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ABSTRACT

Hydration forces between DNA molecules in the A- and B-Form were studied using a newly
developed technique enabling simultaneous in situ control of temperature and relative humidity.
X-ray diffraction data were collected from oriented calf-thymus DNA fibers in the relative
humidity range of 98%-70%, during which DNA undergoes the B- to A-form transition.
Coexistence of both forms was observed over a finite humidity range at the transition. The
change in DNA separation in response to variation in humidity, i.e. change of chemical potential,
led to the derivation of a force-distance curve with a characteristic exponential decay constant of
~ 2 A for both A- and B-DNA. While previous osmotic stress measurements had yielded similar
force-decay constants, they were limited to B-DNA with a surface separation (wall-to-wall
distance) typically > 5 A. The current investigation confirms that the hydration force remains
dominant even in the dry A-DNA state and at surface separation down to ~1.5 A, within the first
hydration shell. It is shown that the observed chemical potential difference between the A and B
states could be attributed to the water layer inside the major and minor grooves of the A-DNA
double helices, which can partially interpenetrate each other in the tightly packed A phase. The
humidity-controlled x-ray diffraction method described here can be employed to perform direct
force measurements on a broad range of biological structures such as membranes and

filamentous protein networks.

KEYWORDS: Hydration force, DNA phases, DNA fibers, in-situ x-ray diffraction, humidity

and temperature control
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I. Introduction

Temperature and hydration are two important environmental variables affecting the structure of
biological molecules, many of which undergo phase transitions as a function of relative humidity
and temperature. A particularly well-studied example is the distinct conformational changes of
the DNA double helix induced by varying relative humidity. In their very early work on
partially dehydrated DNA fibers, Franklin and Gosling first identified two distinct (i.e. B and A)
forms of DNA at different relative humidity based on x-ray fiber diffraction patterns (Franklin &
Gosling, 1953a,b). High salt conditions or special nucleotide sequences could lead to the
formation of left-handed Z-DNA (Mitsui et al., 1970; Berg et al., 2002).

In addition to changes in the molecular structure of the DNA double helix, the interaction
between DNA molecules, mediated by water molecules and/or ions, leads to rich mesophases
spanning from isotropic to 2D hexagonal and ultimately full 3D crystalline order in concentrated
solutions (Durand et al., 1992 ; Fuller et al., 2004; Livolant et al., 1989 ; Livolant and
Leforestier, 1996). The sensitivity of the DNA structure to humidity is a clear manifestation of
the intimate interaction of water with the internal structure of DNA. High-resolution
crystallographic studies on single crystals of oligo-DNA molecules confirmed the presence of a
“water-ribbon” winding through the minor grooves of the DNA double helix, and the water
molecules within the DNA were shown to be highly localized within the first hydration shell (<3
A thickness) (Egli et al., 1998; Guerri et al., 1998). These oriented water molecules form
complex patterns that could extend as far out as the fourth hydration shell and have been

hypothesized to play some role in sequence recognition (Chaplin, 2006).
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The interaction of overlapping hydration layers of different DNA molecules contributes
to the stabilization of a lattice via a repulsive hydration force. This force, which decays quasi-
exponentially with separation distance, in effect resists the removal of water between closely
packed DNA molecules. Hydration forces have been observed experimentally in a number of
systems consisting of polar surfaces and linear molecules (Leikin et al., 1993; Parsegian and
Zemb, 2011). The force-distance curves in all these systems exhibit remarkably similar
exponential decay lengths, suggesting a common origin underlying these forces. A full and
complete theoretical understanding of the hydration force has not yet emerged. It is generally
accepted, however, that the force results from the summation of weak forces related to small
perturbations of large number of water molecules by the macromolecules or surfaces (Parsegian
and Zemb, 2011).

Previous measurements on DNA hydration forces have been performed by measuring
DNA lattice constant change in response to osmotic pressure induced by mixing colloidal
molecules with DNA in solution (Parsegian and Fuller, et al., 1979; Rau et al., 1984; Rau and
Parsegian, 1992). Due to experimental limitations these measurements had been performed only
for B-DNA with surface separation typically > 5 A. Here we describe a new technique enabling
simultaneous temperature and hydration (relative humidity) control in a sample environment
suitable for both small- and wide-angle x-ray scattering (SAXS and WAXS) studies of soft-
condensed matter and biological systems. The technique was employed to collect in-situ X-ray
diffraction data from oriented DNA fibers at precise relative humidity intervals, with DNA
molecules in either the B or A conformational states, and during the B to A transition. The data

enabled derivation of the hydration force curve in the previously un-probed surface separation
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range of ~1.5 A to 6 A and for DNA in either A- or B-form. It was necessary to consider the

contribution of water within the major and minor grooves of A-DNA at separations < 2.5 A.

