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suggesting a further conformational change. It is proposed that this involves an axial

rotation of the component duplex strands, so that the bases now stack on the outside,

4-stranded tetraplex structure, consisting of a pair of duplexes whose base pairs are

and the phosphate groups lie in the core, where they bond ionically by means of salt
bridges. When the irreversibly denatured compact structure is neutralized at mod-
erate-to-high salt concentrations, a third novel structure appears, which has a sedi-
mentation coefficient midway between the native 21 s and the denatured 50 s. It is
proposed that this is a hybrid structure; part tetraplex, part duplex. To return to a
fully-duplex form, it is necessary to both neutralize the solution, and also to greatly
reduce the ionic strength, Ze, to the range 0.001 - 0.01 M. Since the DNA, under
those conditions, cannot possibly have normal complementary base-pairing, the
duplex structure must either be tautomerically base-paired, or else stabilized solely
by base-stacking, with no base-pairing at all.
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1. Introduction

In 1963, Dulbecco and Vogt discovered that the chromosome of the mammalian onco-
genic virus polyoma was circular [1], thus extending the finding of circularity in John
Cairns’ famous autoradiographs of the chromosome of the bacterium E. coli, published
earlier that year [2]. Shortly thereafter, the discovery of circularity was further extended
to the “RF” (replicative form) of the chromosome of the bacterial virus ¢x174, by
Kleinschmidt et al [3].

Again in the same year, 1963, Weil and Vinograd [4] reported that the also-circular
chromosome of the mammalian oncogenic virus polyoma, when subjected to alkali de-
naturation, underwent an extraordinary increase in compactness, to a new form they re-
ferred to as a “cyclic coil”. A subsequent detailed examination disclosed, for polyoma,
four distinct forms of the viral chromosome, which those authors referred to by Roman
numeral names. These are the names and sedimentation coefficients of the four forms [5]:

Form I: The native duplex supertwisted circular form; 20 s.

Form II: The native duplex, after introduction of a single-stranded nick; 16 s.

Form III: The native duplex, after linearization by full-duplex cleavage; 14 s.

Form IV: The intact (ie., un-cleaved) native duplex after alkali denaturation; 53 s.

Although the Roman numeral terminologies “Form I” to “Form III” were first pro-
posed by Vinograd et al. [5], I should emphasize that those authors did not themselves
employ the terminology “Form IV”, but rather the terminology noted above, namely
“double-stranded cyclic coil”. Subsequent authors invented their own terminologies for
this form, such as denDNA, Form I’ and Form I [6]. In order to bring coherence and
consistency to these form names, Strider [6] [7] introduced the terminology “Form IV”
for the ultra-compact 53 s form, which species name we shall adhere to.

At that time, in order to more precisely characterize all these different DNA forms,
Rush & Warner [8] undertook a detailed sedimentation coefficient vs. pH titration for
circular DNA, employing the RF chromosome of ¢x174. Figure 1(a) is an adaptation of
their results.

Their findings have proven applicable to a number of other small circular DNA spe-
cies [5] [8], and therefore appear to be general. Starting with the lower denaturation
curve (0-0-0), note that from pH 7 to about pH 11.6 the sedimentation coefficient of
Form I (e, the native form, as extracted from the virus capsid), is constant, at about 21
s. Then, between pH 11.6 and 11.8, there is a dramatic drop in the sedimentation coef-
ficient, which reaches a minimum of about 16 s. With further increases of pH, the se-
dimentation coefficient begins to increase again, until, at a pH of about 12.2, it has re-

sumed its native value of 21 s.
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Figure 1. (a) Velocity sedimentation coefficient vs. pH titration of the replicative form (“RF”) of

the chromosome of the bacterial virus ¢x174. As explained in the text, although the primary va-
riable here is pH, it may be that some of the conformational changes shown are the result of
changes in the salt concentration. The bulk solvent was 0.2 M NaCl, 0.025 M EDTA, 0.05 M
NaHCO3, ie, over 0.2 M salt. At pH 13, the additional salt added, in the form of NaOH, caused
the [Na+] concentration to rise to about 0.4 M. The drawings above the lower curve indicate the
state of superhelical twisting as a function of pH. Note that for graphic clarity, no secondary hel-
ical twisting is shown; the drawings are only meant to illustrate tertiary (superhelical) twisting. At
pHs below 11.8, the supertwisting is right-handed (“negative”); above that pH the winding sense
reverses, and becomes left-handed (“positive”). At pH 11.8 there is no superhelical winding; the
chromosome is an “open circle”, whose larger surface area causes s to drop to a minimum. The
lower curve (0-0-0) shows the stages in denaturation, culminating at pH 13 with an approx-
imately 250% increase in s. This is “Form IV”. The upper curve (e-e-e) is a neutralization curve
for the Form IV. Note that even at pH 7, the sedimentation coefficient has not returned to the
native 21 s, but remains quite elevated, at about 36 s, midway between the native form and the
maximally-compact form seen at pH 13. (b) Electron micrograph of Form IV, revealing a surpri-
singly non-compact, open-circular appearance. What happened to the 250% increase in sedi-
mentation coefficient depicted in Panel A?! This unexpected result may be due to the extremely
low ionic strength employed in preparation of DNA samples for electron microscopy, namely
0.001 - 0.01 M salt.

The explanation for these data, which has been accepted without argument by all
authors on the subject, is succinctly summarized by the little pictures above the curve
(which, for graphic simplicity, show only supertwisting, not secondary helical winding).
These pictures illustrate, in a highly-oversimplified and apocryphal fashion, that the
native Form I is supertwisted in the right-handed sense (usually referred to by workers
in this field as “negative” supertwisting), but that with increasing pH the supertwists are
progressively unwound, culminating, at pH 11.8, in an open-circular form which, due
to its larger surface area, sediments more slowly than the native chromosome in veloci-
ty sedimentation experiments such as this. Then, as the pH is further increased, the
chromosome begins to supertwist in the opposite, ie., left-handed (or “positive”) sense.

This continues until the chromosome has returned to the native supertwist count, only
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in the opposite winding sense, at pH 12.2.

This explanation for the events in the pH range 7 - 12.2 is so well-known that it is
now found in college textbooks. Nevertheless, there are many subtleties here. These,
however, are beyond the scope of this manuscript. Some of these subtleties have been
reviewed in detail elsewhere [9].

