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ABSTRACT We have studied the calorimetric and infrared spectroscopic properties of the amino acid proline which has
been implicated in the stabilization of biomacromolecules during reduced water states. It has been suggested that the
ability of this molecule to protect biomacromolecules during these stress states may be related to the formation of
polymeric aggregates of proline monomers in solution. The structure of this aggregate is thought to be an alternates
stack, forming a hydrophilic colloid-like polymer which is thought to interact with hydrophobic moieties of
biomacromolecules, reducing the exposed hydrophobic area during reduced water conditions. Calorimetric data
presented in this work show that in increasing concentration of proline in solution the enthalpy associated with the
melting of bulk water is greatly reduced, indicating strong hydrogen bonding character of proline in aqueous solution.
Proline shows two eutectic phase separations at moderate concentrations and one of these eutectics may be the proposed
intermolecular state. A partial phase diagram for proline is presented. Fourier-transform infrared spectroscopic data
indicate that the COO~ asymmetric stretch of proline shows marked splitting with increasing proline concentration.
This suggests that the carboxylate is in different environments, with the high energy vibrations representing COO~
groups which are participating in the hydrogen bonding pattern associated with the formation of the intermolecular
stack. Changes in the CH, asymmetric and symmetric stretches of the pyrrolidine rings of proline are consistent with the
proposed stack structure. We also suggest a possible mechanism by which these intermolecular associations may be

important in the protection of biomacromolecules during reduced water states.

INTRODUCTION

The amino acid proline, along with other di- and tri-
substituted amines (betaine, prolylbetaine) have been
shown to accumulate in a variety of plants and animals
during dehydration and low temperature stress
(3, 19, 22, 24, 28, 32, 34). In addition to providing osmotic
relief from the loss of water from cells and tissues, the
accumulation of these compounds is thought to stabilize
biomacromolecules (by a yet unknown mechanism) during
the removal of bulk water (25-30). Our recent focus has
been determining the mechanism by which these com-
pounds stabilize biomacromolecules, particularly phos-
pholipid bilayers during the removal of bulk water by
dehydration or freezing (6, 7, 25, 26). We have previously
studied the effect of three stabilizing agents, proline,
betaine, and the disaccharide trehalose, on membrane
phospholipids and all three agents have been shown to
effect phospholipid dynamics (6, 25, 26). Proline and tre-
halose inhibit freezing induced fusion in small unilamellar
vesicles of phospholipid, and preserve the structure and
function of frozen biological membranes (sarcoplasmic
reticulum) (25). These agents maintain unilamellar vesi-
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cles of phospholipid or biological membrane vesicles in
solution during reduced water states, and prevent multila-
mellar vesicle formation or vesicle size growth as a result of
freezing induced fusion (25). These compounds also
depress the liquid-crystalline to gel phase transition in a
variety of phospholipid small unilamellar vesicles and
decrease the packing density of these same lipids in
phospholipid monolayers by increasing their molecular
spacing (26). The result of these effects may be the
alteration of the gel phase of phospholipids, preventing
deleterious phase separations and the aggregation of mem-
brane proteins during dehydration and freezing
(6,7, 25, 26).

In addition, proline has been shown to stabilize proteins
in solution, rendering sparingly soluble proteins more
soluble in solutions of reduced water states (27-30). Pro-
tein denaturation is also reduced in the presence of moder-
ate concentration of proline (29). The proposed mechanism
of such action has been the alteration of the entropic
component of the driving force for biomacromolecule
destabilization during reduced-water states. Conditions
under which particular biomacromolecules are destabil-
ized (such as protein denaturation or membrane cracking)
may be entropically driven which results in a net negative
free energy for the destabilizing event. This driving force
occurs as the result of the exposure of hydrophobic regions
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on proteins or phospholipids during reduced hydration
states. These groups, when exposed, require structured
water and statistically more water than the exposure of
hydrophilic moieties. Agents such as proline alter the
entropic contribution of this process, reducing the negative
free energy of destabilization (27). This is presumably due
to the alteration of water structure associated with exposed
hydrophobic regions of biomacromolecules during desta-
bilizing stress events such as dehydration or low tempera-
ture stress. This alteration may arise as a result of proline-
water interactions and the interaction of proline with
exposed hydrophobic regions of biomacromolecules during
destabilization.

