2 shows 
a multistep curve at somewhat lower temperatures than the reovirus RNA. An 
extraordinary situation is found with PSTV in that the sharpness of the transition 
of a double-stranded nucleic acid is combined with the low thermal stability of 
single-stranded nucleic acids such as tRNA, 5SRNA and mRNA. 

Before the complete sequence of PSTV was known some essential features 
of its secondary structure could be derived from the transition curves 
(Langowski et al. 1978). Secondary structural models of viroids were varied 
systematically, the corresponding melting curves were calculated applying 
known methods of statistical thermodynamics, and the simulated melting curves 
were compared with the experimental ones. Best agreement was obtained for a 
secondary structure model in which short double helices and small internal loops 
are arranged in an unbranched series. This model agreed with great accuracy 
with the detailed secondary structure derived from the nucleotide sequence. 
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Now that the sequences of several viroid species are known, it is of course more 
�9 appropriate to discuss the structural and dynamic details of viroids on the basis of 
their established sequences. 

So far, the results from thermodynamic studies have been interpreted in 
terms of the structures involved, whereas the real mechanistic properties will be 
discussed together with the kinetic results in the next section. We wish, 
however, to emphasize one qualitative argument. As mentioned before, viroids 
combine the sharpness of the transition, i.e., the cooperativity, of dou- 
ble-stranded nucleic acid with the low Tm of single-stranded, clover-leaf like 
RNA structures. Indeed, both structural features are found in viroids. As has 
been shown quantitatively, the complete linear arangement in combination with 
the circularity serves for the maintainance of the cooperativity, and the many 
internal loops decrease the melting temperature. 

4) Absence of  an Additional Tertiary Structure 

It is known from other single-stranded RNAs such as tRNA, 5SRNA, ribosomal 
RNA etc. that in addition to the two dimensional secondary structure a higher 
ordered structure may be formed which is termed the tertiary structure. The 
g-shaped tRNA is the best studied example of a nucleic acid with pronounced 
tertiary structure. At first glance, viroids with the many unpaired regions would 
appear to be predestinated to bend to a more globular structure and form 
additional basepairs between loops which are quite distant in the secondary 
structure. Results from different experiments have proven, that the extended 
form as suggested from the secondary structure and visualized at the bottom of 
Fig. 3 is actually present in solution (Gross and Riesner 1980). Besides the 
electronmicroscopic and the hydrodynamic studies already mentioned, studies 
with dye binding to the helical regions (Riesner et al. 1979), oligonucleotide 
binding to the unpaired regions (Wild et al. 1980), enzymatic digestion in the 
loops (Gross et al. 1978), and chemical modification of unpaired cytosines 
(Gross et al. 1978), have shown quantitative agreement with a molecular 
structure in which all tested regions are freely accessible. The rigidity or stiffness 
of the rod-like structure will be discussed below. 

III. Structural Transitions 

Whereas in the last section structural aspects were dominant in interpreting 
the thermal denaturation of viroids, we turn now to more mechanistic questions. 
A close inspection of the melting curve of PSTV in Fig. 4 shows that after the 
main transition has occurred broader transitions of lower hypochromicity are 
found at higher temperatures. Because of the low signal these transitions were 
not resolvable by equilibrium melting. In the temperature-jump technique, 
however, a denaturation process is characterized not only by its overaU 
hypochromicity but also by its complete, exponential time course after a 
stepwise temperature increase or decrease. If more than one process 
contributes, more than one exponential with a corresponding amplitude is 
measurable. The slow temperature-jump technique in which the temperature 
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Fig. 5. Vertical cross section 
through the microcell for the 
temperature-jump-technique. 
On the right the front view of the 
compartment containing the gel and 
the sample is shown. The dashed 
line represents the axis of the light 
beam. The body of the cell was 
made from Delrin (Du Pont). When 
the cell was used in the conventional 
manner, it was filled only with 
solution instead of gel and solution, 
and 1.2 ml Sample had to be used 
instead of 80 gl 