As we move up the pH scale (Figure 1(a)), to pH 12.3, we see that there is a shoulder
in the curve, marked chi (). This shoulder is found in comparable curves for several
other DNA species that have been studied [5] [8], and its role in the alkali denaturation
process is therefore firmly established. No one has ever attempted to explain this
shoulder.

Above pH 12.3, the s value enters into a phase of dramatic increase, up to pH 13, at
which point it finally levels off. This dramatic increase is smooth and continuous, Ze, it
has no additional shoulders, suggesting that a single process is taking place within this
pH range. Insofar as the data shows, the increase in s, at least when plotted against pH,
is approximately /inear, and does not seem to suggest a cooperative change such as is
seen in the heat denaturation of linear DNA.

Rush and Warner [8] showed that in the pH range 12.3 - 12.8, the conformation
change—whatever that change may be—is reversible, meaning that if the pH is reduced
back to neutrality, the native Form I structure is restored. But what exactly is happening
to the structure between pH 12.3 - 12.8? Neither they, nor any other authors have ever
offered any explanation.

Above pH 12.8, the conformational change suddenly becomes irreversible. It is this
new conformation that is known as “Form IV”, which is the subject of the present ma-
nuscript.

Something of the nature of Form IV is depicted by the upper curve, consisting of the
black circles (e-e-), which is a neutralization curve. These upper-curve data show that
merely neutralizing the alkali-denatured Form IV does nof restore the native Form I
conformation. Instead, at the pH 7 end of the upper curve, we see a persistently-
compact form, whose compactness (about 36 s) is considerably below that of the ultra-
compact form at pH 13 (about 50 s), but still almost twice as great as that of the native
chromosome (21 s). What is this form? Is it still Form IV, only with some sort of fur-
ther conformational change? Or has it converted to something else entirely? Insofar as
the Form IV literature reveals, these questions have never been either asked or ans-
wered.

To deepen the mystery, several authors have performed electron microscopic exami-
nations of Form IV (Figure 1(b)) [10]. One might naively expect to see some sort of
extensively-compacted or greatly-twisted structure in these electron micrographs, but,
as Figure 1(b) shows, we are quite astounded to see an open-circular form, no different
in appearance than that of the native Form I after being nicked! The nicked native
form, as noted above, is called “Form II”. The introduction of even a single nick into
the native Form I causes an unwinding of all superhelical twists, resulting in an

open-circular form, similar in appearance to that which is seen in Figure 1(b). What on
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earth is going on here? How can something which is w/tra-compact have an electron
microscopic appearance which suggests that it is, in fact, u/tra-extended?!

The data on these phenomena were all published between 1963 and 1981. All those
authors agreed on the events in the pH range 7 - 12.3. But in the 35 years that have
passed since then, no explanation for anything from the pH 12.3 “}” shoulder and
beyond, has ever been offered by any author. It is the purpose of the present manuscript
to attempt to begin to fill these gaps in our knowledge, by proposing plausible struc-
tures for all these ¢x174 chromosomal forms.

2. Methods

The molecular models described herein were created employing Maestro (Release
2015-1) (Version 10.1.013), a software package that is part of the Schrdodinger Suite.
The Maestro component has recently been made available to academic users as free-
ware.

The graphic images of the models were exported from Discovery Studio DS Visua-
lizer (v4.0.100.13345), which is provided as freeware by Accelrys, Inc.

The method whereby the Form IV model was constructed by rotations and transla-
tions of the strands of the Wu tetraplex DNA model are explained in Figure 8.

3. Results
3.1. Events at the pH 12.3 “x” Shoulder; The Supertwist Limit

Although I have never seen any discussion of it, it is very clear that circular DNA, un-
der typical laboratory conditions, has a supertwist limit. That limit is apparently a su-
pertwist count equal to about 0.5% of the number of base pairs in the chromosome.
Thus, for the ¢x174 RF, which has about 5000 base pairs, the supertwist limit is about
25, which has been verified experimentally for a number of 5kb species of DNA, as well
as observed directly by electron microscopy [11] [12] [13].

The existence of this supertwist limit is implied, although not forcefully, in the
Rush-Warner data of Figure 1(a). Let us return to the lower denaturation curve (0-0-0)
in that figure. Note that the sedimentation coefficient of the right-handed superhelical
native form at pH 7, about 21 s, is the same as that of the left-handed superhelical form
at pH 12.2. This implies that the number of superhelical twists is the same at both pHs,
and that they differ only in the direction of helical winding. Although the changes in
the shape of the denaturation curve at pHs above 12.3 do not rigorously prove that no
further supertwisting is possible, they argue against it. But there are more compelling
evidences of a supertwist limit than this.

Consider next a typical topoisomerase experiment. When a circular chromosome of
about 5 kb in size is allowed to come to equilibrium in the presence of that enzyme, and
the products are examined by electrophoresis, a family of approximately 25 topoiso-
mers is observed (Figure 2).

At equilibrium, each topoisomer differs from its neighbor by 1 supertwist. Now,

ordinarily, no topoisomer ever has an electrophoretic mobility greater than that of the

OALIib Journal

5/24



K. Biegeleisen

- D
Nicked .
o
TSN
A T
v Native

- QOO0

Figure 2. Typical topoisomerase experiment for a 5 kb circular chromosome [14]. Topoisome-
rase nicks and re-seals DNA, giving rise to a set of so-called “topoisomers” that differ by 1 in
their superhelical winding. The arrow indicates the direction of electrophoretic migration. The
native chromosome co-migrates with the fastest-moving topoisomers. The nicked chromosome,
having no supertwists, co-migrates with the slowest-moving topoisomers. The gel on the left has
been treated to maximize separation of the slow-moving topoisomers. The gel on the right has
been treated to maximize separation of the rapidly-moving topoisomers. Between the two gels the
complete set of topoisomers can be seen. The drawings on the top of the figure are accurate, in-
dicating that the topoisomers with the lowest supertwist counts will clump together at the top of
the gel. The drawings in the middle and bottom are apocryphal, since the highest supertwist
count would actually be approximately 25, of which we’ve only drawn about half, for graphic
clarity. Topoisomerase-generated bands always contain a mixture of right-handed and left-
handed topoisomers. These will co-migrate as long as the absolute value of the supertwist count
is the same, regardless of the direction of superhelical twisting. The point of this figure is to em-
phasize that the supertwist count in the native chromosome is always the same as that of the most
highly-twisted topoisomer, regardless of the direction of superhelical winding of the topoisomer.
That supertwist count is therefore the limit of superhelical winding that is possible (unless an ex-
ternal force is applied to artificially overwind or underwind the chromosome).