Proline is quite soluble at room temperature (we have
measured 7.5 M at 25°C, which is 86% proline by weight)
and is the most soluble of all the amino acids (12). It is
thought to participate in intermolecular alternate stacking
at moderate concentrations in solution (29). These pro-
posed stacks are thought to be arranged so that the
association forms a polymer-like hydrophilic colloid; with
the hydrophobic moiety of the pyrrolidine rings stacked
and the carboxylic group that is extended from the ring
hydrogen bonded to the disubstituted amine of the next
adjacent monomer via a water bridge (see Fig. 1). This
stacking might result in the removal of clathrate water
associated with the hydrophobic region of the pyrrolidine
ring. The charge distribution is such that the disubstituted
amine group in the pyrrolidine ring is alternated from one
monomer to the next monomer in the stack. The amine is
also proposed to be involved in the hydrogen bonding
pattern, as it is thought to be hydrogen bonded to the
carboxylic group of the adjacent monomer via associated
water (29). Near [R, NMR, and viscosity studies indicate
that proline strongly hydrogen bonds water in solution (29,
30).

The involvement of such agents as proline in the alter-
ation of water structure has led us to study the solution
properties of proline in bulk aqueous solution as they could
have important bearing on the ability of proline to protect
biomacromolecules from dehydration and freezing dam-
age. In the present work we examine the bulk solution
properties of proline using Fourier-transform infrared
spectroscopy (FTIR) and differential scanning calorime-
try. FTIR is a useful method for studying intermolecular
associations in aqueous solution since functional groups
that may participate in such interactions have been
assigned for many molecules of biological interest (31).
Particular functional groups that may be good indicators of
intermolecular hydrogen bonding, considering the pro-
posed intermolecular association of proline in bulk solution
are the ionized carboxylic asymmetric vibration at 1,620
cm~!, and the N—H stretching vibration at 3,350 cm™'
(5,16, 23, 31). In addition, stacking of the pyrrolidine
rings might be manifest in changes in C—H stretch region
of proline.

Differential scanning calorimetry provides a method of
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FIGURE 1 Diagrammatic scheme of the proposed alternate stack of
proline monomers during reduced water states (29). The hydrophilic
colloid formed may involve hydrogen bonding between the carboxylic
groups and the disubstituted amine on the pyrrolidine ring via associated
water.

probing the effect of proline on bulk water characteristics.
Amphipathic solutes such as proline often shown unusual
solution thermodynamics because they have characteris-
tics that are considered both structure making and struc-
ture breaking with regard to solvent water (8,9, 11, 12).
The intermolecular associations of proline are proposed to
involve associated water and the binding of this water in
the suggested alternate stacks could be manifest in unusual
changes in the thermal properties of bulk water. Since
construction of phase diagrams is often helpful in deter-
mining the solution properties and phase characteristics of
mixed solutes (9, 20), we have constructed a partial phase
diagram for proline to examine these properties.

Based on the evidence that proline alters phospholipid
dynamics and the existing data on the solution properties of
proline, we have put forth two mechanisms by which
proline may stabilize membranes during dehydration or
freezing stress (26). One of these mechanisms involves the
coordination of proline monomers, or alternatively small
stacks of proline monomers to polar residues of phospholi-
pids. The mechanism of this interaction could be hydrogen
bonding, although the amphipathic nature of proline does
not preclude the possibility of a hydrophobic interaction by
intercalation between head groups and slight insertion
between hydrocarbon chains. This action would result in
the stabilization of membrane components during dehy-
dration and low temperature stress with proline acting as a
molecular “spacer,” preventing deleterious lateral phase
separation of membrane components. Recent IR studies
with the protectant trehalose indicate that it may hydrogen
bond to the phosphate region of the polar head group. This
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action may be responsible for its ability to preserve mem-
branes in a dry state (6-7). The strong hydrogen bonding
character of proline might suggest this as a potential
mechanism for its action. An alternative hypothesis we
have put forth for the action of proline in stabilizing
phospholipids is the alteration of the long range order of
water at the head group site (26). This may involve both
the hydration shell of the polar head group and the
hydrophabic regions of the bilayer. The present work is
directed toward understanding the effect of proline on
water structure and suggests what role this effect may have

in the stabilization of biomacromolecules during reduced
water states.