2. Development of the compact temperature and humidity chamber for in-situ x-ray
diffraction
2.1 Design principle
Two techniques have been widely used in humidity controlled measurements: mixing streams of
water vapor with dry air (Fuller et al., 2004; Sirota et al., 1988; Smith et al., 1990) and using
reservoirs filled with saturated salt solutions to regulate vapor pressure/humidity (van Dam et al.,
2002; Franklin and Gosling, 1953; Langridge et al., 1960). Both techniques suffer some
drawbacks. The water vapor and air mixing scheme requires sample chambers that are typically
bulky and consequently cumbersome to use. The saturated salt solution technique provides only
discrete control in humidity levels and generally lacks a high degree of accuracy. In addition,
salt-induced corrosion leads to degradation of the chamber. Here a unique design is presented
that uses a temperature differential between the sample and a water bath, both of which are
contained in a sealed chamber to control the relative humidity. This simple design results in a
compact, self-contained apparatus that can be mounted on a variety of XRD instruments with
laboratory and synchrotron radiation for in-situ humidity/temperature (H/T) controlled studies.
The working principle of the in-situ H/T chamber is based on independent and precise
control of two temperature points within the sample environment. As schematically shown in
Fig. 1a, the chamber consists of a sealed and thermally insulated cylindrical shell connected to a
water reservoir (bath) via a small opening at the base (Sirota and Wu, 1996). The sample is

suspended in the center of the sealed chamber. The water bath is thermally insulted from the
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sample shell, which enables independent control of the temperatures of the sample cell (T;) and
the water bath (T,). The temperature of the water bath sets the dew point of the sample
environment within the sealed housing, and hence the water vapor partial pressure, and from that
the relative humidity can be calculated as follows. The dew point of the sample environment
(T,) sets the partial pressure of water vapor at the sample P(T,). The relative humidity of an
environment is defined as the ratio of the amount of water vapor present to the amount of water
vapor that can be held at T;. Assuming that water vapor acts as an ideal gas, this ratio is
equivalent to the ratio between the partial pressure of water vapor present to the partial pressure

of water vapor in a saturated environment. Hence:

%RH —100%+*"{2) (1)
P(T,)

where T, is the dew point temperature, which is equal to the water bath temperature, T is the
sample temperature, and P(Ty) is the partial pressure of saturated water vapor at T;. When Ty is
at or below T, the sample is fully hydrated (RH=100%), whereas for T, T, , the sample will
always be at partial humidity (RH<100%). By varying T, and T, one can set both the
temperature and humidity for the sample at precise increments, which makes this technique very
useful for in-situ experiments.

Phase transitions that occur at constant temperature and pressure, such as the transition
from liquid to vapor, also occur at a constant free energy, i.e. AG(P, T) = 0, when the system is

in equilibrium. Under this condition, the vapor pressure is related to temperature via

(@) - 2
oT )s  TAV

where AH is the change of enthalpy of the transition, which is the molar latent heat of

vaporization, T is the temperature of the transition, and AV is the change of volume of the
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substance. In the liquid to vapor transition, AV is approximately the volume of the vapor since
the vapor volume is much larger than the liquid volume. Assuming that AH is approximately
independent of temperature T, the partial pressures of saturated water vapor at any temperature
can be described by the Clausius-Clapeyron Equation (Haar et al., 1984):

AH

vap

P(T)=P,e *T ©)

where Py is a constant, AHyqp is the molar latent heat of vaporization of water, R is the ideal gas
constant, and T is the absolute temperature. Fig. 1b shows the results of the fit to tabulated P(T)
values using the Clausius-Clapeyron equation (Haar et al., 1984). Because it is assumed that the
latent heat of vaporization of water AH,4, is constant with respect to temperature, there is a minor
deviation from the tabulated data. However, for the purposes of the experimental setup, this error
is considered negligible compared to other experimental variables, such as temperature accuracy
and uniformity. In the experiments to be presented, the vapor pressures were calculated by
linearly interpolating between two points of the tabulated curve.

The range of relative humidity that can be achieved with the chamber is dependent on
temperature. The practical range of operation (RH vs T), calculated using equations (1) and (3),
is shown in Fig.1 c. Although the principle described above can be applied to other solvents, for
practical purposes we will only consider the range using water. The temperature range is set to
be sufficiently above the freezing point and below the boiling point of water (10 °C - 95 °C). The
controllable range of RH increases at higher temperatures. At a sample temperature of 25 °C, the
achievable range of RH is 27.5%-98%. At 75 °C, the range is 2.3% - 98%. It should be noted
there are significant challenges for RH values > 95%, due to the very small temperature

difference between the sample and the water reservoir.
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2.2 Sample Chamber Design

The mechanical design of the H/T chamber is illustrated in Fig. 2a. Good temperature stability is
crucial to achieving precise humidity control. Thus the sample chamber consists of three
concentric hollow cylinders (shells): the inner two made of aluminum and the outer shell made
of plexiglas, which is not shown in the figure. The plexiglas outer shell acts merely as a thermal
jacket, shielding the inner two cans from ambient air currents. The two aluminum cylinders are
supported on a Teflon insulator, underneath which lies the water bath container. The water bath
is heated or cooled to the desired dew point by a Peltier device mounted on an aluminum plate,
which is used as both a support on the sample stage and a heat exchanger to draw excess heat
away from the system. A Teflon spacer is placed between the water bath base and the aluminum
cylinders to provide thermal insulation between the water bath and the ambient sample
environment. A 0.5 inch (12.7mm) opening in the center of the spacer allows the water vapor to

enter the sample chamber from the water bath.

