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A B S T R A C T   

Phenylketonuria (PKU) is a metabolic disorder connected to an excess of phenylalanine (Phe) in the blood and 
tissues, with neurological consequences. The disease's molecular bases seem to be related to the accumulation of 
Phe at the cell membrane surface. Radiological outcomes in the brain demonstrate decreased water diffusivity in 
white matter, involving axon dysmyelination of not yet understood origin. We used a biophysical approach and 
model membranes to extend our knowledge of Phe–membrane interaction by clarifying Phe's propensity to affect 
membrane structure and dynamics based on lipid composition, with emphasis on modulating cholesterol and 
glycolipid components to mimic raft domains and myelin sheath membranes. Phe showed affinity for the 
investigated membrane mimics, mainly affecting the Phe-facing membrane leaflet. The surfaces of our neuronal 
membrane raft mimics were strong anchoring sites for Phe, showing rigidifying effects. From a therapeutic 
perspective, we further investigated the role of doxycycline, known to disturb Phe packing, unveiling its action as 
a competitor in Phe interactions with the membrane, suggesting its potential for treatment in the early stages of 
PKU. Our results suggest how Phe accumulation in extracellular fluids can impede normal growth of myelin 
sheaths by interfering with membrane slipping and by remodulating free water and myelin-associated water 
contents.   

1. Introduction 

The accumulation, fibrillation, and interactions of biomolecules, 
including proteins and single amino acids, of cells and tissues of different 
origins are seen in several pathologies [1–4]. Phenylketonuria (PKU, 
OMIM 261600) is one of the most common inherited metabolic disor-
ders (1:10,000 births), and its onset and progression are connected to an 
excess concentration of phenylalanine (Phe) in blood and tissues, orig-
inating from the impairment of phenylalanine hydroxylase (PAH) 
enzymatic activity and subsequent incapacity to convert Phe to tyrosine 
[5,6]. 

More than 500 different mutations in the PAH gene have been re-
ported, and no specific genotype/phenotype correlation has been found. 

If not treated, plasma levels of Phe can be high enough to be poorly 
tolerated (360–600 μmol/L) or even toxic (>600 μmol/L). In the 1950s, 
it was demonstrated that high blood levels of Phe were the basis for 
neuropsychological deficits [7], and PKU was soon included in newborn 
screening. Current adjuvant treatments are based on different hypoth-
eses about the disease mechanism, aiming either to dampen metabolite 
imbalances by dietary restrictions and other amino acid integration or to 
stimulate protein synthesis and neurotransmission [8]. Nonetheless, the 
molecular basis of the disease is still largely unknown, and dietary 
treatment criteria during aging are under debate [9]. Indeed, there is 
evidence that this pathology may be reversed with adherence to a strict 
low-Phe diet [10,11]. 

A paradigm for interpreting the etiopathology of PKU was proposed 
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by Adler-Abramovich and coworkers [12], who indicated amyloid-like 
assemblies in the brains for the first time in transgenic mouse models 
and patients with PKU. The co-localisation of the typical hallmarks of 
amyloid-type structures and Phe was used as an indication that the self- 
assembled structures of the excess Phe could accumulate in the brain 
and potentially cause neurological illness. Although numerous studies 
have shown a relationship between high plasma Phe concentration and 
intellectual impairment, it is not yet clear whether the broader Phe 
fluctuations in PKU affect the brain by a direct interaction with brain 
tissues [13]. 

Major radiological PKU outcomes are obtained by diffusion- 
weighted NMR imaging, denoting a well-established hyperintensity of 
several white matter (WM) regions in PKU patients, due to a diminished 
water diffusion coefficient associated with restricted mobility [14,15]. 
Abnormalities are mostly recurrent in the periventricular/occipital area 
and their severity correlates with the amount of accumulated Phe in the 
brain and blood [11,16,17]. However, abnormalities are not seen to be 
associated with a loss of anisotropy of water diffusion, which preserves 
the normal orientation along the direction parallel to the long axis of 
axons. Quantitative studies on the diffusivity tensor and on water 
relaxation abnormalities in PKU patients have been performed 
[14–16,18,19], disentangling the abnormalities that are associated with 
changes in myelin sheaths. They showed that the decreased diffusion of 
water was due to a strongly decreased diffusion along the direction of 
the tract, while the transverse directions of axons were only mildly 
changed. This would imply an overall integrity of the axons and their 
myelin sheaths [20] where, in the two-dimensional layers between the 
glial cell membranes wrapped up around the axon, the water molecules 
with restricted dynamics reside. Thus, the hypothesis of axon demye-
lination being at the origin of the adverse neurological implications of 
PUK seems to be excluded. Importantly, the same authors demonstrated 
the combined occurrence of an augmented amount of free water and a 
clear loss of myelin-bonded water in WM lesions, as well as in apparently 
non-affected regions (regions not affected by hyperintensities) in PKU 
patients [20]. These findings indicate dysmyelination as a potential 
mechanism. The degree of diffusivity restriction was found to be age- 
correlated in periventricular and occipital areas. From a develop-
mental perspective, it was found that the age-dependent decrease in 
water mean diffusivity during childhood was significantly augmented in 
PKU patients, with respect to control groups, in different WM regions, 
even for early and continuously treated patients [9,21,22]. 