native chromosome. This means that the supertwist count in the native chromosome is
the greatest number of supertwists possible for that DNA, ie., that the only way to in-
crease that supertwist count would be through the application of some sort of external
force, to drive the supertwisting beyond the natural limit. We may therefore say that, in
the absence of such an external force, the native chromosome may be well-described as
being maximally supertwisted in the right-handed (“negative”) sense. But each band in
a topoisomerase experiment is a 50 - 50 mixture of the right- and left-handed forms
having the same absolute supertwist count (Ze., 1, £2, £3, etc.). It follows logically that
the absolute number of supertwists in the native chromosome is, in fact, the supertwist
limit for that DNA, whether in the native state where the supertwisting is right-handed,

or in a band in a topoisomerase experiment where the supertwisting may be either to
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the right or the left.

Another line of evidence comes from the ethidium bromide vs. s titration of the
chromosome of the oncogenic virus SV-40 (also about 5 kb), performed by Bauer and
Vinograd in 1968 [15] (Figure 3).

Ethidium bromide (EtBr) is a fluorescent intercalating dye, whose planar molecules
insert themselves between DNA base pairs. This stretches the DNA out, causing circu-
lar DNA right-handed (“negative”) supertwists to unwind. But, as the figure shows, af-
ter the right-handed supertwists are all unwound, further EtBr causes the supertwists to
rewind, only in the opposite sense, Ze., left-handed (“positive”). This is illustrated in the
small drawings I've inserted above the data, which are the very same drawings I used in
Figure 1(a). Insofar as s reflects the state of superhelicity, we see once again that there
is a supertwist limit: the maximum number of left-handed supertwists, at high dye
concentrations, is the same as the number of right-handed supertwists found in the na-
tive chromosome (only opposite in superhelical winding sense), which, for a chromo-
some of this size, would be about 25.

This supertwist limit cannot be accounted for by presuming EtBr binding saturation.
Quite to the contrary, note from the abscissa that only about 10% of the inter-base po-

sitions are occupied by the intercalating agent at the supertwist limit. There’s lots of
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Figure 3. Effect of ethidium bromide on the sedimentation coefficient of Forms I [0-0-0] and II
[—] of SV-40 DNA. The effect of the dye on Form II is minimal, but the effect on Form I is simi-
lar in every respect to the effect of pH on the s value of Form I of ¢x174 shown in Figure 1(a). As
the amount of bound dye per nucleotide residue increases, the native right-handed (“negative”)
supertwists unwind, until the dye/nucleotide ratio reaches approximately 0.05, at which point the
chromosome has become an open circle. Further addition of dye then causes the winding in of
left-handed (“positive”) supertwists, up to what appears to be a supertwist limit, which, based
upon the sedimentation coefficient (21 s), is equal in absolute value to the supertwist count of the
native chromosome, only in the opposite winding sense. Note that at the supertwist limit, the
fraction of nucleotides with an intercalated dye molecule is only 0.11 - 0.12, barely more than one
dye molecule per 10 nucleotide residues! Since approximately 90% of the nucleotides have room
for additional ethidium bromide molecules, it must indeed be the case that there is a supertwist
limit, and that the further binding of dye could only be achieved by exceeding that limit, which
will not happen. Adapted from Bauer & Vinograd [15].
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Figure 4. Effect of increasing ethidium bromide (EtBr) concentration on the electrophoretic mobility of various DNA forms.
(We shall be ignoring the lowest row of bands, “Form V”, which is not pertinent to the present discussion). The large blue
arrow shows the direction of migration. The apparatus shown holds 28 lanes of agarose, each one with a different concentra-

tion of EtBr. The concentration of EtBr increases toward the right. Form II (the uppermost row of bands) is essentially unaf-

fected by increasing EtBr concentration. Form I, on the other hand (highlighted by the blue guideline), displays the same

unwinding and re-winding of superhelical turns that were seen in Figure 3, except that here the EtBr concentration was
raised considerably beyond that which pertains to the supertwist limit. The supertwist limit is reached in the 14% gel from
the left (yellow arrow). All the gels from 14 - 27 reveal approximately the same Form I electrophoretic mobility, showing

that unnaturally-high degrees of supertwisting cannotbe forced by merely increasing the EtBr bromide concentration.

room in the chromosome to bind more dye, but that would cause further supertwisting,
which is evidently impossible.

One might object that in this experiment, the dye concentration was not “pushed”
high enough, and that perhaps more dye might drive more supertwists. That experi-
ment, however, was done by Stettler e al in 1979 [16] (Figure 4).

In that experiment, several DNA forms were examined by gel electrophoresis, in the
apparatus shown, containing 28 separate agarose gels, each having a different amount
of EtBr. The EtBr concentration increases to the right. As we have previously seen, the
effect of increasing ethidium bromide concentration on Form II is nil. The Form I data,
however (which I've highlighted with a blue guideline), again show the unwinding of
right-handed supertwists, and rewinding into left-handed supertwists; exactly as we’ve
seen twice before. The difference here is that the EtBr concentration was pushed far
past the supertwist limit, which is marked by the yellow arrow. Note, however, that in
spite of the “pushing” of the EtBr concentration, no further supertwisting took place.
Once again, we see that when a left-handed superhelically-wound chromosome reaches
the absolute value of the supertwist count seen in the native form, no further supert-
wisting is possible. And for ¢x174, that number is about +25.

Returning now to Figure 1(a), we may say with much more confidence that the y
shoulder is a place where a conformational change is taking place; a conformation

which is intermediate between a maximally-supertwisted starting form at pH 12.3, and
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a mysterious new form which appears at higher pHs.

3.2. Events in the pH Range 12.3 - 12.8, The Region
of Reversible Denaturation

As the pH climbs into the range 12.3 - 12.8, the sedimentation coefficient dramatically
increases. Why? There are two things we can say about this immediately:

1) This is not merely further supertwisting, since we have already passed the super-
twist limit.

2) Whatever this new structure is, it is at least partially, if not totally base-paired.