MATERIALS AND METHODS

L-proline, trans-4-hydroxy-L-proline, and glycine (free base) were
obtained from Sigma Chemical Co. (St. Louis, MO). Water used to make
solutions for IR and DSC experiments was passed through a Barnstead
deionizing column and a Barnstead organics column for purification and
provided resistivity of at least 15 M ohms-cm. This water was then passed
through a millipore (Bedford, MA) filtration system (0.2 xm nylon filter)
to remove any residual particles and used immediately in the preparation
of the desired solutions. D,O was also obtained from Sigma. Before each
experiment, the purity of both the water and D,O were examined by
taking an IR spectra.

Calorimetry scans were recorded on a Perkin-Elmer DSC-2C differen-
tial scanning calorimeter, assisted by a Perkin-Elmer 3600 data station.
The scanning rate for all of the heating scans presented was 2.5 K/min.
Samples were cooled at 5°C/min before the heating scans were recorded.
The initial temperature of all of the heating scans was 200°C. Twenty
microliter samples were loaded in weighed small volume aluminum pans.
Following the scans, the pans were punctured and placed in a 105°C oven
overnight. The pans were then reweighed and the sample weight deter-
mined. Digitized data of the scans were then normalized and plotted.

Infrared spectra were taken on a Perkin-Elmer Fourier Transform
Infrared Spectrometer (Model 1550 and 1700) and data were acquired
with a Perkin-Elmer 7500 data station. Each spectrum is a result of 16
co-added spectra, and each of three samples was scanned three times. BaF
windows with a Teflon 0.015 mm spacer were used in a sealed demounta-
ble cell. The data were collected over the IR region 4,000 cm™" to 800
cm~', with trapezoidal apodization. The particular region of interest was
then copied out from this large region, converted to absorbance and put
through an abscissa expansion software routine to bring out the signifi-
cant peaks. This routine expands the spectra so that relative heights of the
bands are maintained while the most intense band is expanded to a
predetermined absorbance. Any other data manipulations such as spec-
tral enhancement or smoothing were avoided unless otherwise indicated in
the results.

RESULTS

Calorimetry of Proline Solutions

Fig. 2 shows heating scans from calorimetry experiments
on varying concentration of proline in solution. Three
major endotherms are observed with the heating of these
solutions. The two endotherms at 246 K and 252 K are
associated with temperature invariant eutectic melt of
proline. The enthaplies associated with these eutectic melts
increase with increasing proline concentration, but the
transition temperature of these events do not vary more
than 1 K. The enthalpy of the eutectic at 252 K increases
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FiIGURE 2 Normalized heating scans of increasing concentration of
proline in solution. T, devitrification temperature; 7,, eutectic melts of
proline; T,,, melting of bulk water. (4) 0.1 M, (B) 0.5 M, (C) 1 M, (D) 2
M, (E) 3 M proline. All scans were run at 2.5°C/min after cooling at
5°C/min. Enthalpies and temperatures of transitions are found in text.

significantly more than the enthalpy of the eutectic at 246
K with increasing proline concentration. The enthalpy of
the eutectic at 246 K increases only slightly from 7.15
cal/g in 0.1 M proline, to 8.29 cal/g in 5 M, while the
enthalpy associated with the eutectic melt at 252 K
increases from 7.02 cal/g to 58.84 cal/g in these same
concentrations. In addition, as the concentration of proline
increases, the endotherm associated with the melting of
bulk water is reduced and the melting temperature
decreased, until at the highest concentration it is almost
completely absent (Fig. 3). The onset temperature of this
transition is also reduced and the range of transition
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FIGURE 3 Cooling (A) and heating (B) scan of 5§ M proline. Note glass
transition in cooling scan (arrow), and the almost complete absence of the
endotherm associated with the melting of bulk water (7, in B).
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increased indicating that this transition is broadened. The
enthalpy of the melting of water in 0.1 M proline is 78.81
cal/g, compared to 17.58 cal/g in 3 M proline and the
onset temperature is reduced from 269.75 K t0 256.80 K in
these concentrations. Cooling scans of the proline solutions
in Fig. 2 indicate that there is significant supercooling of
water, until at the highest concentrations examined, the
exotherm associated with the freezing of bulk water (7,
Fig.3) is eliminated and a glass transition is seen at 220 K.
Devitrification (T,) of water (between 225 and 235 K) is
seen in the heating of proline solutions above 0.5 M. The
amount of water that devitrifies does not appear to vary
greatly in the concentrations of proline. Fig. 4 shows a
partial phase diagram constructed form these plots (Fig. 2
and 3).