Assessing the Phe–cell surface structural interaction could provide a 
clue to understanding the mechanism of PKU, besides boosting our un-
derstanding of the molecular mechanisms of antimicrobial nano-
constructs and peptides with membrane interactions [23,24]. A study by 
Do et al. [25] revealed that Phe can aggregate into multiple layers of 
four zwitterion Phe monomers: at natural pH, monomers form a hy-
drophilic core made up of the charged termini and expose hydrophobic 
aromatic side chains, which have been proposed as the linkage for 
membrane attachment. Interaction with lipid membranes can affect the 
spatial disposition of amino acids in peptides, resulting in modification 
of the peptide tertiary structure for their non-interacting counterpart 
[26,27]. The extent and effect of Phe interaction with membrane lipids 
have not been widely explored, but Phe shows a propensity for hydro-
phobic surfaces, and fibrillation may be tuned by lipid charge and pH 
[28–31]. Phe was also recently shown to increase membrane perme-
ability [32]. 

Glycosphingolipids, and among them gangliosides, a particular gly-
cosphingolipid class bearing sialic acids on their polar portions, are 
abundant in the nervous system, and in particular in the neurons, of all 
animal species [33]. They are involved in cell physiological processes, 
including differentiation, memory control, cell signalling, neuronal 
protection, neuronal recovery and apoptosis, being as well associated 
with functional plasticity of the brain [34]. Notably, glycosphingolipids 
play a major role in cell–cell adhesion by carbohydrate–carbohydrate 
interactions among facing membranes [35,36]. Several studies have 

suggested and proven their role in promoting interactions among facing 
extracellular surfaces of myelin, promoting dehydration during myelin 
sheath formation, signal transmission throughout the sheath, and thus 
facilitating myelin-axonal communication [37–39], stressing the pri-
mary role of the exposed galactose [40]. 

Among gangliosides, GM1, known to be involved in synaptic sig-
nalling [41–44] and bearing a galactose as the last most exposed sugar in 
the headgroup, is found in membrane rafts, together with cholesterol 
[45–48]. Several nervous system diseases, including most of the 
neurodegenerative diseases and major forms of dementia, are connected 
to alterations in sphingolipids metabolism alterations [49–51] and 
numerous studies involving exogenous addition of ganglioside mixtures 
or GM1 to cultured neurons indicate that changes of membrane 
ganglioside content and pattern alter brain responses to signals from the 
surrounding environment. 

Further, amino acid− carbohydrate interactions have been widely 
studied, highlighting the role played by protein–carbohydrate in-
teractions in biological system functionality and in diseases, and it has 
been found that specific carbohydrate C− H bonds interact preferentially 
with aromatic residues, such as the one provided by Phe [52]. In this 
landscape, the effects of Phe on different membrane domains were 
investigated to delineate their association with membrane composition, 
with a dedicated interest in neuronal membrane rafts and myelin 
sheaths. Of particular interest, the affinity of Phe for various interfaces 
has been tested in different model membranes containing phospholipids, 
cholesterol, and GM1 ganglioside [47,48]. The different lipid mixtures 
used are intended as mimics of membrane segments of different struc-
tures, fluidity, and surface properties, thus offering diverse interaction 
platforms for the incoming Phe, with or without galactose exposure on 
their external surfaces. 

In the present study, the biophysical properties of model membranes 
in the absence and presence of Phe were studied using combinations of 
Langmuir isotherms, differential scanning calorimetry, X-ray and 
neutron small-angle scattering, and neutron reflectometry. Additionally, 
since we previously demonstrated that mixing Phe aggregates with 
doxycycline reduced the toxicity of Phe aggregates [53], we conducted 
neutron reflectometry experiments to clarify the drug's action on the 
molecular scale. Blood–brain barrier passage is essential in this context, 
and that of doxycycline has been confirmed in patients with Creutzfeldt- 
Jakob disease [54]. This property of doxycycline enhances the impor-
tance of our studies, opening up a new perspective for the use of the drug 
in treatment in the early stages of PKU. 

2. Results and discussion 

We employed different techniques to investigate the structural ef-
fects of Phe on different lipid membranes and the extent of its interaction 
with hydrophobic and hydrophilic membrane segments. The different 
techniques used in this study call for various measuring conditions and 
amounts and total concentrations of material. Thus, we prepared and 
used membranes and Phe in different absolute concentrations, always 
keeping the lipid:Phe molar ratio in the range of few Phe monomers per 
lipid. 

2.1. Langmuir isothermal experiments: Phe intercalation in lipid 
monolayers 

We studied the lateral packing behaviour of different phospholipid- 
based lipid mixture monolayers at the air interface with water and 
over aqueous subphases containing Phe at two concentrations. The 
phospholipid was the commonly used di-palmitoyl-phosphatidyl- 
choline (DPPC). The following lipid mixtures were used: 1) pure 
DPPC, 2) DPPC-cholesterol 10:1.25 mol, 3) DPPC-GM1 ganglioside 10:1 
mol, and 4) DPPC-cholesterol-GM1 10:1.25:1 mol. Fig. 1 shows the 
pressure-area (π-A) isotherms of the mixtures compressed over a sub-
phase of pure water and of two solutions containing Phe: 20 μmol and 2 
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mmol Phe aqueous solutions. 
Table 1 reports the minimal areas per molecule (just before mono-

layer collapse) deducted from the π-A curves: The presence of Phe in the 
subphase affected the phase behaviour of all the lipid mixtures due to an 
interaction with lipids, depending on the Phe concentration in the 
subphase. The higher Phe concentration seemed to hasten the creation 
of a liquid phase from the gas phase, visible at the higher area-per-lipid 
values of the monolayers. The effect of Phe (Table 1) on the mono- and 
bi-component lipid systems increased the mean area per molecule, with 
a greater effect on the DPPC monolayer, raising the minimal mean area 
per lipid volume from 46 to 50 Å2. This effect, already reported 
[29–31,55], indicates Phe intercalation in the phospholipid heads. 