, i Solution 

... 

change is induced by switching thermostating bathes, as well as the fast 
technique with temperature-jumps resulting from capacitor discharge were 
applied to cover the time range from microseconds to minutes (Henco et al. 
1979). Both techniques were optimized for the requirements of the study on 
viroids, i.e., high temperatures and exceedingly little RNA material (Henco et 
al. 1980; Riesner et al. 1982a). An essential improvement was developed for 
the cell of the discharge T-jumps in which the sample volume was reduced from 
1.2 ml to 80 ~tl without changing the optical pathlength or the thermal properties. 
As illustrated in Fig. 5, an agarose gel was formed between the electrodes and 
the sample was placed in a hole of small bore cut from one window to the 
other. 

1) Main Transition 

The kinetic results confirmed the high cooperativity of the main transition. 
80-90% of the hypochromicity is found in a single exponential relaxation effect 
in the time range of seconds. If the cooperativity is determined by a comprison of 
reaction enthalpy evaluated from van't Hoff plots and the total enthalpy 
measured calorimetrically, a ratio AHvan, t Hoff/AHtotal -- 0 .8-0 .9  was obtained. 
In Fig. 6A the amplitudes and relaxation times of the highly cooperative process 
are given, and in Table 2 some parameters which were derived from the 
equilibrium and kinetic investigations are listed (Henco et al. 1979). 

2) Transition at Higher Temperatures 

Although the amplitudes amounted to only a few percent of those of the main 
transition the processes could be followed quantitatively by fast kinetic 
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measurements (Henco et al. 1979). In Fig. 6B the relaxation amplitudes and 
times are given for the transition with the highest Tin-value in PSTV. Those data, 
together with the wavelength dependence of the hypochromicity Hy(2) led to a 
complete set of parameters which allowed us to attribute the process to a well 
defined region in the viroid molecule. Briefly, it was carried out as follows: 
Hy(2) yielded the G : C  content, AH together which the G : C  content the 
number of basepairs, k~ allowed the estimation of the number of unpaired bases 
in the loop which is closed by formation of the first basepair. The consistency of 
these data may checked by the Tm-value. Then, a search was made for 
particularly stable complementary regions in the viroid sequence which could 
form hairpins. In Table 3 the hairpins which have been found in PSTV and in 
other viroids (see below, Henco et al. 1979; Randles et al. 1982), are listed, and 
the experimentally determined parameters (exp) are compared with those 
calculated (the) on the basis of the sequences. We regard the agreement as 
experimental proof of the presence of those hairpins at temperatures above the 
main transition. 

An unexpected result is that the stable hairpins are not part of the native 
structure but have to be newly formed during the main transition. Consequently, 
all basepairs of the native structure are disrupted in the main transition and 
particularly stable double-helices between regions quite distant in the native 
structure are newly formed. 

3) Complete Denaturation Scheme 

After identifying the stable hairpins the complete mechanism of denaturation 
and renaturation is as illustrated in Fig. 7. In the main transition the extended 
native structure (a in Fig. 7) switches over into a branched structure (c in Fig. 7). 
In PSTV three stable hairpins would follow from the sequence, whereas from the 
experiments the presence of only two of them can be concluded safely. In the 
two consecutive steps the stable hairpins dissociate into the completely unpaired 
circle. All structural states could be observed in the electronmicroscope under 
the appropriate conditions of preparation (Riesner et al. 1979). 