As controls we have studied the solution properties of
other amino acids with similar molecular weights and
structure to proline (hydroxyproline and glycine). These
two amino acids do not stabilize biomacromolecules during
dehydration or low temperature stress (14, 15, 33). The
calorimetric properties of these two amino acids in solution
are examined in Fig. 5. Neither glycine or hydroxyproline
show the same effect as proline on the melting endotherm
of water. The enthalpy of the melting transition of water is
83.63 cal/g in 1 M glycine, 82.34 cal/g in 1 M hydroxy-
proline, and 59.2 cal/g in 1 M proline. Furthermore,
neither glycine or hydroxyproline show eutectic phase
separation at low temperatures as observed in solutions of
proline.
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FIGURE 4 A partial diagram of proline. This diagram is constructed

from the data presented in Figs. 2 and 3. The right-hand scale is for the
100% proline data point.
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FIGURE 5 Heating scans of 1 M hydroxyproline, glycine, and proline.
Note proline gently reduces the enthalpy associated with the melting of
water. The onset of this transition is also reduced, resulting in a broadened
transition. Glycine and hydroxyproline do not show the eutectic phase
separation that proline exhibits.

Infrared Spectroscopy of Proline Solutions

The IR spectra of the COO~ asymmetric stretch of varying
concentrations of proline in D,O is shown in Fig. 6. In 0.1
M proline, there is a single band at 1,617 cm™". This band
broadens as the concentration is increased toward 0.5 M,
until at 0.5 M significant band splitting is observed, with
bands at 1,623, 1,609, and 1,604 cm~' in 0.5 M proline,
and 1,634, 1,626, 1,612, 1,604, 1,596 cm~" in 1 M solution
(and 2 M, data not shown). Fig. 7 shows the COO~
asymmetric stretch of glycine in D,O. In 0.1 M glycine
there is a single peak at 1,618 cm™'. At 0.5 M two new
peaks arise at 1,622 and 1,614 cm™". In 1 M glycine, three
peaks are observed at 1,625, 1,627, and 1,608 cm™".

Fig. 8 shows the CH, region of proline in increasing
concentration of proline in solution. The vibrational fre-
quencies for C—H groups in the pyrrolidine ring are
higher than in straight chain alkanes, as vibrational
motions of these groups are often restricted in small cyclic
structures due to angle distortions (5, 31). The C—H
stretch intensity seen at 2,928 cm™' is decreased with
increasing concentration. The C—H stretch frequency at
2,958 cm®?! increases with increasing proline concentra-
tion at 1.25 M proline the frequency is shifted by 5 cm™'s
higher than the frequency observed at 0.25 M. This region
can also be seen in Fig. 9, which shows band broadening of
the disubstituted amine of the pyrrolidine ring as proline
concentration is increased. The pH of proline solutions in
this concentration range is 6.4—6.6. This band broadening
of the disubstituted N-H group is indicative of intermo-
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FIGURE 6 COO~ asymmetric stretch of increasing concentrations of
proline in D,0. (4) 0.1 M (peak at 1,617 cm~', (B) 0.5 M (peaks at
1,623, 1,609, 1,604 cm™'), (C) 1 M (peaks at 1,634, 1,626, 1,612, 1,604,
1,596 cm™'). Note increased splitting with increase in concentration. This
may indicate that this group is involved in intermolecular associations.

lecular hydrogen bonding (5, 31). These results will be
discussed in relation to the proposed solution properties of
proline.