The Phe interplay with the three-component system, the raft mime, 
was different (Table 1): Phe reduces the mean area per molecule, sug-
gesting either an unfavourable Phe-raft hydrophilic portion interaction 
affinity, resulting in mutual repulsion, or, more likely [52], a lipid- 
heads-coordination role of Phe, inducing tighter packing of the gangli-
oside heads. 

In what follows, we present the results of complementary calori-
metric and structural investigations, performed to gain additional 
information. 

2.2. Differential scanning calorimetry: Phe effect on lipid mixture packing 

We investigated the thermotropic behaviour of the model 

membranes and the effect of Phe presence using differential scanning 
calorimetry to reveal the energetics of order modifications in mem-
branes caused by Phe. The different lipid mixtures, in the form of large 
unilamellar vesicles (LUV), were: 1) pure DPPC, 2) DPPC-cholesterol 
10:1.25 mol, 3) DPPC-GM1 10:1 mol, and 4) DPPC-cholesterol-GM1 
10:1.25:1 mol. Each LUV solution was divided into two halves; the 
volume of one half was diluted 1:1 with H2O, while the second half was 
diluted 1:1 with a 200 mM Phe solution in H2O. Experiments were 
performed after 1 h of incubation at 50 ◦C. Thermograms obtained 
during the cooling of the sample are reported in Fig. 2, while the tem-
peratures of the main peak associated with the lipid chain melting 
transition and transition enthalpies are indicated in Table 2. 

Calorimetric measurements indicated that Phe interacted with all the 
investigated membranes. A very small enthalpic effect of Phe was 
detected, with the largest ΔH change (around 10 %) being shown by the 
DPPC-GM1 membrane, while the entropic contribution of Phe interac-
tion was evident in the changes of Tm and of Cp (T) peak shape in all the 
systems. Phe affected the thermotropic behaviour of membranes, sta-
bilising either the fluid or the gel phase, depending on the membrane 
system it interacted with. On the DPPC and DPPC-cholesterol mem-
branes, Phe stabilised the fluid phase, resulting in a lower lipid chain 
melting temperature Tm, leaving unchanged the degree of cooperativity 
of the transition. In the presence of GM1, the enthalpic peak was broader 
and showed two contributions. Phe caused phase separation, possibly 
boosting the segregation of GM1-rich domains in membrane that 
allowed gel-to-fluid transition at higher temperatures [56], with respect 
to less rich domains characterised by a Tm decrease towards a value 
similar to that observed for pure DPPC. Additionally, the splitting of the 
peak may also occur because of an asymmetric behaviour of the two 
leaflets taking place due to a preferential interaction of Phe with the 
external membrane leaflet, the source of Phe. The effect was different 
when cholesterol was present together with GM1. GM1 and cholesterol 
are known to form a structural couple in membranes [57,58], resulting 
in the formation of domains (‘rafts’) where components have lower 

Fig. 1. π-A isotherms recorded at 15 ◦C for the different lipid mixtures at the air interface with water solutions of Phe at three molar concentrations: 0 (solid line), 2 * 
10− 5 (dashed line), 2 * 10− 3 (dotted line). 

Table 1 
Minimal area per molecule (±1 Å2) for the different lipid mixtures at the air 
interface with pure water and two Phe aqueous solutions.   

In H2O In Phe 20 μM In Phe 2 mM 

DPPC  46  51  50 
DPPC-chol  44  45  46 
DPPC-GM1  46  47  47 
DPPC-chol-GM1  43  42  42  
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mobility. This was reflected in the thermogram that shows two peaks: 
the sharp one at lower temperatures was comparable in width and 
melting temperature to that of pure DPPC, and the larger one at higher 
temperatures was characteristic of a GM1-containing membrane. Phe 
stabilised the gel phase (increased Tm); as suggested by the area per 
molecule decrease observed in Langmuir isotherm experiments, and the 
known affinity between carbohydrates and aromatic residues [39,52], 
this possibly links to ganglioside heads to promote the formation of 
ordered domains with lower mobility within the membranes. We 
observed that Phe impeded the splitting of the enthalpic peak and, on 
the contrary, promoted a single heat flow event at a higher Tm. This 
suggests that an outer/inner leaflets co-action occurred, possibly due to 
a trans-membrane coupling role of the cholesterol-GM1 couple. Each 
thermogram's main peak was fitted to a Gaussian curve, and the width at 
half height (FWHM) was extracted (Table 2), the FWHM being related to 
the lipid degree of cooperativity during the transition. A decrease in the 
cooperativity of the transition, not accompanied by a modification in 
enthalpy, suggests that the membranes were not uniform but presented 
different domains involved in the transition. 

2.3. Phe structural interaction with lipid vesicles 

Small and wide-angle X-ray scattering (SAXS and WAXS) measure-
ments were performed at the ID02 beamline of the ESRF, Grenoble, 
France, on LUV with different compositions to investigate the influence 
of Phe on the membrane structure. SAXS measurements allowed access 
to the aggregate morphology, while WAXS measurements unveiled any 
effect of Phe on the lipid chain's local order. The SAXS spectra from the 
model systems with or without Phe are reported in Fig. 3. 

The presence of Phe did not change the bilayer morphology (the 
bilayer form factor in the q-region around 0.1 Å− 1) in any of the mem-
brane systems. The amino acid contribution to the scattering signal was 
evidenced only in the lower q-region of the SAXS spectra, where the 
technique was sensitive to the vesicular aggregates as a whole, and the 
effect on the overall dimension depended on the membrane composi-
tion. SAXS data were fitted by modelling the vesicles as spheres with a 
water core and three shells intended as inner leaflet heads, chains, and 
outer leaflet heads. The comparison of the SAXS profiles of the different 
membranes in the absence and presence of Phe are reported in the 
Supplementary Materials, as well as the vesicles' radii (see Table S1). 
The most evident effect of Phe was on DPPC-cholesterol vesicles, whose 
radius decreased by 14 % (from the original 44 ± 1 nm to 38 ± 1 nm). 
This reduction may be due to Phe interacting with the external lipid 
leaflet. The excess area only in the external membrane portion would 
reduce the molecules' packing parameter, forcing an increase of the 
curvature, then favouring the formation of smaller aggregates. 