How do we know that the new structure is base-paired? We know this because up to
pH 12.8, the denaturation is reversible, and the native structure can be restored by sim-
ple neutralization [8]. But at pH 13, where the bases are all nearly 100% deprotonated,
and where essentially all base-pairing is therefore abolished, renaturation becomes al-
most impossible [6] [7].

This inability to readily renature, at high pH, cannot be the result of a sugar-
phosphate backbone change, because the pK of DNA phosphate is less than 2. But the
bases all have pKs in the 12 - 13 range. The resistance to renaturation at pH 13 must
therefore be due to the loss of base-pairing. Pending some other unfathomable alterna-
tive explanation, we therefore must conclude that the ability of ¢x174 DNA to renature
in the pH range 12.3 - 12.8 is due to persistence of base pairing.

If the structure we propose for DNA in this pH range is to be selected from among
structures which have been previously described, then the choice narrows down to ex-
actly one: the tetraplex structure, consisting of a pair of DNA duplexes merged into a
single 4-stranded structure by mutual intercalation of their base pairs. This is the
structure iconoclastically proposed for all DNA by Tai Te Wu [17] [18] (Figure 5).

Although there is, at the present time, no direct physical evidence that the Wu struc-
ture exists in nature, there is good indirect evidence, in that the structure of the com-
plex between DNA and protamine, in sperm cells, can only be solved by putting the
DNA into the Wu conformation [19] [20] [21]. The negative charges of DNA phos-
phate, when the DNA is in the classic Watson-Crick conformation, simply cannot
anastomose with the positive charges in protamine, the latter of which are found on the
many arginine residues which constitute over 50% of the protamine amino acid sequence.
But with the DNA in the Wu conformation, and the protamine modeled as a small
[F-sheet (from the most-favorable part of the Ramachandran Plot for S-sheets), the nega-
tive and positive charges align with all the precision of soldiers in drill formation.

Moreover, Wu, in presenting his tetraplex model, at the same time also presented
multiple evidences that the strands of certain plasmid chromosomes can be
non-destructively separated, which would be impossible if they had the “classic”, plec-
tonemic double-helix structure [17].

There is actual physical evidence for the existence of the tetraplex #ype of DNA
structure, consisting of two duplexes with mutually-intercalated base pairs, in the form
of the Gehring tetramer, whose structure has been solved by high-resolution X-ray

crystallography [22] [23] (Figure 6).
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But the Gehring tetramer only forms at very low pH, and, being stabilized by what
are known as C-C* base pairs, depends upon a base sequence which is almost entirely
poly-C. Moreover, the Gehring tetramer consists of a pair of antiparallel duplexes, the
individual strands of which, however, are parallel; a strand disposition not known to
occur in nature. The Wu tetramer is therefore the model of choice for ¢x174 in the pH
range 12.3 - 12.8, if we are to explain the phenomena in this pH range in terms of a
known DNA structure.

If we invoke the Wu structure, then the events between pH 12.3-12.8 (Figure 1(a))—
if we may speak anthropomorphically—can be interpreted to mean that, as the chro-

mosome “tries” to supertwist beyond the 25 supertwist limit for this species, the back-

fi
L

ALY

Figure 5. Intercalated tetraplex structure of Tai Te Wu. (a) The sugar-phosphate backbone of a
helical DNA duplex is hypothetically stretched to its full length, yielding a “straight ladder” dup-
lex with an impossible 6.8 A base pair spacing. (b) A pair of such “straight ladder” duplexes is
merged into a single tetraplex structure, which restores the normal 3.4 A base pair spacing. (c)
Axial view of the tetraplex structure. In contrast to a hypothetically-overly-supertwisted circular
DNA duplex, which could not exist in the real world because of phosphate-phosphate charge re-
pulsions, here the phosphate groups are on the periphery, where they do not clash.
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Figure 6. Gehring Tetramer, three views. This is a 4-stranded DNA structure with a right-handed helical twist. The
structure is difficult to portray in a flat drawing (a rotating virtual model may be seen in reference [23]). (a) Viewed

from this rotational perspective, the structure looks similar to Watson-Crick duplex DNA. (b) In this rotation, the
fact that there are 4 sugar-phosphate backbones is fairly evident. (c) In axial view, the extreme rotational offset be-
tween adjacent base pairs (90°) is evident. The C-C* base pairs can also be seen.

bone phosphate groups, which are negatively charged, are brought into an excessively-
close juxtaposition, causing the chromosome to “seek” another structure. The Wu te-
traplex solves the problem in two ways: (1) it creates the sort of compact structure that
can potentially account for the great increase in s, and (2) it removes the rapid-
ly-developing steric hindrances due to phosphate-phosphate charge repulsions and Van
der Waals violations, by placing the phosphate groups on the outside of the structure,
where they do not adversely interact, and where they can instead favorably interact with
the surrounding water molecules (Figure 5(c)).

But can the Wu structure fully-account for the extraordinary increase in the sedi-
mentation coefficient between the structure seen at pH 12.8 (50 s), and that which was
seen at pH 12.3 (21 s); a ratio of [50 s/21s] = 2.4? An analysis of this problem, based
upon the Svedberg equation for calculating s values, has been presented elsewhere [24].
This analysis revealed that the predicted ratio of s values was 2.2, very close to the ob-
served ratio of 2.4.

The proposed transition from the duplex left-handed superhelical form at pH 12.3, to
the Wu intercalated tetraplex form at pH 12.8, is clearly a stepwise, gradual transition,
as opposed to a cooperative transition (such as is seen, for example, in a DNA melting
curve). If we may again speak anthropomorphically, the DNA quite evidently does not
particularly “like” the tetraplex structure, but only “accepts” it under duress, and there-
fore only converts to it a little at a time; converting, at each point in the pH scale, only
the minimum length necessary to avoid the torsional strain which would otherwise ex-

ist at that pH due to superhelical overwinding.
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In other words, in the pH 12.3 - 12.8 region, the DNA must have a hybrid structure,
starting out (at pH 12.3) all duplex, ending up (at pH 12.8) mostly or all tetraplex, and
having a mixed, or hybrid structure in between.

At the end of this pH region of the denaturation curve, ie., at pH 12.8, the structure
has maximized its compactness, but is still capable of renaturation. But when the pH is
further increased to 13, the renaturation becomes irreversible. The s value at pH 13,
however, does not significantly increase. Clearly there must be yet another conforma-
tional change at that elevated pH. But what is it?