To minimize x-ray attenuation, the inner cylinders are sealed with aluminized Kapton
windows, and the plexiglas cylinder is covered with Mylar windows. However, x-ray scattering
from the polymer windows exhibit a ring-like pattern, which could obscure the features of
interest. To eliminate this parasitic background, small pass-through holes (~3mm in diameter)
are punched through the windows at the beam position after the sample to prevent the intense
direct beam from striking the windows. To seal the sample chamber, the through holes are
covered with 4 um thick pieces of aluminum foil. The thin aluminum foil is used because 1) it
only negligibly attenuates the beam (~5%), and 2) its scattering signal is outside the region of

interest for most biological systems and therefore does not contribute significantly to the
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background. The scattering signal from the windows on the incident beam side of the chamber is
blocked by an aperture placed just before the sample.

The control diagram for the chamber is shown in Fig. 2b. Resistive heaters are used to
heat the ambient sample environment. The temperatures of the outer aluminum cylinder (sample
chamber) and the water bath are controlled by two separate Wheatstone bridge circuits with YSI
model 44011 thermistors as the control sensor. The resistive heaters used for the ambient sample
environment and the Peltier plate used for the water bath are powered by two separate power
supplies, one for each control circuit.

The temperature of the sample Tsample IS controlled by setting the temperature of the outer
aluminum cylinder Teyiinder, and influenced to a small degree by the temperature of the water bath
Treservoir- Because Tsample aNd Treservoir €AN be independently controlled, for the most part, there is
a vertical temperature gradient from the reservoir to the sample. Furthermore, the low thermal
conductivity of the aluminized Kapton windows can lead to non-uniform temperature on the
outer aluminum cylinder and water condensation on the interior surfaces of the windows at high
humidity levels. In such cases, additional heaters are necessary for the windows.

To account for such temperature gradients, three independent thermistors are used to monitor
the temperatures of the sample, the outer aluminum cylinder surface, and the water bath,
respectively; hence, a total of five temperature sensors are used in this chamber. The thermistors
used have an absolute accuracy of 0.2 °C. Applying the Clausius-Clapeyron Equation to relate
the relative humidity to the independent water bath and sample temperatures, the corresponding
absolute accuracy of relative humidity in the range of 65% or more is about +2%. The
temperature control stability is better than 0.01 °C, implying a relative humidity stability of

~0.1%.
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2.3 Calibration

To calibrate the H/T chamber, the phase behavior of a freely suspended sample of the
phopholipid 1-2-dimyristoyl-sn-glycero-phosphatidylcholine (DMPC) was investigated and
compared with published results measured with conventional vapor mixing method (Sirota, et
al., 1988; Smith, et al., 1988; Smith, et al., 1990). It is well established that DMPC forms two
distinct lamellar phases at temperatures above 30 °C: L, and Lgr. As shown schematically in Fig.
3c and 3d, respectively, the L, phase is a lamellar phase in which the chains are fluid-like,
whereas the Lgr phase displays ordered chains. At a given temperature, it is known that DMPC
undergoes a phase transition from L, to Lgr with decreasing relative humidity. This phase

boundary was used as a reference for calibrating the chamber.

The structural transition from L, to Lgr is evident in the 2D x-ray diffraction data (Fig.3a
and b), which was collected from the DMPC sample at the same temperature (36.6 °C) but at two
slightly different RH levels near the phase boundary (70.4% and 69.4% RH, respectively). The
data shows two sets of peaks corresponding to ordering along different molecular orientations: A
series of sharp, roughly equally spaced, centro-symmetric arcs along the meridian represents the
(00L) harmonics of the lamellar stacking of the lipid molecules, whereas in the equatorial
direction, at much larger q (smaller spacing) the correlations between the alkyl tails gives rise to
a broad arc of scattering intensity.

The difference between the two diffraction patterns becomes even more evident in
projection scans along and perpendicular to the lamellar stacking direction, shown in Fig. 4e and
f, respectively. Both the lamellar peaks and the chain-chain correlation peak sharpened as the

relative humidity was reduced, indicative of the transition to the more ordered Lgr phase. Due to

10
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the diffusion-limited variation of humidity within the thickness of the sample, there is evidence
of coexistence of L, and Lgr domains in the data at lower humidity, as indicated by splitting of
the lamellar peaks. As the lipid transitions from the L, phase to the Lgr phase, the lamellar
spacing increases because the chains elongate as they lock into the ordered state, leading to a
progressively larger shift of higher-order harmonics toward lower scattering angles. The design
of the new H/T chamber was validated by the fact that the measured L, to Lgs phase boundary
(RH ~69.8%) was in good agreement with published data obtained with conventional vapor

mixing humidity control (Smith et al., 1990).