No shift was observed in the WAXS peaks (q-region around 1.5 Å− 1), 
corresponding to the typical lipid chain-to-chain distance (data not 
shown) for all the membranes after interaction with Phe, suggesting that 
the interaction may possibly be confined to the membranes' external 
layers. 

For further structural studies, small-angle neutron scattering (SANS) 
investigations were carried out on similar systems, using deuterated 
lipids to easily detect H-containing molecules (such as Phe) in the target 
membrane lipid chains. 

SANS experiments were performed on the D33 instrument at the 
Institut Laue-Langevin (ILL), Grenoble, France. Deuterated-chain phos-
pholipids in deuterated water (D2O) were used to detect Phe across the 

Fig. 2. Thermograms related to cooling scans at 1 ◦C/3 min, corresponding to the membrane systems (from top to bottom, left to right: DPPC, DPPC-cholesterol 
10:1.25 mol, DPPC-GM1 10:1 mol, DPPC-cholesterol-GM1 10:1.25:1 mol) in water (black) or in 100 mM Phe (grey). 

Table 2 
Temperatures at which the main peaks associated with the lipid chain melting 
transition reach maximum intensity (Tmax) and transition enthalpies of the lipid 
portion of the systems. The last column shows the width of the main peak at half- 
height (FWHM).   

Tmax 

(±0.1 ◦C) 
Enthalpy (±0.2 J/ 
glipid) 

FWHM (±0.005) 

DPPC 40.6  37.6 0.556 
DPPC + Phe 40.2  36.2 0.532 
DPPC-chol 40.4  24.2 0.436 
DPPC-chol + Phe 40.2  23.4 0.417 
DPPC-GM1 42.2  54.1 1.897 
DPPC-GM1 +

Phe 
41.6; 44.7  59.2 2.377 (related to T =

41.6 ◦C) 
DPPC-chol-GM1 41.4; 43.7  37.5 1.199 (related to T =

41.4 ◦C) 
DPPC-chol-GM1 
+ Phe 

43.0  36.6 1.931  
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membrane hydrophobic portion. As for calorimetric and SAXS/WAXS 
investigation, we prepared model membranes in the form of LUVs. Each 
membrane solution was then divided into two, and one-half was diluted 
1:1 with D2O, while the second half was diluted 1:1 with 200 mM Phe in 
D2O. 

The data in Fig. 4 were analysed with a similar core-3 shell model as 
that used to analyse the SAXS data. The scattering length density profiles 
from the membranes given the data best fit are reported in the Supple-
mentary Materials, Table S2. The membrane layers (q-region around 0.1 
Å− 1) showed no contrast variation after interaction with Phe, although 
in some cases Phe—possibly inducing osmotic shock to the 
LUVs—caused the spontaneous formation of multi-layered structures 
(peaks in the q-region around 0.1 Å− 1), the most evident case shown 
here being from the DPPC sample. 

In what follows, we present a deep investigation of this effect with a 
dedicated experiment reported in the section on SAXS from raft mimes: 
‘Mimicking the intracellular diffusion of Phe’. 

Phe had no effect after interaction with the raft-like three-component 
DPPC-cholesterol-GM1 membrane, whereas in the other three systems, 
there was a small increase in the lipid chain scattering length density—a 
sign of a slight increase in the lipid chain packing after the interaction. 

As evidenced by the SAXS, the whole aggregate sizes and structuring 
were modified in some cases, as indicated by the low q region spectra. 
Again, in the DPPC-cholesterol membrane, Phe had a very strong effect, 
and the vesicles' inner radius was reduced by 18 % (from 38 ± 1 to 32 ±
1 nm). The inner core radius was reduced by 11 % (from 35 ± 1 to 31 ±
1 nm) for the DPPC membranes, by 5 % (from 21 ± 1 to 20 ± 1 nm) for 
the DPPC-GM1 membranes, and by 8 % (from 26 ± 1 to 24 ± 1 nm) for 
the DPPC-cholesterol-GM1 membranes after interaction with Phe. 

In the very low-q vector region, the data were not consistent with the 
fitted model. Two aspects may be considered in explaining the observed 
intensity oscillation: i) a structure factor contribution accounting for 
inter-vesicle order, being GM1-containing LUVs charged, and ii) the 
typical mark coming from the occurrence of GM1-rich patches [56] 

laterally segregated within the membrane [59], highlighted by the high 
contrast in the membrane made of deuterated lipids in D2O. Combining 
the SANS and SAXS results, it is plausible that, since Phe does not 
dampen the low-q oscillations in SANS spectra, the detection of GM1- 
rich patches may be at the origin of the observed features, even if DSC 
indicates that at the molecular level, the lateral distribution of compo-
nents is affected in GM1-containing membranes after the interaction 
with Phe. Nonetheless, a unique data interpretation is then not 
straightforward and would require investigating the systems at lower q 
vector values. 

Together, the SANS and SAXS results as a whole suggest that the 
interaction of Phe with the membrane is limited to the membrane 
external leaflet. However, the full extent of the interaction of Phe with 
the membrane surface was not addressed. Therefore, we performed 
neutron reflectometry (NR) measurements from planar membrane 
systems. 