DISCUSSION

The calorimetric data indicate that the unusual solution
properties of proline may be due to unique intermolecular
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FIGURE 7 COQ~ asymmetric stretch of increasing concentrations of
glycine in D,0. (4) 0.1 M (peak at 1,618 cm~', (B) 0.5 M (peaks at
1,622 and 1,614 cm™'), (C) 1 M (peaks at 1,635, 1,628, 1,608 cm™").
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FIGURE 8 C-H stretch region of increasing concentrations of proline in
D,0. Solid line ~ 0.25 M, broken line = 0.6 M, dotted line = 1.25 M.
Note frequency increase in band at 2,958 cm~' and the reduction in
intensity of the bands at 2,926 and 2,880 cm ™! with increasing concentra-
tion. These changes may reflect the stacking of pyrrolidine rings of proline
and the establishment of a hydrophobic core of the polymer as the rings
stack. Other frequency assignments can be found in the text.

associations at moderate concentrations of proline in solu-
tion. This association may involve the alternate stack of
proline monomers and data presented in this paper support
this hypothesis. The alternate stack of proline may play an
important role in the mechanism by which proline protects
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FIGURE 9 N-H stretch region of increasing concentration of proline in

D,Oat pH 6.4. (4) 0.1 M, (B)0.25 M, (C)0.5M, (D) 1 M, (E) 2 M.
The broadening and increase in intensity of this band may indicate that
the N-H group is involved in intermolecular hydrogen bonding.

427




biomacromolecules during reduced water states. The calo-
rimetry data suggest that proline strongly hydrogen bonds
water as the phase properties of water are altered with
increasing concentration of proline. This is evident in the
reduction in the enthalpy associated with the melting of
bulk water in moderate concentrations of proline (1 M and
greater), and the marked decrease in the onset tempera-
ture of this transition at these concentrations. In addition,
the eutectic phase separation shown at relatively low
concentrations of proline indicate that intermolecular asso-
ciations are likely to occur. While these data do not
specifically confirm the existence of an alternate stack of
proline monomers, they are consistent with this hypothesis
as they indicate the formation of a polymeric aggregate. It
is important to point out that formation of these stacks
involves the inclusion of water in a hydrogen bonding
pattern, and this might be responsible for the alteration of
bulk water characteristics that is observed at moderate
proline concentrations. With increasing proline concentra-
tion, the eutectic at 252 K increases significantly more
than the eutectic at 246 K and it is possible that this
eutectic melt is associated with the melting of the proposed
stack of proline monomers. Further evidence for the poly-
mer-like association of proline is observed at the highest
concentrations of proline; the enthaply associated with the
melting of bulk water is greatly reduced, with a concomi-
tant rise in the enthalpy associated with the eutectic melt of
proline at 252 K. Cooling of these solutions at slow cooling
rates shows only a glass-like transition, which is common
for polymeric materials (8, 9, 20).

Further evidence that the phase behavior of proline is
unusual can be realized from the calorimetric results for
glycine and hydroxyproline. These molecules do not
greatly affect the enthalpy or Tm of bulk water, nor do
they possess eutectic transitions similar to those observed
in proline solutions. Glycine and hydroxyproline are also
far less soluble than proline (12). For hydroxyproline, it
has been suggested that the addition of the hydroxyl group
to the pyrrolidine ring may disrupt the ability of the rings
to stack, perhaps by stearic hindrance (29). These mole-
cules also do not protect biomacromolecules from damage
incurred during dehydration or freezing (14, 15).

Infrared spectroscopy data on solutions of increasing
proline concentration in D,0 suggests which functional
groups may participate in the proposed polymeric aggre-
gate of proline monomers. The COO~ asymmetric stretch
region shows marked splitting with increasing concentra-
tion. Some of this splitting may be due to structural
changes in the carboxylic group (such as the formation of
dimers) with increasing concentration, particularly since
glycine shows some splitting in bands assigned to this
group. The identification of bands that arise from the
observed splitting is a nontrivial exercise. However, the
more complex splitting in proline solutions (compare Fig. 6
with Fig. 7) in otherwise similar functional groups suggests
that the intermolecular associations of proline in solution
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are different from those of glycine. Stacking of proline
monomers would place the COO~ group in a hydrogen
bonding pattern within the stack, which might be expected
to give rise to fundamental changes in the vibrational
frequency of this group. The additional bands that arise in
the splitting of this functional group are higher energy
vibrations at 1,605 and 1,595 cm™!, which would be
expected if these groups are participating in a hydrogen
bonding pattern such as the alternate stack.