3. In-situ X-Ray diffraction studies of oriented DNA fibers

The H/T chamber was employed to study the hydration forces of oriented DNA molecules via in-
situ humidity-controlled x-ray fiber diffraction. It is well known that DNA (the Na salt)
undergoes a phase transition from the B-form to the A-form at 75% relative humidity at room
temperature (Franklin and Gosling 1953a,b; Fuller et al., 1965). The B-form, the structure of
which was first elucidated by Watson and Crick (Watson and Crick, 1953), is a double helix
structure with a pitch of 34 A, diameter of 20 A, and vertical rise of 3.4 A per base pair. The A-
form is a double helix with a pitch of 28 A, diameter of 23 A, and rise per base pair of 2.6 A
(Pattabhi and Gautham, 2002). Because of the high precision of determining molecular
separation from its well-characterized x-ray diffraction pattern, DNA has been extensively used
as a model system for studying hydration forces. The majority of the experiments had been
carried out by using the osmotic stress technique combined with x-ray diffraction in the
relatively dilute regime in which the DNA molecules were separated by more than 5 A of water

(Parsegian et al., 1979; Rau et al., 1984; Rau and Parsegian, 1992). The DNA molecules were

11
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believed to be in the B-form and were in general considered to be smooth, solid rods separated
by water. This simple model underpins the majority of force-distance-analysis so far. It is
unclear, however, whether the same hydration force relationship holds true for A-DNA, which
exists at much lower humidity. In addition, crystallographic studies of oligo-DNA molecules
have established that the DNA double helix holds a considerable amount of water in its grooves
(Egli et al., 1998; Guerri et al., 1998), which would argue against modeling DNA as smooth
rods. The current study aims to elucidate these effects with in-situ measurements at precise
humidity intervals and at much smaller DNA separation (~1.5 A — 6 A) than previous studies. It
is expected that in this regime, the assumption that the DNA molecules are smooth rods is no
longer valid and one must consider the structural details within the grooves of the DNA to
interpret the hydration force data.

For filamentous molecules, the quality of diffraction data improves with increasing
degree of alignment. An in-situ fiber puller was constructed to produce aligned DNA fibers for
H/T studies in the cell, based on the method first described by Franklin and Gosling (Franklin
and Gosling, 1953a,b). This technique has also been widely used to align discotic liquid crystals
(Safinya et al., 1984, 1985). The puller shown in Fig. 4a consists of a cup containing the DNA
solution and a moving pin. The DNA solution used to draw the fibers consisted of 40 weight%
Calf Thymus DNA and 60 weight% buffer, a 100 mM solution of KCI. At this concentration,
DNA forms a columnar hexagonal phase and is most conducive to growing fibers (Blanc et al.,
2001; Livolant et al., 1991a,b). The speed at which the fiber is drawn directly influences the size
and quality of the fiber and is controlled by using a computer-controlled step motor. A typical
fiber was about 5 mm in length, and between 300um and 500um thick. The fiber, intact on the

fiber puller assembly, was next placed in the humidity-controlled chamber and was left to

12



O©CO~NOOOTA~AWNPE

equilibrate for at 1 to 20 hours before x-ray data was taken. Each fiber was viewed under
polarized microscopy to check for alignment. Fig.4b and c show optical microscopy images of a
DNA fiber viewed under crossed polarizers (The sample was rotated 45 degrees in the two
images). The dramatic difference in brightness confirms the presence of strong birefringence
due to alignment of the highly anisotropic DNA molecules. It is evident that the fiber actually
consisted of a bundle of smaller, more crystalline micro-fibers that are axially aligned. The
orientation of the micro-fibers in the direction perpendicular to fiber axis is random, thus giving
rise to a diffraction pattern equivalent to the rotationally averaged diffraction pattern from a
single crystal fiber.

A series of 2D x-ray diffraction patterns collected in-situ from an aligned DNA fiber
inside the H/T oven at different humidity levels is shown in Fig.5. It is worth noting that the
experiments were performed on a single fiber sample typically over a period of several days,
sometimes with very small humidity level changes in between measurements. The diffraction
data shown is representative of more than 10 sets of repeat measurements. The striking “X”-
shaped scattering feature, most obvious in the top four panels, is characteristic of the helical
structure of DNA in the B-form (Franklin and Gosling, 1953a,b; Atkins, 1994). As the humidity
level decreases below 87%, the diffraction feature of the A-form appears. Between 82.7%-86.7%
RH, the diffraction data is a superposition of both A- and B-forms, indicating co-existence. At
RH < 80%, the structure is pure A-form, which is characterized by much more crystal-like
diffraction patterns.