2.4. Single membrane studies by neutron reflectometry 

NR is the technique of choice for studying changes in the transverse 
structure of membranes in one or more regions due to interactions with 
external molecules [57,58,60–63]. Measurements were performed using 
the MARIA reflectometer at the Jülich Centre for Neutron Science 
(JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ, Garching, Germany) and 
the D17 reflectometer at the ILL. 

After complete characterization of the target membranes, prepared 
with the same composition as the LUVs studied by calorimetry, SANS, 
and SAXS, Phe was injected into the measuring cells to a final bulk 
concentration of 20 μM. The solid support under the membranes made 
the system rigid, reducing the lateral mobility of the membrane com-
ponents. Therefore, we performed NR experiments at high temperatures 
in which the lipid chains were in the fluid phase. Measuring reflectivity 
again showed whether any interaction had taken place and, if so, the 
depth of the membranes at which it occurred, since the Phe scattering 

Fig. 3. SAXS spectra of the large unilamellar vesicles (LUVs) interacting (full symbols, intensity ×10) or not (empty symbols) with Phe at room temperature. Red 
lines indicate the best data fit. 
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length density (SLD) (2.17 * 10− 6 Å− 2) was different from that of lipid 
chains (around 7.11 * 10− 6 Å− 2) and head chains (1.75 * 10− 6 Å− 2). 
Subsequently, water was gently flushed in the measuring cells to study 
the extent of any Phe–membrane interaction. 

Data were analysed by modelling each membrane as composed of 
four layers, two hydrophilic and two hydrophobic, to account for 
asymmetry in their hydrophobic tails. 

All the spectra with their best fits and the resulting SLD profiles are 
reported in the Supplementary Materials. As an example (Fig. 5), the 
spectra for the chain deuterated d62DPPC membrane before and after 
interaction with Phe and after rinsing are reported with their best fit and 

the SLD profiles. Fit parameters are summarised in Table 3. 
The NR showed that the interaction of Phe with single supported 

membranes was limited to the external membrane leaflet, and this was 
evident from the SLD variation after Phe interaction, involving only 
membrane external leaflet. As the membranes were deposited on rigid 
substrates, penetration was more complicated than in suspended vesi-
cles, and eventual lipid redistribution after interaction was unfavoured. 
Nonetheless, the results are consistent with the Langmuir isotherms, 
SAXS, SANS, and DSC investigations. One of this technique's advantages 
is that it provides information about the propensity of incoming mole-
cules to interact with the membranes of interest. 

Fig. 4. SANS Spectra of the large unilamellar vesicles (LUVs) investigated in interaction with Phe (full symbols, intensity ×10) or not (empty symbols) in the lipid 
fluid phase at 50 ◦C. Red lines indicate the best data fit. 
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As expected, there was no deep interaction with the membrane's 
inner leaflet (the one formed by the lipids directly in contact with the 
silicon substrate). 

Table 4 lists the membrane external layers (distinguished in hydro-
philic and hydrophobic) SLD values before and after the interaction with 
Phe and after rinsing. 

Not only Phe presence but also a decrease in the lipid chain packing 
induced the lowering of the layer scattering length density. Therefore, 
we focused on SLD relative variation trends. 

Both the propensity and the extent of interaction of Phe with mem-
branes depend on the membrane lipid composition, and Phe interaction 
with the hydrophobic core of the bicomponent membranes was facili-
tated. NR after membrane flushing indicated that the extent of 
Phe–membrane interaction also depended on membrane composition. 
Whereas we observed that the effect (Phe intercalation and/or lipid 
packing modification) was more evident with the lipid hydrophobic 
tails, NR also confirmed that the interaction with the hydrophilic part 
was more robust in the cholesterol-DPPC membrane, as shown by SANS 
and SAXS, in which a deep modification and leaflet anti-symmetrisation 
of lipid packing was deduced from LUV size decrease in the presence of 
Phe. 

There was no intercalation of Phe within the raft model membrane, 
in agreement with what was observed by Langmuir isotherm experi-
ments. The interaction may take place with the exposed glycolipid head 
portions [39,52] protruding from the membrane surface, which do not 
give rise to a significant optical layer (30 % in area). This hypothesis was 
corroborated by the results of the other techniques, indicating that Phe 
may interact with sugar polar heads, and their coordination may allow 
aggregation to start towards the extracellular solvent. The dedicated 
SAXS experiment to clarify this point is reported in the section ‘SAXS 
from raft mimes: mimicking the intracellular diffusion of Phe’. 

We advanced single membrane studies by allowing Phe to interact 
with a floating bilayer. A floating [57,58] d62DPPC membrane system 
was prepared over a d70DSPC (chain deuterated di-stearoyl- 
phosphatidyl-choline)-supported bilayer to study the effects of Phe on 
a membrane decoupled from the solid support, where 3D dynamics is 
favoured. The system was heated up to 45 ◦C, above the lipid chain gel- 
to-fluid transition, and reflectivity was measured. Phe was then injected 
into the measuring cell (to a final bulk concentration of 20 μM) and after 
30 min, reflectivity was measured again. Surprisingly, after the inter-
action, the effect was the same as if the floating membrane coverage had 
increased (see SLD in Fig. 6 and fit parameters in Table 5), which may be 

interpreted by a Phe-induced increase in the membrane rigidity, simi-
larly to what was reported by Nandi and coworkers for the L and D- 
phenylalanine interaction with LAPC vesicles [64]. 