3.3. Appearance of the Irreversible Form IV Structure at pH 13

In order to begin to understand what the irreversible Form IV structure might be, we
need first to consider what forces remain, at pHs in excess of 12.8, to stabilize that
structure. Among those forces known to stabilize nucleoprotein structures, there are
essentially only two available in this setting: base stacking, and salt bridging.

Although there is no significant hydrogen-bonding between bases at pH 13, the
phenomenon of base stacking is not only “alive and well”, but perhaps even enhanced,
since base stacking is a hydrophobic phenomenon, and the surrounding environment
at pH 13 has increased in hydrophilicity, which might increase the tendency of the
bases to sequester themselves from the solvent by stacking.

Since base stacking is currently regarded as being the most important stabilizing
force in DNA under physiological conditions [25], substantially exceeding the free
energy contribution of base-pairing, one could speculate that at pH 13, ¢x174 DNA
might simply remain in the Wu conformation, ie., the 4-stranded, mutually-intercalated
conformation, only without base pairing. This unlikely possibility is illustrated in Fig-
ure 7, which suggests that no change has taken place in the Wu structure other than
that the bases have moved apart a bit, due to charge repulsions of the now-deprotonated
moieties that were formerly the recipients of the hydrogen bonds that stabilize DNA in
nature.

But if this sort of thing actually happened, why then wouldn’t the structure instantly
renature when the pH was restored to neutrality?

One might explain the failure to renature, at neutral pH, as being the result of a cir-
cular base “drift”, ie., by presuming that while at pH 13, the two single-stranded circu-
lar DNA strands underwent mutually-contrary rotation, causing the correct base pairs
to fall out of alignment. But if that was the case, then one might further expect that at
neutral pH, that same circular “drift” would continue, resulting in rapid, or at least
fairly-rapid renaturation, and such has not been observed [6] [7]. (I am assuming here
that the anomalous base-pairing of randomly-juxtaposed bases will not prevent this
circular “drift”, which presumption may not be entirely true). The un-pairing of bases
at pH 13 is instantaneous, whereas the reappearance of base pairs, when the Form IV
structure is neutralized, does not occur at any noticeable rate.

This suggests that the Form IV structure is probably not, after all, an inherently un-
stable one in which the strands are continuously and aimlessly undergoing a circular
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Figure 7. Unlikely conception of Wu structure before and after denaturation. (a) Axial view of
the Wu tetraplex, at pHs up to 12.8. The yellow lines symbolize hydrogen bonding, which, in part
at least, persists up to that pH. (b) The same structure at pH 13, the point of irreversible denatu-
ration. This hypothetical candidate for Form IV structure consists merely of the Wu tetraplex
from panel A, only without hydrogen bonds. The negative charge repulsions, due to deprotona-
tion, drive the base pairs apart, and the structure simply remains in that conformation, stabilized
solely by base stacking.

“drift”, but more likely a single definite structure which is stable as long as the prevail-
ing conditions of pH, temperature and ionic strength continue. But what structure
might that be?

Other than base stacking, the only other well-known stabilizing force remaining at
pH 13 is the salt bridge. Every DNA residue has a negatively-charged phosphate group,
which is “ready and willing” to electrostatically bind to any positively-charged group
which is available. In the Rush-Warner pH vs. s titration shown in Figure 1(a), the
bulk solvent had a sodium concentration of about 0.2 M at pH 7, rising to about 0.4 M
at pH 13. To put this in perspective, this is nearly 3x the physiological salt concentration of
the human body, the latter being about 0.15 M (=0.09% sodium, w/v), wherefore we
might regard the conditions at pH 13 as being well-described as “high salt” conditions.

I would therefore propose that, at pH 13, the DNA strands undergo a full-length, ap-
proximately 90° axial rotation, so that the bases stack on the outside of the tetraplex
structure, while the phosphate groups move to the inside, bound by salt bridges with
the ambient sodium ions (Figure 8).

I first proposed a naive version of this sort of structure in 2006 [26] [27] [28]. Be-
cause the 2006 structure has now proven to be incorrect, and because it cannot now be
rescinded, it is appropriate to acknowledge it, for the purpose of explaining its short-

comings. Because of the unaffordable cost of virtual modeling software at that time
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Figure 8. Steps in the conceptual development of the ¢x174 Form IV model. (a) The starting
structure is the Wu tetraplex, which can exist up to pH 12.8. The yellow arrows indicate the di-
rections of the ~90° rotations (with the centers of rotation coinciding approximately with the
phosphorus atoms) which will convert this to Form IV when the pH rises to 13 (at which pH all
base pairing is abolished). (b) A conceptual intermediate, with the bases now “sandwich”-stacked
on the periphery. The purple circles represent sodium ions aligning themselves between phos-
phate groups, with salt bridge spacings of about 2.5 A. But there’s a large “hole” in the middle of
the structure, which is probably energetically inferior to the structure depicted in the next panel.
(c) After the translation indicated by the yellow arrow in panel B, we have a more likely Form IV
structure, with the “hole” in the middle now replaced by additional salt bridges. The bases have
also been rotated slightly, to replace the “sandwich” stacking of panel B with the energetically-
preferred “parallel-displaced” base stacking shown here.

Figure 9. Incorrect 2006 Form IV model. (a) Each of the 4 strands of the Wu tetraplex was ro-
tated a full 180° about its phosphorus atom. (b) The axial phosphate core of the resultant struc-
ture was plausible, but the bases were stacked at the energetically-suboptimal spacing of 6.8 A.

(>$100,000 US), I was not able to make a true molecular model, but only a graphic illu-
stration of the general concept (Figure 9). Recently, however, the virtual modeling
program Maestro (Schrédinger) has been made freeware for academic use, and, em-
ploying that software, I have now found that my 2006 model was flawed. It was based
upon a full 180° axial rotation of each of the four strands of the Wu tetraplex [28], and
therefore had impossible 6.8 A base stacking distances (since the bases of each of the 4
strands of the Wu tetraplex are thusly spaced).
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At the time I first proposed this structure, I presumed that it could be perfected, but,
when I attempted to do so with Maestro, I found that if the base stacking distance was
corrected to 3.4 A, the phosphate core became hopelessly packed with an impossi-
bly-large number of atoms, resulting in severe Van der Waals violations. Conversely, if
the phosphate core was plausibly modeled, the bases had to be stacked at distances
much larger than 3.4 A.