The formation of the stable hairpin increases the cooperativity of the main 
transition. For an easier explanation of this effect a transient state (b) which is 
not present in measurable concentrations is also depicted. It can be calculated 
that the left part of PSTV (helix 1-13 from left to right) would melt a few 
degrees lower than the right half. In the dissociated left half, however, sequences 
of nucleotides become unpaired and these can form the stable hairpins described 
above if they combine with their complementary sequences which are still 
involved in the native structure of the right half of the molecule. The strong 
tendency to form the stable hairpins (cf. the arrows in Fig. 7b) is inevitably a 
strong driving force for the dissociation of the right half of the molecule. It was 
calculated that the Tin-value of the right half is lowered thereby, and left and 
right halves dissociate at the same temperature. 
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Table 3. Properties of the stable hairpins. The theoretical values (the) are calculated from the sequences and the 
base pairing schemes. Tin-values correspond to 1 M ionic strength. The experimental values (exp) were evaluated 
from temperature-jump experiments. The experimental Tin-values were extrapolated to 1 M ionic strength 
assuming dTm/d log CNa+ = 12.5 ~ C. The numbers of basepairs were evaluated from the reaction enthalpies. 
Hairpin I is also present in CEV and CSV but was not followed quantitatively 

Hairpin Tm (~ foc (%) Loop size Number of 
basepairs 

the exp the exp the exp the exp 

PSTV 
79 8'7 
~ C G C U U C A G G  

I Q 86 69 14 9 
- G C G A G G U C C  
110 102 

80-85 77• 20• >6 a 
127 133 
- C G G U G G G G A  

(III) @ >86 85 28 7 
~ G C C G C C C U U  
168 162 

227 236 
- C C C U C G C C C C  

II @ 92 93 90 90+5 82 >40 10 10+1 
- G G G A G C G G G G  
328 319 

CEV 
239 249 

C C C U C G C C C G G A G  
II @ 98 95 91 90+5 79 >40 11 10+1 

G G G A G C G G G C C U C  
339 329 

CSV 
223 234 
- C C C U A G C C C G G  

II (~) 92 97 82 95+5 76 >40 11 9+1 
- G G G A U C G G G C C  
322 311 

ccRNA1 large 
42 50 �9 
- C G C U U G A G G  

@ 
- G C G A A C U C C  
73 65 

85 87 67 71+7 14 20+10 9 10+1 

a Because of the superimposition of both transitions only a lower limit could be evaluated 
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II 

Fig. 7. Denaturation mechanism of PSTV. The molecule undergoes the transitions from (a) to (e) 
with increasing temperature. On the right side electron micrographs of PSTV in the corresponding 
conformations are shown (courtesy of Dr. G. Klotz, Ulm). Because conformation (b) is a kinetic 
intermediate, it is not observable in electron micrographs 

IV. Viroids: A Structural and Dynamic Principle 

Hydrodynamic, thermodynamic and kinetic studies have given a clear indication 
that other viroid species exhibit features very similar to PSTV (Stinger et al. 
1976; Langowski et al. 1978). More specific comparison Can be done now that 
more sequences are known. Figure 8 shows the sequences in the optimized 
secondary structures of citrus exocortis viroid (CEV; Gross et al. 1981, 1982), 
chrysanthemum stunt viroid (CSV; Gross et al. 1981, 1982; Haseloff and Symons 
198t), and the viroid RNAs associated with the cadang-cadang-disease (ccRNA; 
Mohamed et al. 1981; Haseloff et al. 1982). As evident from Fig. 8 
cadang-cadang disease differs from other viroid diseases in that four RNAs of 
different size which are, however, closely related each other, are associated with 
the disease (Imperial et al. 1981). The sequence homology between PSTV, CEV 
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i '~ 12o 

c ~ ~,~- V~u ~ ?cV~ ' ?~ ~ ~ ~c~ ~ cuuc~ u~c-cc~  c u ~ . , ~  c ~  ~ c u ~ c  ~ c c  cucc ~ ~ c ~  ~ u "  
, ,i , i l l  I11111 I l l  I I I I I  I I I I I I I I I I I  I I I  I I I i i  I I I I I i i i i  I I I i i i  I I I I  I I I I  I I ~ i i  I I I i i  I I I I I  u 