We hypothesise that before interaction with Phe, the floating fluid 
membrane presents structural protrusions. This would lift material away 
from the silicon-supported membrane-proximal layers, which contrib-
uted mostly to the reflectivity signal (SLD 7.11 * 10− 6 Å− 2) with respect 
to the bulk water (H2O SLD -0.56 * 10− 6 Å− 2, D2O SLD 6.36 * 10− 6 Å− 2). 
Thus, the data may be inadequately interpreted as coming from a 
membrane with low coverage and presenting holes. Instead, the total 
amount of lipids was larger than what was visible from the reflected 
neutrons. In other words, if the protrusions were long and dispersed 
enough, they would not significantly affect the mass detectable by 
reflectivity. Our interpretation is that when Phe was injected, it reached 
the membrane and intercalated into the lipid heads, decreasing the 
membrane's out-of-plane flexibility. Any protrusions were then damp-
ened, and the high convex local curvatures were no longer allowed 
because of the increased membrane rigidity, and the membrane became 
flatter. As a result, there was an apparent increase in membrane 
coverage, which proves Phe action. 

To investigate more deeply the role of Phe in the surface interaction 
with model rafts (DPPC-cholesterol-GM1), we designed a SAXS experi-
ment to mimic the intracellular diffusion of Phe and its effect on facing 
cell surfaces. We put a raft mimic solution (LUVs) and a Phe solution in 
contact with a horizontal capillary, and we measured the effect of the 
diffusion of one solution into the other over time. SAXS measurements 
were collected at room temperature for 12 h in different positions along 
the length of the capillary. The results are illustrated in Fig. 7 and 
indicate that mixing was fast and that Phe induced the formation of 
multilamellar vesicles (MLV) from the initial unilamellar structures. The 
formation of multilamellar structures started from the Phe-richer sample 
portions and was due (data not shown) to an osmotic shock sensed by 
the membranes at a temperature lower than the membrane transition 
temperature. This experiment corroborates the hypothesis that Phe links 
exposed carbohydrates by reducing their electrostatic repulsion, thus 
favouring the formation of quite close multilamellar structures. The 
membrane-to-membrane distance in the multilamellar vesicles was seen 
to vary, reducing to a final value of 9 nm. At low Phe content, in the 
vesicle-rich portion of the capillary and at the earliest delay times (left 
column/top spectra in Fig. 7), the initial MLV membrane-to-membrane 
distance was 11 nm. After a few hours (the total experimental time was 
12 h), during which Phe diffused and concentrated homogeneously 

Table 3 
Fit parameters of a d62DPPC membrane before and after Phe interaction and after rinsing Phe excess. T: layer thickness (±1 Å); ρl(z): average scattering length density 
of the non-water components of the layer (±0.05 10− 6 Å− 2); W: percent water content of the layer (±3 % in volume); r: roughness between one layer and the adjacent 
previous one (±2 Å).   

DPPC DPPC + Phe DPPC + Phe flushed 

T ρl(z) W r T ρl(z) W r T ρl(z) W r 

Water  3     3     3    
Heads in  6  1.75  22  3  6  1.75  22  3  6  1.75  22  3 
Chains in  15  7.11  14  3  15  7.11  14  3  14  7.11  14  3 
Chains out  16  7.11  14  3  15  6.75  14  3  16  6.75  14  3 
Heads out  7  1.75  22  5  6  1.95  22  3  8  1.89  22  4  

Table 4 
Membrane external hydrophilic and hydrophobic SLDs (±0.05 10− 6 Å− 2) values before and after the interaction with Phe and after rinsing, as obtained by neutron 
reflectometry data analysis.   

Before Phe interaction After Phe interaction After flushing 

Hydrophobic Hydrophilic Hydrophobic Hydrophilic Hydrophobic Hydrophilic 

DPPC  7.11  1.75  6.75  1.95  6.75  1.89 
DPPC-chol  6.57  1.75  5.58  1.9  5.59  1.88 
DPPC-GM1  6.54  1.84  5.14  1.88  5.21  1.84 
DPPC-chol-GM1  4.97  1.78  4.97  1.78  4.97  1.78  
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along the capillary, the distance turned to 9 nm, the same as for the 
whole sample. Considering that a reduction in membrane thickness was 
not supported by our SANS and SAXS data, the shorter membrane-to- 
membrane distance was probably due to a reduction in the thickness 
of the intramembrane water layer. One hypothesis is that for large 
enough amounts of Phe confined in the water interlayer, stacks/fibres 
may form, which coordinate the membranes, reducing their reciprocal 
distance. 

Lastly, complementary techniques that have been used in diverse 
model systems were applied to deepen our understanding of the Phe- 
membrane interaction, each of them highlighting a peculiar aspect of 
the amino acid interplay within the different domains. With mono- and 
bi-component membrane domain mimics, the amino acid was shown to 
penetrate the external membrane layer, imposing lipid rearrangement 
and disordering. However, Phe interaction with raft mimes significantly 