The solution to the problem was to limit the rotation of the DNA strands to about
90°, as depicted above in Figure 8. The 90° rotation results in a structure that is per-
fectly stacked, whose salt bridges are properly positioned and of proper length, and
which is totally devoid of Van der Waals violations. The final model fulfils all the re-
quirements of a Form IV structure: it has no steric hindrances, no dependence upon
base pairing, and it has almost exactly the same cross-sectional area as the Wu tetrap-
lex, wherefore it can well-explain the 2.4-fold increase in s as the DNA goes from pH
12.3 to pH 13 [24] [29].

What would be the predicted salt bridge length for this model? M. Harding, of the
University of Edinburgh Centre for Translational and Chemical Biology, has compiled
a massive database of metal-protein ligands: 17,342 of these are for sodium alone [30].
According to their sodium database, the average sodium coordinate number is about 5,
which is consistent with the environment in a cylindrical structure whose axial core is
packed with negatively-charged phosphate groups. The average sodium ligand length,
for all 17,342 structures in the Edinburgh database, was 2.57 A, wherefore I have spaced
the DNA phosphate oxygen atoms, in the new Form IV model, at twice that distance,
or about 5 A.

An interactive Jmol model, and a downloadable PDB structure file for this Form IV

model, may be found at https://notahelix.net.

3.4. What is the Structure of Form IV When the pH
Is Restored to Neutrality?

The black circles, which comprise the upper curve at the top of Figure 1(a), show the
neutralization data for Form IV ¢x174 DNA. Explaining this upper neutralization curve
has been, by far, the most difficult part of the Form IV endeavor. The first part of the
problem is that we cannot be absolutely certain about the reproducibility of the data it-
self, because this is the only Form IV neutralization study ever published. Whereas the
data in the lower portion of the figure, ie, the denaturation data (white circles), has
been reproduced for other viral chromosomes and plasmids (Figure 10) [5] [8], and
whereas in each of these cases, the salient features of the Figure 1(a) lower curve are
seen, the data at the top of Figure 1(a) (black circles) constitute the only neutralization
study ever published.

This is most disconcerting with respect to the portion of the data highlighted by the
vertical gray shading bar in the middle of Figure 1(a). The gray highlight has been
added to focus our attention on the pH range 11.6 - 12.3, within which dramatic
changes are taking place during the denaturation phase (white circles) of the pH titra-

tion. If we now direct our attention to the upper neutralization curve in that same range

OALIib Journal

15/24


https://notahelix.net/

K. Biegeleisen

L T T T
4o 1 100+
(a) (b)
351 i 90
80
30+ 4
70—
S 25 - S 60
20k i 50— o
70 40-
15 ° o 4
F‘ 30_ =
10 - 20
| 1 | | | IR ! | | | | |
8.0 11.0 11.5 12.0 125 7.0 9.2 11.0 11.5 120 125 13.0
pH pH

Figure 10. Additional examples of pH vs. S'titration curves. Both studies were limited to the denaturation phase of the Form

IV cycle; that is, neither study included a neutralization curve. (a) The oncogenic virus polyoma [5]. (b). Penicillinase plas-

mid from . aureus [8].

of pH, we see what appears to be a small shoulder in the curve. Is this shoulder signifi-
cant? If we were to move only the central data point in the shaded region, upwards by
just a single s unit, the shoulder would vanish!

Before commenting further on the possible shoulder in the upper curve, we must
address first the final data points in the neutralization phase of the experiment, at pH 7,
which reveal a sedimentation coefficient of about 36 s (Figure 1(a)). This is a value
which, complete neutralization notwithstanding, is still nearly twice the s value of the
native chromosome (21 s). How can this be explained? For a chromosome in this size
range, there is no known form of duplex DNA which has such an elevated sedimenta-
tion coefficient, but, at the same time, that sedimentation coefficient, 36 s, is also far too
lowto account for by means of a tetraplex structure.

If we are to explain this, by employing only structures which are known, then we must
conclude that the chromosome, at pH 7, is still in the midst of a prolonged process of
converting from the 4-stranded form seen at pH 13, to some sort of 2-stranded form, and
that it has not yet completed that conversion. In other words, at pH 7, at the ionic
strength of the Rush-Warner experiment (upper curve in Figure 1(a)), the chromo-
some must again have a Aybrid structure, part tetraplex and part duplex (Figure 11)—
as we saw previously in the denaturing chromosome in the pH range 12.3 - 12.8. In or-
der for the neutralized Form IV chromosome to complete the transition back to
2-strandedness, as depicted in the electron micrographs in Figure 1(b), we must, in
addition to lowering the pH to 7, also lower the fonic strength to that realm of ionic
strength employed in the preparation of DNA samples for electron microscopy, namely
0.001 - 0.01 M salt. This is far lower than the ionic strength in the Rush-Warner expe-
riment where, even at pH 7, the total ionic strength was still in the relatively high range
of about 0.2 M.
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Figure 11. A plausible explanation for the upper (neutralization) curve in Figure 1(a). At high
pH (12.8-13) (drawing on the left), the structure is totally tetraplex, sedimenting at 50 s. Since the
sedimentation coefficient does not return to the native 21 s at pH 7, but rather remains at the
very elevated level of 36 s (middle drawing), we are more or less forced to conclude that some
parts have reverted to a two-stranded, presumably superhelical conformation, while other parts
remain in the compact tetraplex conformation. In order to get the chromosome to revert totally
to the duplex form (drawing on the right), we must, in addition to neutralizing the solution, also
greatly decrease the ionic strength; to the realm of ionic strengths employed in the preparation of
samples for electron microscopy, Ze., 0.001 - 0.01 M.

If we examine this proposition, namely that when Form IV is neutralized back to pH
7, that it converts to a hybrid structure, part tetraplex and part duplex, we find that it is
consistent with the proposition that at pH 13 there occurs the circular “drift” alluded to
earlier, causing the two strands of DNA to be out of proper alignment with respect to
base-pairing. If so, then when the pH is lowered, the proper native base-pairing cannot
be re-established, wherefore there is relatively little energetic incentive to form a duplex
structure. How then do the strands interact with one another?