Equatorial peaks in the diffraction data are consistent with hexagonal packing of DNA
molecules in the plane normal to the helical axis. In the data for the B-form, the helical layer

lines are the main features, indicating that the neighboring DNA molecules lack correlation in

13
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the longitudinal (axial) direction. Thus, it is likely that the B-form DNA molecules are in the
hexagonal columnar phase, with molecules free to slide past each other (Livolant et al., 1989). In
comparison, the data for A-form DNA at lower humidity levels show distinct spots that are
consistent with a “lattice” type of arrangement in which the neighboring DNA molecules are
registered in both the longitudinal and lateral directions. Even though the DNA helices are more
ordered in this phase (with density correlation between neighboring molecules), it cannot be
considered a 3D crystal, since there is no specific base-pair to base-pair locking because of
sequence variation. As we show later (in section 4.2), these molecular packing details have

important implications when the hydration force curve is derived from the diffraction patterns.

4. Discussions

4.1 B to A form transition

The transition from B-form to A-form is examined by plotting the change of the double helix
pitch as a function of relative humidity. As shown in Fig.6a, the onset of the transition from B- to
A-form occurs at ~87% RH within a narrow range (~0.3% RH) and is discontinuous. At RH
between 82.7% and 86.7% (vertical dashed lines), there is evidence of coexistence of B and A
forms in the diffraction data. In the mixed phase diffraction data, it was possible to extract the
pitch parameters for both forms, which are plotted on the same curve using different symbols. At
RH<80%, the signatures of the B-form are no longer detectable. The absence of any diffraction
signature other than that from B- and A-form DNA during the transition confirms that there are
no intermediate states between the B- and A-form. Thus, the B to A conformational change can
be considered as a first order phase transition (Fuller et al., 2004). This result is consistent with
previous experimental measurements and also with more recent molecular dynamics studies

(Banavali and Roux, 2005; Dickerson and Ng, 2001; Fuller at al., 2004). 1t should be noted that

14
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although it is expected that the transition is fully reversible, the experiments described here were

only conducted along the path from high to low RH.

4.2 Hydration force in DNA

The humidity-driven structural changes in the DNA fiber have been used as a model system to
study the hydration force between linear molecules. The removal of water through the drying
process, i.e. the reduction of the relative humidity costs energy due to the change in the chemical
potential of the water vapor. This change in chemical potential can be calculated from the
relative humidity as shown by Parsegian and others (Parsegian et al., 1979; Smith et al., 1988,
1990) as:

Ap = RT In(Pwater-vapor! Psawration) = RT In(RH) 4)

where Ap is the change of the chemical potential in a mol volume of water vapor, R is the ideal
gas constant, T is the absolute temperature, and RH is the relative humidity of the environment.
Ap has the unit of energy (work) per unit volume (e.g. ergs / cm®) but can also be expressed as a
differential pressure or force per unit area: dyne/cm? by using the relation 1 erg = 1 dyne cm.
Thus, the change in chemical potential is directly related to the hydration force, which is
believed to be the dominant force maintaining the DNA rod-to-rod separation. The microscopic
origin of this force is not fully understood (Parsegian and Zemb, 2011; Podgornik et al., 1994). It

is known, however, to have an exponential dependency on the distance between DNA molecules

of the form (Parsegian et al., 1979; Smith et al., 1988, 1990): f,, ~e ™', where d, is the

thickness of the water layer between DNA molecules and A is the hydration force decay constant.
To extract the relevant force-distance curve from the data, the equatorial peaks in the

fiber diffraction patterns were used to determine the axial spacing (separation) between the DNA
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molecules. A hexagonal packing model was used to index the peaks, resulting in a single lattice
parameter a (interhelical spacing) that describes the axial separation (center-to-center) between
neighboring DNA molecules in the plane perpendicular to the fiber axis. Since we are concerned

with only equatorial reflections, the lattice parameter can be derived from the measured d-

spacing of the first peak dg o o) by the equation a=2d o ¢/v/3. In the B-form, this hexagonal
packing model is well accepted. Here this model also works well for A-form equatorial data and
can be justified as follows. A crystallographic indexing of the A-form data requires a c-centered
monoclinic lattice (Fuller, 1965). However, since the hydration force is interpreted only in terms
of rod-to-rod distance, we need to concern ourselves only with in-plane packing (i.e. average
interhelical spacing). Thus the monoclinic cell reduces to a centered 2D rectangular cell. The in-

plane lattice constants (a,b), which vary with hydration and ionic strengths, are generally quite

close to being hexagonal with a/b ~ /3. Additionally, the true crystalline A-form only manifests
at the very low end of humidity (<80%) in the current study. Considering that the fiber sample is
composed of multiple micro-fibers, we must also take into account rotational averaging in-plane.
Taken together, these effects justify using a simpler hexagonal indexing scheme to calculate the
isotropic axial separation between DNA rods in the fiber sample even in the A-phase.