enriched in cholesterol and glycolipids (GM1) was shown to be different. 
Experiments on Langmuir monolayers showed that when Phe was pre-
sent in the bulk water, the monolayer mean area per molecule was 
reduced, suggesting an unfavourable Phe penetration in the raft but a 
lipid-heads-coordination role. DSC showed that Phe stabilised the gel 
phase (increased Tm) of raft-like vesicles, promoting the formation of 
domains within the membranes where lipid components were less mo-
bile. SAXS and SANS experiments indicated that the effect of Phe on the 
whole aggregate size and lipid packing in the raft mimes was negligible, 
whereas it was clearly visible in DPPC-cholesterol systems. NR indicated 
that, although Phe affected the composition and density of the external 
membrane leaflet of mono- and bi-component target membranes, it had 
no effect on the raft membrane integrity; not even penetration of the 
amino acid was detected in such a system. The hypothesis drawn from 
our experiments is that Phe interaction with the raft mime membrane is 
limited to the external atoms possibly driven by GM1 protruding polar 
heads as interaction sites that, in the presence of cholesterol, would have 
a lateral/transversal arrangement able to anchor Phe. The ad-hoc 
designed SAXS experiment, mimicking Phe diffusion in the extracel-
lular space, showed that once Phe was anchored to the raft mime sur-
face, it was able to coordinate neighbouring membranes, reducing their 
reciprocal distance and possibly inter-membrane gluing spots. This is 
understood by assuming Phe's capability to interact with the exposed 
carbohydrates [52]. This finding opens up the potential for a strong 
disturbing action of brain-accumulated Phe when axon myelination 
occurs. In fact, any growing mechanism allowing myelin sheath 
expansion to build axon envelops requires membranes to be free to slip 
over each other. Moreover, carbohydrate–carbohydrate interactions 
among the facing membrane layer are suggested to provide the dehy-
dration of the extracellular interlayer needed to compact the myelin 
sheaths [36]. Phe interaction would impair the slipping process and 
compete with the mutual interaction of carbohydrates, and this inter-
fering action could mediate the formation of vacuoles among the 
otherwise compacting myelin membranes, right during their formation. 
Phe effect could be diminished on ended myelinisation stages. From a 
developmental point of view, we may speculate that Phe excess can be 
quite effective in early life aging but may be less relevant when WM 
development has concluded. As clearly indicated by other authors [18] 
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Fig. 6. Upper panel: Neutron reflectometry spectra (left) and scattering length density profiles (right) of the d62DPPC floating membrane before (grey) and after 
(green) interaction with Phe. The solvent is H2O, at 45 ◦C. Lower panel: a sketch of data interpretation. 

Table 5 
Fit parameters of the d70DSPC/d62DPPC double membrane system before and 
after Phe interaction. T: layer thickness (±1 Å); ρl(z): average scattering length 
density of the non-water components of the layer (±0.05 10− 6 Å− 2); W: water 
content of the layer (±3 % in volume); r: roughness between one layer and the 
previous adjacent one (±2 Å). Measurements were performed at 45 ◦C.   

d70DSPC/d62DPPC d70DSPC/d62DPPC +
Phe 

T ρl(z) W r T ρl(z) W r 

Supported d70 

DSPC 
Heads in  9  1.75  15  3  9  1.75  15  3 
Chains in  21  7.9  10  5  21  7.9  10  5 
Chains 
out  

21  7.9  9  3  21  7.9  9  3 

Heads 
out  

9  1.75  20  4  9  1.75  20  4  

Water  16    3  20    3 
Floating d62 

DPPC 
Heads in  8  1.75  60  7  8  1.75  40  3 
Chains in  13  7  50  6  18  7  32  3 
Chains 
out  

13  7  50  3  15  7  35  4 

Heads 
out  

9  1.75  60  7  8  1.75  40  5  
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the sole vacuolisation may account for the WM abnormalities observed 
by MRI in PKU patients, that are the increased amount of free water 
contributions, due to the less strict confinement of water among layers, 
as well as the restricted water diffusivity on the longitudinal axon di-
rection, due to increased longitudinal barriers. Moreover, more swollen 
myelin sheaths, due to impeded slipping, would determine the observed 
strong decrease of myelin-bonded water, also measured in the WM areas 
of PKU patients [65,66]. In this view, the observed reversibility of 
dysmyelination upon dietary restrictions may be partially sustained by 
the lifelong turnover of myelin sheath components, even after cellular 
development has ended [67]. 

Beyond the above-described structural effects, the involvement of 
GM1 glycolipids in Phe dysmyelination action may be of relevance 
concerning the neuropsychological deficits in PKU patients, corrobo-
rated by the known neurofunctional role of glycosphingolipids in cell 
membranes [34–38] as well as in myelin membranes [68] and on their 
formation [37,38]. 

2.5. Neutron reflectometry from supported membranes: Doxycycline's 
competitive role 

We recently demonstrated that mixing Phe aggregates with doxy-
cycline reduced the toxicity of Phe aggregates [53], paving the way for a 
putative role of this drug in the treatment of PKU. Drug passage across 
the blood–brain barrier is essential in treatment, and doxycycline's 
ability to cross the barrier in patients with Creutzfeldt-Jakob disease was 
recently confirmed [54]. We therefore investigated the nature of doxy-
cycline action in model membrane-based experiments to help clarify the 
mechanism of how the drug prevents toxicity. 

We designed complementary experiments to investigate the effect of 
doxycycline both after the Phe–membrane interaction and concomi-
tantly with Phe incubation with the target membrane. Before our 
investigation, we tested whether incubating a very small amount of 
doxycycline (1 μM) on a d62DPPC membrane visibly affected the 
membrane structure. The test indicated that membrane penetration 
occurs and affects its structure along all cross-sections (see Supple-
mentary Materials). Thus, some interaction of doxycycline with the 
target membrane was, in principle, recognised. 

As a first test, doxycycline was injected at a 1 μM concentration into 
the measuring cell only after d62DPPC membrane-Phe interaction and 
flushing of excess amino acid. In this experiment, we intended to 
investigate the propensity of doxycycline to remove Phe molecules 
linked to the membrane a posteriori. However, doxycycline was 
attracted to the membrane, and the interaction occurred without ‘safe’ 
removal of Phe. 

We repeated this experiment on membranes with different compo-
sitions (see Supplementary Materials), with the same results. Therefore, 
we deposited and characterised a new d62DPPC membrane. We injected 
Phe premixed with a small amount of doxycycline (Phe 20 μmol, 
doxycycline 1 μmol to the Phe:doxycycline 1:0.05 mol ratio) into the 
measuring cell. 