C CCU UGA CCAAGG-U6CC-CG UGAGGG GGG CGAU CUU-CU ~UUUUUU-CCfiC CUUC- i~GUC AG~ (~CCC ~UIJUCCUUC6 GCU C~C-CC~EUCCC~ ~ U ~  ~ CiVi l  UCCUU C ~ ' ~ '  ~r~rA U 
! U U UU AA AuC CcA UU (AAcC M A A U A C ~A U UC A UC i(-U U " ~  ~ C 

~U ~ , ~ ,~ ~C~ U~A ., �9 % ~C ~ ; 

I I I  I i I i I I  I ]  I I I I I I l l  I I I I I l l l l  i i  I I i i i  i i i  I l l l l l l  i l j l  11111 

i ~ ~u ~ ~ . ~ .  " ~ ~ I .e" - "~'~1 u ~  ~ %sc I ~ c  c cuu~ c uc ~ cc u u 

( ~  II 36o z~o  

ccRNAl-small 
5.0 1oo 

AA C A A AC i ~ Z ~  A i C GU 
G A U C ACU G U ; . ; ~ . b t - - - - ~ l l ~  ~ U A A UC : UG CU G 

-H GGG CUACA-GGGCACC AAC GCAGG-AGA GCCGC U ~  ~C~GCG UC GGG AGGG GCG CUGGG-UCGA UGCG GGAG 
, . . . c  !!~ ~!,r,~,I,~,r,~,T,~ ,,,,I,~ ~l ,I ,  ~II ~II,i ii~ ~ , it  ~ I 1 t 1 ,  ,! iI,  ,~I~ 1,1 , ~  iL~ ~11~ I~,~ 

U ~UUc~U% ~uu~u~ vu~UGUCC UCU-CGGCG A~GGVGGCC~ rQI]GUUCGC AG-CUC UCCC-CGC GGCCC AGCU AUGC CCUCA ~ 
�9 ~.  ~ A U AU �9 CC ~ C C C GC U G UU 
; 

246/2~7 AA 20o 

CcRN~ s m a l ~  ~ . . ~  

492/q94 

ccRNAI- ~ a rge 

Uj " ................................................................ -'D 
295(_+8) 

ccRNA2-1arge 

H~,,H~II  l i t  i/~zzt/Zt I , *  , , r  z /n r / I r  HH H I /N r  l l#ZnZ I H / I ~ ' ~ I  

590(-'16) 

Fig. 8. Sequences and secondary structures of CEV, CSV and the four cadang-cadang-RNAs. 
Cadang-cadang RNA-small is a mixture of the sequence depicted and the sequence with C(198) 
missing. Cadang-cadang RNA-large differs from cadang-cadang RNA-small by duplication of the 
region marked by an arrow. The size of the duplicated region varies between different isolates 
leading also to a variation in the total number of nueleotides. RNA 2 is the duplication of RNA1 as 
depicted schematically. The boxed in region is identical in all viroids of this figure and PSTV. The 
sequences of CEV and CSV are those given by Gross et al. (1982), the sequences of ccRNA are 
taken from Haseloff et al. (1982) 

and  C S V  is 6 0 - 7 0 % ,  whereas  c c R N A  conta ins  only  in the  b o x e d  r eg ion  a 
s e q u e n c e  conse rved  in all v i roids .  The  p rope r t i e s  of  P S T V  will be  br ie f ly  
r e v i e w e d  with  a d iscuss ion of  the i r  app l icab i l i ty  to the  o t h e r  v i ro ids .  

1) Linear Arrangements of Short Double Helices and Small Internal Loops 

A s  ev iden t  f rom Fig.  8 all v i ro ids  s tud ied  show a c o m m o n  pr inc ip le  in the i r  
s e c o n d a r y  s t ruc ture .  A l t h o u g h  the  degree  of  basepa i r ing  is s imilar ,  the  de t a i l ed  
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distribution of internal loops varies. Thus, in viroids the specific features of the 
secondary structure are evidently more conservative than the primary 
sequences. This result would not be expected a priori because only particular 
sequences are able to produce such a high degree of basepairing. It has been 
shown that randomly generated sequences with the same A : U : G : C ratio as 
PSTV would lead to only about 100 instead of 125 basepairs being formed 
(Riesner et al. 1979). 