The intensity profiles of the first equatorial peak at several RH points near the B- to A-
form transition are shown in Fig.6b. At RH=88.6%, the sample is in the B phase in which all
DNA are in the B-form. The (1 0 0) hexagonal peak is sharp and has high intensity. At
RH=82.7%, the majority of the DNA in the sample is in the A-form (A phase). The peak, which
is taken as the (1 0 0) peak in the pseudo-hexagonal lattice, is broader and weaker. In between
these two RH values, the system undergoes the B- to A-form transition with co-existence of both

forms, with the percentage of A phase increasing as RH is lowered. It is interesting to note that

16
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during the transition the (1 0 0) peak position remains unchanged, indicating a fixed axial
separation between DNA molecules either in the A- or B-form, while the peak intensity
gradually decreases.

The hydration force curve derived from the DNA fiber diffraction data as a function of
humidity is shown in Fig.7. The force (in log scale), represented as a change in chemical
potential per unit volume (ergs/cm®), which is equivalent to a differential pressure (dyne/cm?,
force per unit area), is plotted against DNA interhelical spacing d. For hexagonal packing, d is
equal to the 2D hexagonal lattice constant a. Two features stand out in the graph and merit
further discussion. First, it can be seen that the data points fit well to straight lines both in the A
and B phases, as expected due to the exponential dependence of the hydration force vs
separation. The slopes of the two lines, which are described as force decay constants (1), are 1.96
Aand 1.94 A, for A- and B forms of the DNA, respectively. The difference in the decay lengths
in the two forms is within experimental uncertainty and both values agree well with the generally
accepted decay constant of ~2 A found in a large number of systems studied previously
(Parsegian and Zemb, 2011).

The high concentration of DNA (and fairly high salt concentration) in the sample resulted
in measured axial separation ranging from 21.8 A — 25.3 A. As shown in Fig. 7, the B-form to A-
form conversion starts at an axial separation of dag = 23.4 A, which remains constant through the
transition. This particular axial spacing at which both A- and B-form DNA co-exist is
meaningful in two ways. First, if we subtract the diameter of B-DNA (20 A) from dag, we find
that the surface separation for B-DNA is equal to 3.4 A, indicating that neighboring B-DNA are
within one hydration shell of each other. Second, it is perhaps no coincidence that dag is only

slightly larger than the diameter of A-DNA (23 A). This suggests that at even lower humidity
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(i.e. smaller axial separation), in the A phase there is interpenetration of the DNA helices. The
fact that force decay constant in both the A and B phase is essentially the same suggests that
hydration force continues to play a dominant role in maintaining DNA rod-to-rod separation
even in the tightly packed, and much drier A phase.

The second noticeable feature in Fig. 7 is the vertical shift in the force curves for A and B
phases. This shift (chemical potential change) is related to the fact that the A-DNA and B-DNA
are in different free energy states (Banavali and Roux, 2005). Since the hydration force curves in
both A and B phases have the same force decay constant (~2 A), it is reasonable to assume that
the same force-distance relationship also holds during the B to A transition. Thus, using the same
exponential formula one could model the vertical shift of the force curve in the A phase by an
effective reduction in water layer thickness Ad,, as
Ad,, = (d4 — dp) + AlIn(—4u,) — In(—4u, )] (5)
Where da and dg are the diameters of A- and B-DNA, respectively, A=2 A is the force decay
constant, Aug and Aup are the chemical potential values corresponding to the onset of pure B and
A phases, respectively (end points on the vertical rise in the transition regime). Based on data
shown in Fig. 7, a 4d,, value of 2.4 A was obtained. The significance of this value will become
evident in discussions below.

To examine the hydration force in the A and B phases, it is necessary to derive the actual

—dy /A

water layer thickness values upon which the hydration force depends ( f,, ~e ). Generally

this is done by converting the axial spacing d into wall-to-wall separation d,, by substracting the
diameter of the DNA double helix. For the B phase, this method produces reasonable values,
however for the A phase it results in non-physical negative distances since the interhelical

separation can be smaller than the diameter of A-DNA. This suggests that there is
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interpenetration of the helices in the A phase and we must derive d,, using a different approach.
To do this, we shall consider the difference in packing between the A- and B-forms of DNA and
its consequences in hydration force calculation.

It is important to realize that the measured ‘“hydration force” is actually the net
summation of all the work related to removing water from the system. Considering the
hexagonal packing of DNA, one realizes that there is actually a whole range of d,, (wall-to-wall
separation or water layer thickness) in the structure. However, due to the exponentially decaying
nature of the hydration force, the dominant contribution would come from parts of the structure
where dy, is small. In other words, it is essential to define the minimal separation (water layer
thickness) in the structure. In the B-form, the DNA molecules are able to slide in the axial
direction (columnar hexagonal packing). This effectively averages the density over the entire
length of the molecule. In addition, the wall-to-wall separation is sufficiently large that
contribution from the water inside the DNA grooves can be neglected. Thus treating the DNA in
the B-phase as a solid rod (a common practice in biophysical research) is quite reasonable. In
this model, the effective minimum separation is dy=d-ds, where d is the measured axial
separation of DNA and ds is the diameter of DNA in the B-form (dg =20 A).