There are only two likely answers that come to mind. The first possibility (Figure 12)
is that when the two sides of the duplex circular structure, whose mutually-intercalated
bases constitute the tetraplex, are no longer able to remain associated with one another
as a 4-stranded structure, then they un-intercalate back to the original duplex circular
form, and that the bases simply remain stacked, with no base-pairing at all (Figure
12(a)). The second possibility is that when the bases un-intercalate, they do engage in
base-pairing, but only of a tautomeric variety (Figure 12(b)).
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Figure 12. Neutralization of Form IV. Two competing models for the duplex form which, logi-
cally speaking, must progressively appear as the pH is lowered to neutrality. Due to the presumed
“circular drift” alluded to in the text, it is a near-certainty that canonical Watson-Crick base
pairing cannot re-appear under these circumstances. So what binds the strands together? (a) In
this model, the 90° strand rotation portrayed in Figure 8 is reversed, so that the phosphate
groups are once again peripheral, as in “traditional” Watson-Crick DNA. But the bases are por-
trayed as being organized into a single base stack, extending the length of the chromosome, with
no base pairing at all. (b) In this model, base pairing is presumed to return, but, since only 25% of
bases will be coincidentally aligned with the proper complementary base pair, the base-pairing
here must be 75% tautomeric. There is a question as to whether either structure (ie., “(a)” or
“(b)”) is energetically feasible. Based upon the limited energetic information that is available, the
answer must remain “Maybe”.

A review of tautomeric base-pairing [31] [32] reveals that any base can pair with any
other base, although the energetics are vague. In solution studies of individual bases,
the fraction of bases which are in tautomeric conformations, at any moment in time, is
in the range 10~ to 10~. The AG for conversion of a normal DNA base to a tautomeric
form is said to be [+5] to [+10] kcal/mol, whereas the AG for the formation of a base
pair is [-5] to [-10] kcal/mol. These numbers obviously do not allow us to state persu-
asively that tautomeric base pairing, as the basis for a new structure, is likely, only that
it’s well within the realm of possibility. In contemplating this possibility, we must bear
in mind that in any random juxtaposition of DNA single strands, 1 out of every 4 base
pairs will be coincidentally canonical, so that a basic framework for a tautomerically-
base-paired structure automatically exists at all times. We must also bear in mind that
in a faux-Watson-Crick tautomerically base-paired structure, the bases will also be
stacked, and that base stacking is known to be considerably more important than base

pairing in the stabilization of the double helix [24]. For these reasons, I am inclined to
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presume that the structure shown in Figure 12(b), which is base-paired and stacked, is
preferable to that in Figure 12(a), which is stacked only.

In any event, the transition from a 4-stranded to an anomalous 2-stranded structure
is clearly not a cooperative transition such as takes place during true DNA renaturation.
The transition to either one of the 2-stranded hypothetical structures shown in Figure 12
provides much less of a free energy decrease than would a true renaturation to a fully-
base-paired structure, wherefore, if we may again speak anthropomorphically, the
chromosome converts back to the duplex form only “reluctantly”. In this respect, what
we are seeing here seems to be a reversal of the denaturation events we saw in the pH
range 12.3 - 12.8, which appeared to be a non-cooperative transition in the opposite
sense, Ie., from a 2-stranded to a 4-stranded structure.

According to this point of view, during neutralization, the lowering of the pH from
13 back down to 7 affects the tetraplex structure in two ways: (1) the drop in ionic
strength weakens the salt bridges which maintained the Form IV tetraplex structure at
pH 13, and (2) the drop in pH gradually re-introduces the possibility of base-pairing,
albeit fautomeric.

Stepping back a bit, and taking a broad view of the events in the upper neutralization
curve (and simultaneously considering the low-ionic-strength, fully-duplex forms
shown in the electron micrographs of Figure 1(b)), I believe we can confidently state
that the neutralization process is one long, stepwise and continuous transition, begin-
ning with the Form IV tetraplex structure depicted in Figure 8, and ending with one of
the reconstituted duplex structures depicted in Figure 12. But the events between these
extremes must necessarily remain murky.

The biggest question in my mind, which I cannot answer, is whether the interme-
diate points in the upper neutralization curve (Figure 1(a)) represent different stages in
a single transition process, from the salt-bridge-based Form IV structure (Figure 8) to
a 2-stranded structure (Figure 12), or, alternatively, whether the intermediate points in
the upper curve represent a 2-phase transition, beginning first with a return to a
Wu-tetraplex-like structure (only one stabilized by tautomeric base-pairing) some-
where around pH 12 (Figure 5), followed by a protracted transition from that tetraplex
structure back to a 2-stranded structure. One could argue for either case.

In favor of including a Wu tetraplex intermediate in the neutralization process is
that, in the lower denaturation data (Figure 1(a), white circles), the final conversion
from the Wu intercalated tetraplex structure to the irreversibly-denatured Form IV
structure is not seen until the pH exceeds 12.8. We might then assert (but with consi-
derable uncertainty) that in the upper neutralization phase of this pH titration (black
circles), that as the pH drops below 12.8, the strands must necessarily reverse the 90°
axial rotation that—in the lower denaturation sequence of events—caused the chro-
mosome to convert from the Wu tetraplex to the Form IV structure (Figure 8). We
must keep in mind, however, that if, below pH 12.8, a Wu tetraplex-like structure does
indeed re-appear, it must be one which is stabilized by weak fautomeric base pairing,

which will not be favored by a free energy drop of anywhere near the magnitude we
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would see if the structure had canonical base pairing.

The electron micrographs (Figure 1(b)), however, might favor the alternative point
of view, namely that the intermediate points in the upper neutralization curve represent
an evolving transition between the Form IV structure only (Figure 8) and the duplex
form, that is, that the Wu tetraplex never reappears at all during neutralization, but that
all portions of the chromosome that are, at any given moment in time, in the tetraplex
conformation, are in the Form IV tetraplex conformation, with axial phosphate groups
bound together by sodium salt bridges (albeit salt bridges which are continually wea-
kening as the ionic strength drops). In favor of this argument is the fact that DNA spe-
cimens prepared for electron microscopy, employing the type of methodology shown in
Figure 1(b), are subjected to extremely low ionic strengths, in the range of 0.001 - 0.01
M sodium, suggesting that in the return from a 4-stranded to a 2-stranded form, the
lowering of ionic strength is more important than the lowering of pH. This argument in
turn might suggest that the structure from which the final electron micrographic dup-
lex evolves is a form which is dependent upon high ionic strength, namely the Form IV
structure depicted in Figure 8.