2) Premelting Regions and the Border of Stability 

The optimal secondary structures have also been calculated at a temperature 
three degrees below the main transition. At this temperature the regions of 
lowest stability undergo premelting transitions. The premelting regions have 
been compared for CEV, CSV and PSTV, the viroids of high sequence 
homology (Gross et al. 1981; Steger et al. in preparation). In Fig. 9 two 
premelting regions show up in each of the three viroids. For an easier 
comparison, conservative and variable nucleotides are marked by different 
symbols. Thus, it is evident that the premelting regions are in conserved parts of 
the molecule. The left premelting region contains the oligo A sequence which 
was suspected to act as a promotor in viroid replication - without any 
experimental proof so far. The second premelting region is directly adjacent to 
one of the most stable helices. This borderline in the thermal stability is 
conserved in all of the three viroids in the form of a longer stretch of identical 
sequences. It divides the molecule in a less stable left half and a more stable right 
half. Looking at viroids from the point of molecular evolution one may see that 
the left part of viroids had been selected for particular sequences embedded in a 
structure which dissociates more easily compared to the right part; the right 
appears to have evolved toward a stable secondary structure with significantly 
less sequence conservation. 

3) Cooperativity and Stable Hairpins 

In the sequence of PSTV, CEV and CSV two stable hairpins - in PSTV possibly 
three - can form and these have been observed experimentally (Henco et al. 
1979). Their cooperativity, Tm-values and the whole denaturation mechanism 
are very similar (cf. Tables 2 and 3) although species-specific differences are 
measurable and will be interpreted quantitatively on the basis of the sequences 
in a forthcoming paper (Steger et al. in preparation). 

In general, the cadang-cadang RNAs fit into the picture outlined above 
(Randles et al. 1982). As shown in Fig. 10A, the main transition in ccRNA1 is 
as cooperative as in the other viroids. At higher temperatures an additional 
transition which was also studied by the kinetic technique (cf. Table 3), is 
detectable in the equilibrium melting and correlates to hairpin I in the other 
viroids. This transition is well resolved because the more stable hairpin whose 
melting is superimposed in the other viroids is absent in ccRNA. Therefore, 
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~.3- 
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Fig. 10. Denaturation curve of cadang-cadang RNA1 (A) and a mixture of RNA1 and RNA2 (B). In 
addition to the differentiated curve at 260 nm AA/AT, the total absorbances at 260 nm and 280 nm 
which were measured simultaneously, are given 

hairpin I appears to be a common property of viroids and, as will be discussed 
below, is probably of basic functional importance. 

The size of PSTV, CEV and CSV seems to be the maximum for a viroid-type 
structure in which a highly cooperative transition is possible. For example,~ in 
ccRNA2, which is an exact duplication of ccRNA1, the high cooperativity is not 
maintained (Randles et al. 1982). The corresponding melting curve in 
Fig. 10B, shows that the main transition is 2.5 ~ C lower and nearly twice as wide 
as that of ccRNA1. A detailed discussion of both molecules, and particularly the 
site of duplication, might explain the loss in cooperativity. 

4) Hydrodynamic Model of a Worm-Like Structure 
with a Unique Persistence Length 

The structural models discussed so far have been static models, and dynamic 
aspects of the structure have been determined from the thermodynamic and 
kinetic properties of the transitions from the native to the denatured states. Here 
we discuss aspects of the conformation of the native viroid, such as their 
structural flexibility or "stiffness". 