In the A phase, the axial registration of the neighboring DNA molecules in the crystalline
lattice “locks” the relative position of DNA helices with respect to each other and the molecules
are in closer contact. Thus, the thickness of water layer is no longer just determined by the outer
diameter of the A-DNA. One must take into account the water within the A-DNA double helix.

It is well established that the DNA double helix has major and minor grooves that can
hold substantial amount of water (Egli et al., 1998; Guerri et al., 1998). We surmise that it is the

locking of the relative positions of neighboring A-DNA molecules in the A phase that enabled
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interpenetration. We can model the contribution of the water inside the grooves as having the
effect of reducing the A-DNA diameter to d}, = d, — Ad,,, where Ad,, = 2.4 A is the effective
water layer thickness change during the B to A phase transition as derived from experimental
data earlier. This value can also be estimated directly from structural parameters of A-DNA as
follows. In the cross sectional view through the center of the c-axis, the A-DNA can be modeled
as a rectangle with an unit area of daP, where da = 23 A is the diameter of A-DNA and P =28 A
is the pitch. On this rectangle, we can approximate the major and minor grooves in A-DNA as
having triangular profiles with depths and widths of dy, Wy and dn, W, respectively. The
effective solid area of the A-DNA cross section can be derived by subtracting the area of the
grooves:
A =daP — dyWnm - dnWp,
The effective solid rod diameter of the A-DNA is given by A/P = da — (duWn - dnWn)/P.
Correspondingly, one obtains Adw=(duWwm - dmWn)/P. Using the published parameters of A-
DNA (major groove: depth 13.5 A, width 2.7 A; minor groove: depth 2.8 A, width 11.0 A)
(Pattabhi, 2002), we arrive at a value for Ad,, = 2.41 A, which matches the value derived from
experimental data. Thus, the “effective diameter” of A-DNA becomes 20.6 A for the purpose of
deriving wall-to-wall separation in the A phase. It should be noted that the above calculation also
confirms that the contribution from the narrow and deep major groove to the hydration force is
rather small compared to the wide and shallow minor groove.

By applying different schemes as described above to derive the water layer thickness in
the A and B phases, we arrive at a force-distance curve shown in Fig. 8. As expected, the A and
B phase data points are essentially on a continuous line. Note that the surface separation d,

between DNA molecules varies from ~1.5 A to 6 A, a range unprobed by previous
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measurements (Parsegian and Zemb, 2011). In the A and B co-existence regime the effective d,.
w is calculated by dy= d-(wada+wgdg), where da and dg are the effective diameters of A- (20.6A)
and B-DNA (20A), respectively, and wa and wg are the corresponding phase fractions, which
were calculated by comparing A- and B-DNA peak intensity values with diffraction data in the

pure A- and B-DNA phases.

5. Materials & Methods

5.1 X-ray diffraction

For the experiments described in this paper, the H/T chamber was mounted on a motorized X-Y-
Z sample stage which was fitted on a Huber 4-circle goniometer with a Rigaku rotating anode x-
ray source (UltraX18HF, 0.3 mm point focus size). An Osmic™ confocal max flux multilayer
monochromator was used to select Cu K, radiation from the source and a MAR345 image plate
detector was used to collect the diffraction data from the sample. The typical sample to detector
distance is 18 cm, corresponding to @ maximum scattering wave vector Gmax of 3.0 A™. Careful
control of the incident beam divergence and profile by using a pair of slits allowed us to achieve

a gmin of ~0.1 A%, enabling both intermediate SAXS and WAXS studies on the same instrument.

5.2 DMPC lipid calibration sample preparation

The DMPC (Avanti Polar Lipids) was mixed with high resistivity water (18.2 MQcm) to a ratio
of 30 weight% water and 70 weight% DMPC. This mixture was spread over a heated ~5mm
thick aluminum plate containing a 3 mm diameter hole; the plate was heated to a temperature to
ensure that the DMPC solution would be in the L, phase. The sample thickness was between 1
to 2 mm. Once this solution was set, the sample plate was mounted in the chamber, and the

sample ambient environment was set to 37 °C, the dew point was set to 33 °C, and the sample
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was left in the chamber to equilibrate for at least 12 hours. Subsequently, the sample
temperature and relative humidity were set, and left to come to equilibrium (within 2 to 3 hours),
and finally x-ray data was taken with an exposure time of two minutes.

5.3 DNA fiber preparation

The DNA solution used to draw the fibers consists of 40 weight% Calf Thymus DNA and 60
weight% buffer, a solution of 200 mM KCI in high resistivity (18.2 MQcm) water. The mixture
was placed in the cup of the fiber puller, and a fiber was initiated by dipping the pin into the cup
containing the solution and pulling it up by hand. Once the fiber was initiated, the assembly was
placed in an airtight cell in which the fiber could be elongated by drawing more solution at a
controlled pulling speed of 100 um per minute.