Regardless of which of these competing possibilities is the most likely, there is an ad-
ditional broad generalization we can make. Insofar as we know anything about DNA
helicity, it seems fairly clear that under physiological conditions of temperature, pH
and ionic strength, DNA, once released from its native nucleoprotein environment, es-
sentially always assumes a right-handed helical twist. Conversely, under conditions
conducive to denaturation, such as the high pH conditions depicted by the denatura-
tion data in Figure 1(a) above the nadir at pH 11.8, it seems equally clear that DNA
“prefers” the /Jeft-handed helical conformation [33]. If so, then the sequence of events
portrayed by the upper neutralization curve (black circles) entails a transition between
a very-likely left-handed form at pH 13, to a right-handed form at pH 7. If so, then
there must be a point in the upper curve where a transition in helical handedness caus-
es a perturbation in the smoothness of the curve. Since, in the denaturation curve, the
right-to-left helical transition takes place in the vicinity of pH 12, it would make sense
to presume, as a first approximation, that the return trip during neutralization, Ze, the
left-to-right helical reversion, would also take place in the same pH realm.

That is why I have superimposed a vertical gray shading bar on the Rush-Warner
data in Figure 1(a), and also why I presume that the apparent shoulder in the upper

neutralization curve is real, and not merely a random fluctuation of data points.

4. Discussion and Conclusions

When Form IV was first discovered in 1963 [4], it generated a wave of intense interest,
mainly because of its extreme compactness. Because separation of viral and plasmid
DNA from cellular chromosomal DNA was a major problem in those days, it was
fondly hoped that the compactness of Form IV would provide researchers with a simple
and inexpensive way to purify these small circular DNA molecules, by massively in-

creasing their buoyant density relative to that of the host cell DNA.
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Insofar as the separation step, the researchers were amply rewarded. But Form IV, at
first, seemed to be permanently denatured, and renaturing it proved to be a rather dif-
ficult task [6] [7] [34] [35]. Perhaps for this reason, the use of alkali denaturation as a
purification procedure for small circular DNA was never perfected.

For about a decade, from the mid-1960s to the mid-1970s, at least three major groups
labored to characterize Form IV: Jerome Vinograd’s group at CalTech, Robert Warn-
er’s group at UC Irvine, and the group at the Dutch National Defense Research Organ-
ization under Jansz, Pouwels and their associates. Although these three groups collec-
tively published dozens of papers between them, not one of those papers made any
mention whatsoever of structure, and, to this day, the closest thing we have previously
had to a “molecular model” for Form IV was the artist’s conceptual drawing shown in
Figure 13.

In a world in which man has gone to the moon, split the atom down to the quark and
beyond, and explored the bottom of the sea, surely we need to do better than this.

The current manuscript provides the first detailed molecular model ever proposed
for Form IV. The starting point for the model is the Wu tetraplex [17] [18], which has
previously been successfully deployed to solve another long-standing molecular biolog-
ical mystery, namely the structure of the protamine-DNA complex in sperm cells [19]
[20] [21]. Protamine, as the name implies, is the very essence of nucleoprotein struc-
ture, being little more than a long string of positive charges, mostly from arginine resi-
dues. Conversely, DNA is a long string of negative charges from its phosphate groups.
One might have naively thought that the solution to the puzzle of protamine-DNA
structure would therefore be a “no brainer”, but, for over a half-century after the publi-
cation of the Watson-Crick structure, the puzzle was never solved. That’s because it’s
impossible to align the negative charges on DNA with the positive charges on prota-
mine, if the DNA is presumed to be in the Watson-Crick conformation. But as soon as
the DNA structure is changed to the Wu tetraplex, the protamine-DNA structure vir-
tually solves itself.

Likewise, in the case of Form IV, where no molecular model has ever been proposed
or even hinted at, the application of the Wu structure once again leads quickly to a so-
lution.

It is my opinion, for what it’s worth, that the protamine-DNA structure, which has
not been challenged or criticized in any way since its publication, is well-nigh incon-
trovertible. The same, however, cannot be said for the Form IV structure proposed

herein. I am confident that the assignment of the Wu mutually-intercalated tetraplex

Figure 13. Early Form IV “model” [5]. The drawing seems to imply an imploded, totally-collapsed
structure without order of any sort.
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structure to the pre-Form-IV conformation, between pH 12.3 - 12.8, will hold up to
scrutiny, but the events beyond pH 12.8 are speculative. There is, for example, no
precedent I know of for a nucleic acid structure with axial phosphate groups stabilized
by salt bridges with the prevailing counterion. But the structure is entirely logical, and
devoid of any steric hindrances whatsoever, and one might well ask “Why should such
a structure not form, under the extreme conditions at which it appears?” That is to say,
there is nothing barring it from forming.

That the primary “cement” for the proposed Form IV tetraplex is ionic, is supported
by the observation that it is at the low ionic strength conditions of DNA which has been
prepared for electron microscopy (0.001 - 0.01 M sodium), and only under those con-
ditions, that we see a return of the Form IV tetraplex structure to a 100% duplex form.
This would appear to clearly support a role for salt bridges in the maintenance of the
Form IV structure at high pH and ionic strength.

Concerning the events in the neutralization phase of the data presented herein, as the
pH is lowered from 13 back down to 7, the picture remains rather murky. It seems al-
most certain that the structure, in that pH range, is a Aybrid structure, consisting of one
of two tetraplex structures that we can imagine (Ze, the Form IV structure proposed
herein, and/or the Wu mutually-intercalated tetraplex structure), gradually converting
back to a two-stranded form. The nature of the two-stranded form is also obscure. It
cannot possibly be canonically base-paired, yet it must logically be either stabilized by
tautomeric faux-base-pairing (which sort of structure is not currently known to exist),
or else by “pure” base stacking in the complete absence of base-pairing (which is also
not known to exist) (Figure 12). And yet there is no reason to doubt that either one of
these peculiar structures is entirely possible, requiring only a setting which provides a
thermodynamic path for their formation. The alkali denaturation of the native chro-
mosome may very well provide that path.

I am a theoretical biologist, having no laboratory facilities with which to verify the
Form IV model by experimentation. Moreover, I believe myself to be, at this moment
in time, the only scientist still alive and working who has even the slightest interest in
Form IV, wherefore it may be a long time before the day comes that this structure will

be experimentally proven. Hopefully this publication will bring that day closer.
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