Current theories about the stiffness of "worm-like" chain polymers allow the 
hydrodynamic behaviour of those polymers to be calculated (De la Torte and 
Bloomfield 1981). If a series of homologous polymers is studied, the dependence 
of the hydrodynamic properties upon contour length and molecular weight may 
be considered. The application of these theoretical treatments became possible 
only when viroids or viroid-like RNAs of different molecular weight were 
available for physico-chemical studies. At present, viroids from 246 nucleotides 
(ccRNAl-small) up to 600 nucleotides (ccRNA2-1arge) are available. The 
sedimentation coefficients of all viroids have been measured in the analytical 
ultracentrifuge and have been compared to those of dsDNA and dsRNA as 
shown in Fig. 11 (Riesner et al. 1982b). A plot of s versus log M was chosen 
because rigid-rod structures exhibit a linear dependence in this plot and 
deviation from the linear behaviour can be interpreted as coming from 
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Fig. 11. Dependence of the sedimentation coefficients upon the logorithm of the molecular weight. 
The dashed line for double-stranded DNA is taken from the literature (Kovacic and van Holde 
1977). The dashed line for double-stranded RNA was calculated for the RNA-11-helix assuming a 
hydrated diameter of 29 ,~ in accordance with the experimental s-value of double-stranded RNA5 
associated with the cucumber mosaic virus (dsCARNA5). The fit to the s-values of viroids is 
calculated assuming a Kuhn's statistical length ,~-1 of 600 A. 2 -1 of 600 A corresponses to a 
persistence length of 300 ~A. Circular viral RNAs are from Velvet tobacco mottle virus and Solanum 
nodiflorum mottle virus 

measurable flexibility. Applying the calculus of Yamakawa and Fufii (1973), the 
s-values of viroids fit a line with a unique persistence length of 300 A. This means 
that the largest viroid can bend in solution to more than a quarter of a circle. The 
unique persistence length of viroids seems to be a viroid specific property, 
because circular viral RNAs from velvet tobacco mottle virus and Solanum 
nodiflorum mottle virus which form a viroid-like secondary structure are clearly 
distinct from viroids in their hydrodynamic behaviour (Randles et al. 1981; 
Haseloff and Symons 1982). It is seen from Fig. 11 that they are markedly more 
flexible than viroids. 

In summary, the viroids studied form a class of RNA molecules with very 
homogeneous features concerning structure, structural transitions and hydro- 
dynamic behaviour. Recently, Symons (1981) reported the sequence and some 
other properties of the avocado sun blotch viroid (ASBV). This viroid also forms 
the characteristic secondary structure, but is different in stability and 
cooperativity from the other viroids. Symons argued that ASBV may belong to 
another class of viroids which have evolved separately from the other viroids 
studied so far. 
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V. Functional Hypotheses 

This review emphasizes the structure and dynamics of viroids, and the possible 
functional role of the physical properties already described on viroid replication 
and pathogenesis is now discussed. There are three conspicous features which 
first led to speculation on the importance of structure and function. These are 
the circularity, the secondary structure of the linear arrangement of helices and 
loops, and the ability to form stable hairpins. 

1) DNA-Likeness and Replication 

It has been suggested at an earlier stage of the structural investigations that 
viroids posses features which are more characteristic of double-stranded DNA 
then of single-stranded RNA (Riesner et al. 1979). As visualized in Fig. 3, the 
overall shape of a viroid is similar to pieces of double-stranded nucleic acid. The 
circularity and the sesondary structure lead to highly cooperative transitions 
occuring at relatively low temperature. This high cooperativity is normally found 
with double-strands, not with single-strands, and the low Tm-value is closer to 
that of a double-stranded DNA than that of a double-stranded RNA (cf. Fig. 4). 
The hydrodynamic behaviour of viroids can be described quantitatively from 
their persistence length of 300 A. If this number is compared to the 600 
persistence length of homogeneous double-stranded DNA (Kovacic and van 
Holde 1977), one has to conclude that the many loops in viroids only gradually 
decrease the stiffness but do not lead to a different type of hydrodynamic 
model. 