Examination of the changes in the CH, region of proline
(2,800-3,100 cm™") with increasing concentration in D,O
show an increase in one of the C—H stretch frequencies
(from 2,958 t0 2,964 cm™') and a reduction in the intensity
of the stretch at 2,926 cm~'. This change may arise as
clathrate water associated with the hydrophobic region of
the pyrrolidine rings is removed and the rings stack,
creating a more fluid hydrocarbon environment for the
C—H vibrational motions. Stacking of the pyrrolidine
rings might be expected to give rise to an increase in the
disorder of these groups as they are now able to exist in
more random conformations. This may result in the broad-
ening and decrease in intensity observed in some of the
C—H stretch frequencies. Reflections of the order-disor-
der in the C—H region with changes in the environment of
biomacromolecules has been elucidated in the examination
of the CH, groups in the alkyl chain region of phospho-
lipids (1, 2, 10). As these groups are found in a more fluid
environment, the disorder of the system is reflected by an
increase in the wavenumber and decrease in the intensity
of the C—H stretch frequencies. This indicates the
increased number of gauche conformers in the chain region
and results in the observed rotomer broadening. This kind
of analysis might be helpful in interpreting the changes
that occur in this region with the induction of the aggrega-
tion of proline monomers into the proposed alternate stack.
The stacking of the pyrrolidine rings could account for the
observed changes in the C—H stretch region in increasing
concentrations of proline in solution.

Other changes in this region occur in the disubstituted
amine in the pyrrolidine ring. This group is thought to
participate in the hydrogen bonding pattern in the alter-
nate stack. This group may exchange in D,0, but the rate
of exchange at the pH of these solutions (6.4-6.6) may be
slow. As the concentration of proline increases, there is a
large intensity increase and a slight broadening in this
group, which is indicative of intermolecular hydrogen
bonding (5, 31).

The concentration at which the polymeric association of
proline occurs according to the spectroscopic and calori-
metric data is 1-2 M. The extreme solubility of proline
may result in the maintenance of proline in solution as
water is removed by dehydration or freezing. Considering
these unusual properties, it may be possible that as water is
removed, the concentrations that result in the formation of
these aggregates may be realized. The existence of vicinal
layers associated with surfaces of biomacromolecules
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might create microenvironments where the formation of
these aggregations could take place (4). During more
severe water deficits such as freezing and dehydration, the
eutectic phase separation and its apparent alteration of
water structure by the formation of the aggregate, may be
important in the stabilization of biomacromolecules during
these events. An additional component of the stabilizing
action of proline may be more direct interactions with
biomacromolecules. The unusual solution properties of
proline investigated in this paper may also play an impor-
tant role in this direct interaction.

CONCLUSIONS

We conclude from this data that there is good evidence for
the intermolecular associations of proline in moderate
concentrations in solution. The calorimetric data indicate
that proline shows eutectic phase separation at moderate
concentration, and this is consistent with strong hydrogen
bonding characteristics. The changes in the enthalpies
associated with the thermal events during the warming of
slowly cooled proline solutions also indicates that the
eutectic melt at 252 K may be associated with the melting
of an aggregate form of proline. Infrared spectroscopic
data confirm the strong hydrogen bonding character of this
amphipathic solute, and provide good evidence for the
proposed alternate stack of proline monomers. Using this
technique we have identified changes in functional groups
that are likely to be involved in the polymeric aggregate. In
particular, examination of the changes in the CH, region
and the COO~ asymmetric stretch indicate that this
polymeric aggregate may involve stacking of proline mon-
omers in solution.

Received for publication 26 November 1985 and in final form 1 April
1986.
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