In the presence of doxycycline, Phe interaction with the membrane 
was not favoured (Fig. 8 and Table 6). Moreover, the interaction was 
limited to the external hydrophilic portion of the membrane, as if Phe 
molecules were more attracted to and recruited from doxycycline than 
from the membrane. 

In agreement with our previous results [46], these findings 
strengthen the hypothesis that doxycycline acts as an antagonist in Phe 

Fig. 7. Experimental simulation of Phe diffusion in intracellular space. The sketch depicts an experiment consisting of directly putting the raft and Phe solutions in 
contact in the capillary and measuring the structural evolution of the mixing system in different positions along the capillary. 
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interaction with membranes, and may be useful to prevent PKU disease 
and treat it during the early stages. 

3. Conclusion 

Here, we present a study of the mechanisms of interaction of Phe 
with model membranes through a variety of techniques to extend our 
knowledge of specific Phe–membrane interactions and illustrate Phe 
propensity to couple with different membrane portions. We used various 
lipid mixtures and different configurations (monolayers, dispersed ves-
icles, and single supported membranes) to investigate diverse aspects of 
the amino acid–membrane interaction. The applied techniques highlight 
the diverse details of the different aspects of the amino acid interaction 
with the membrane and the role of carbohydrates in the Phe–membrane 
interaction. 

The amino acid was shown to penetrate the external membrane layer 
of mono- and bi-component systems, imposing lipid rearrangements 
associated with a general decrease in the melting temperature. However, 
Phe interaction with the lipid bilayer mime of neuronal raft and myelin 
sheath membranes (phospholipid, cholesterol, and galactose exposing 
glycolipids) was shown to be limited to the most external portion of the 
membrane, populated by the protruding GM1 polar heads. The presence 
of cholesterol, the GM1 pairing molecule in rafts [45–48], possibly has 
an effect on GM1 lateral/transversal arrangement for the better 
anchoring of Phe. This was manifested in different experiments, 
including in the stabilised gel order (melting temperature increase 
associated with a lower mobility) and the reduced membrane phase 
separation degree, visible in the DSC thermographs as well as assessed at 
the nanoscale by NR experiments. 

Neutron reflectometry measurements on floating membrane systems 
showed that Phe limited the local bending ability of phospholipid 
membranes, and Langmuir isotherms and calorimetry experiments on 
this raft model system show that Phe stabilises the membrane gel phases 
with respect to fluid ones, thus decreasing membrane component 
mobility. A SAXS experiment designed to mimic the intercellular diffu-
sion of Phe supported the hypothesis that, when interacting with raft- 

like membranes, Phe coordinates the adjacent layers, reducing their 
reciprocal distance. Overall, our results indicate that rafts are a putative 
robust anchoring site for Phe on the outer membrane layer of cells. 

Besides boosting the understanding of the molecular mechanisms of 
the interactions of antimicrobial nanoconstructs and peptides with 
membranes, these findings may represent an important step forward in 
today's understanding of PKU, one of the most common inherited 
metabolic disorders, whose progression is connected with an excess of 
Phe in blood and tissues. In particular, Phe accumulation in the white 
matter of the brain is known to produce structural and dynamic ab-
normalities detected by magnetic resonance imaging in different areas. 
Our results suggest that Phe interaction with myelin membranes may 
account for the observed alterations by impeding normal wrapping and 
promoting vacuolisation by affecting the interaction among glyco-
sphingolipids. Swollen myelin sheaths and vacuole formation are the 
main suspected processes that explain the restricted water diffusivity 
and diminished myelin-bonded water in favour of augmented free water 
measured in PKU patients [18,20,68]. This, together with the finding of 
a Phe–GM1 headgroup interaction involved in structural outcomes, 
opens up new perspectives for the comprehension of the molecular 
mechanisms of the disease, with implications on the neurological aspect 
and on treatment, for which data are still lacking. In fact, our findings 
suggest that aging places a limit on the success of dietary treatment 
when white matter development becomes less important. 

Having depicted a possible mechanism for the effect of Phe accu-
mulation on myelination, we exploited the knowledge gained from the 
research and treatment of amyloidogenic diseases to test a possible Phe 
antagonist drug. In 2001, we first described the anti-amyloidogenic 
activity of tetracyclines [69]. Since then, many independent studies 
have confirmed this, and clinical trials have been carried out on different 
pathologies secondary to amyloid formation. For instance, at present, 10 
clinical trials are listed on the ClinicalTrials.gov website referring to the 
use of doxycycline for the treatment of different forms of amyloidosis 
[70,71]. To gain further insight into doxycycline activity, we performed 
neutron reflectometry experiments that showed that the drug interfered 
with Phe packing, reducing its toxicity [53]. Doxycycline could not 
detach Phe from membranes once the interaction had taken place, but it 
could impede Phe interaction with membranes, acting as an antagonist. 
Our results open new perspectives for the potential use of doxycycline to 
prevent PKU disease and treat it during the early stages. 
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Table 6 
Fit parameters of a d62DPPC membrane before and after interaction with Phe: 
doxycycline 1:0.05 mol. T: layer thickness (±1 Å); ρl(z): average scattering 
length density of the non-water components of the layer (±0.05 10− 6 Å− 2); W: 
percent water content of the layer (±3 % in volume); r: roughness between one 
layer and the adjacent previous one (±2 Å).   

DPPC DPPC + (Phe/doxycycline) 

T ρl(z) W r T ρl(z) W r 

Heads in  9  1.75  35  4  9  1.75  35  4 
Chains in  13  7.11  22  4  14  7.11  22  4 
Chains out  13  7.11  22  4  14  7.11  22  5 
Heads out  6  1.75  35  4  7  1.77  35  6  
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