This early speculation has recently been supported by the evidence that 
viroids may be replicated in vitro to full length copies by the DNA-dependent 
RNA polymerase II (Rackwitz et al. 1981). This enzyme, found in healthy viroid 
host plants transcribes precursors of mRNA from the double-stranded 
DNA-genome. The in vitro mechanism cannot be said to apply to the in vivo 
situation but it supports the possibility that viroids are replicated in the host 
because they have features similar to DNA. 

2) Stable Hairpins and Splicing Interference 

Another remarkable property of all viroids (except ASBV, see above) is their 
ability to form the stable hairpin I (cf. Table 3) which is located in a highly 
conserved sequence. The segment which is located in the secondary structure 
opposite to that hairpin is also highly conserved. Even more remarkable is the 
close agreement of this sequence with the sequence at the 5'-end of U1RNA, a 
small nuclear RNA from eukaryotes. According to recent models, U1RNA is 
involved in the splicing process in which the so called introns are cut out from the 
heteronuclear RNA, and the processed mRNA, the exon, is formed. In these 
models the 5'-end of U1RNA forms basepairs with both ends of the intron 
(Fig. 12 according to Lerner et al. 1980). Thus, a particular arrangement of the 
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5'end of hnRNA A G  G 3'end of hnRNA 

UYUYYYU X CAGX~GUAAGU 
3' end of Ul . . .  AGAGGGACGGU C UmApppm3 2'2' 

intron 

Fig. 12. Model of the involvement of UIRNA in the splicing process of heteronuclear RNA. The 
5'-end of U I R N A  forms a partially base paired region with the intron sequences next to the splicing 
site (according to Lerner et al. 1980) 
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Fig. 13. Model of the splicing interference of viroids. In this example the complementary strand of 
CEV, denoted CEV(--) ,  forms a complex with UIRNA. CEV(--)  may be drawn in the extended or 
in the cruciform structure. The cruciform structure is only stable if complexed with U1RNA 

intron-exon junctions may be formed as a prerequisite for the splicing process. It 
is known that the corresponding sequences in the mRNAs are conservative and 
the sequences of U1RNA from quite different organisms are nearly identi- 
cal. 

As mentioned above, much of the essential sequence in U1RNA agrees with 
the conservative sequence in the viroid. This agreement led to the following 
hypothesis (Diener 1981; Dickson 1981; Gross et al. 1982). Because the viroid 
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sequences which have been determined directly and their complementary 
copies, are present in the cell(Grill  and Semancik 1978; Branch et al. 1981), two 
models of interaction may be discussed. In one mode the viroid could replace 
U1R NA and form basepairs with the intron of the heteronuclear RNA. In the 
other mode the complementary viroid would interact directly with U1RNA. The 
second mode is depicted in Fig. 13 (Randles et al. 1982). Only that part of the 
viroid is shown which can form the stable hairpin with its upper strand and in 
which the lower strand can interact with U I R N A .  The cruciform structure (II) 
can be drawn theoretically with the upper and lower hairpin. Under  the 
conditions of the experiments, where the existence of the upper hairpin was 
proven,  the lower hairpin was not stable. From the AG~ in Fig. 13 it is 
evident that the cruciform structure (II) is highly unfavorable under native 
conditions. The situation changes drastically if the viroid-U1RNA-interaction is 
taken into account. U1RNA possibly interacts with the viroid in the extended 
(IV) or in the cruciform structure (III). If interacting with U I R N A ,  the 
cruciform structure is not at all disfavored but slightly more stable than the 
extended,  as may be seen from the A G-values in Fig. 13. Consequently, U I R N A  
interaction may shift the structural equilibrium in the viroid by several orders of 
magnitude in favor of the cruciform. The ability of the viroid to form a stable 
hairpin in the upper strand makes the lower strand more easly available for 
UiRNA-interact ion.  

The hypothesis outlined above has two implications. First the interference of 
viroids with the splicing process could be the basis of viroid pathogenesis. 
Second because of the similarity of complementary viroids to introns, and 
because introns are also found in the form of circles, it is tempting to speculate 
that viroids may have been generated from escaped introns. 
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