6. Conclusions

A unique design for a compact humidity and temperature controlled chamber suitable for in-situ
X-ray scattering studies was presented. The H/T sample chamber was utilized to investigate the
phase behavior of aligned DNA fibers as a function of hydration. The axial separation between
DNA molecules was examined with consideration of structural differences in A and B
conformations to generate a hydration force curve with an exponential decay length of ~2 A, in
good agreement with measurements by other methods. The results confirm that in the A-phase in
which there is interpenetration of DNA helices the hydration force continues to play a dominant

role in setting the DNA axial spacing.
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FIGURE CAPTIONS

Fig. 1 Operating principle of the differential temperature control humidity chamber. (a) The
relative humidity is derived based on the partial vapor pressure at the sample held at a
temperature at or above the water reservoir temperature, which sets the dew point of the sample
environment. (b) Fit to tabulated water vapor pressure values. The Clausius-Clapeyron
Equation was used to fit data taken from published tabulated data (Haar et al., 1984). (c)
Calculated range of temperature and humidity values that can be achieved with the sample

chamber.

Fig. 2 Mechanical design and control diagram of the humidity temperature chamber. (a) The
assembly consists of three concentric cylinders (only the two inner shells are shown). The outer
insulating case is used to improve temperature stability against ambient fluctuations. (b) The
temperature of the sample is set by controlling the temperature of the outer aluminum cylinder,
and the relative humidity at the sample position is set by controlling the dew point at the sample
via the temperature of the reservoir. Resistive heaters are placed on the middle aluminum
cylinder to enhance temperature stability, and the layer of air between this and the innermost

cylinder surrounding the sample dampens temperature fluctuations.

Fig. 3 Results of calibration experiments using the phase transition of a lyotropic DMPC/water
sample. (a,b) 2D X-ray diffraction patterns of a DMPC membrane sample taken at constant
temperature (36.6 °C) with different relative humidity (70.4% RH for (a) and 69.4% RH for (b)).
The sharpening of the in-plane diffraction arc in (b) indicates ordering of the lipid tails. (c,d).
Schematic illustrations of molecular organizations of the lipid membrane in the L, (c) and Lgs

phases (d), respectively. (e). Meridional (Z axis) intensity profiles of the 2D diffraction data,
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representing lamellar stacking order of the lipid bilayer membrane. (f). Equatorial (X axis)

intensity profiles of the 2D diffraction data, showing the transition from L, to Lgs phase.

Fig. 4 Automated DNA strand puller for the humidity/temperature chamber. (a) The sealed
miniature fiber puller with stepper motor for pulling DNA fibers at a controlled rate. (b,c).
Polarized microscopy images of a DNA fiber sample showing the aligned domains in the sample

(The fiber sample was rotated by 45 degrees between b and c).

Fig. 5 In-situ 2D x-ray diffraction data collected at different relative humidity levels from an
aligned DNA fiber sample using the H/T chamber at T=30 °C. The top four panels show
characteristic features of the B-form DNA whereas the bottom panels at lower humidity are in

mixed B+A or pure A-form as indicated.

Fig. 6 Conversion of B-DNA to A-DNA driven by reduced humidity. (a) Pitch of DNA double
helix as a function of humidity showing the transition from B- to A-form starting at RH ~87%.
Between RH ~82% - 87% (dashed vertical lines) there is coexistence of A- and B-forms. Error
bars for RH were determined by propagating thermistor uncertainties through the Claussius-
Clapeyron equation while uncertainties in pitch were determined by calculating the detector’s q;
resolution at the first and second layer lines of B- and A-DNA respectively. (b) Intensity profiles
of the first equatorial peak in the humidity range of pure B-DNA, to a coexistence of B- and A-
DNA, and finally to pure A-DNA. In the co-existence range (between RH 83%-87%) the peak
position (hence interhelical separation) remains unchanged (vertical line).

Fig. 7 The dependence of inter-helical spacing on the log of the differential pressure exerted on
the DNA molecules. The pressure is directly related to change in the chemical potential due to
relative humidity. The linear correlation exhibited in both phases confirms the characteristic

exponential dependence of hydration force on separation distance, with a decay length of A ~ 2A.
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Fig.8 The hydration force curve for both A and B phases. In the B-DNA phase, the wall-to-wall
separation (minimum water layer thickness) is derived by subtracting the diameter of B-DNA
(20 A) from the interhelical spacing. In the A-DNA phase, dw is derived by first subtracting the
diameter of A-DNA (23 A), then adding 2.4 A to account for the contribution from water within
the major and minor grooves in A-DNA. In the A and B co-existence regime the effective dy is
calculated by dy= d-(wada+wgdg), where da and dg are the effective diameters of A- (20.6A) and

B-DNA (20A), respectively, and wa and wg are the corresponding phase fractions.
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