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Abstract

Neutron macromolecular crystallography (NMX) is a unique tool for location of hydrogen atoms.
Its application is greatly enhanced by the use of deuterium-labeled molecules.. Human glycans are
the targets of virulence factors from pathogens, such as the soluble lectins from the opportunistic
bacterium Pseudomonas aeruginosa. Deuterated galactose was obtained by hydrogen isotope
exchange and co-crystallized with a fully deuterated bacterial receptor, LecA, a lectin involved in
P. aeruginosa tissue adhesion and biofilm formation. The structure of the complex determined
using neutron diffraction reveals the positions of all hydrogen atoms, as deuterium, highlighting
the important role of a charged histidine in the binding site, the bridging by a buried water molecule
and the influence of the coordinating calcium ion on the adjacent hydrogen bonds. LecA is a target
for pathoblockers and these structural details can assist in the design of glycomimetics for fighting

multi-drug resistant infections.

Keywords: Neutron Macromolecular crystallography, Host-pathogen interaction, Carbohydrate,
Hydrogen Isotope Exchange, Lectin
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Introduction

Hydrogen (*H) atoms are the most abundant constituents of biomolecules, accounting for almost
half of the atoms in protein molecules. They are essential for stabilizing biomolecular structures
and play crucial roles in the complex energy landscape of proteins.! Hydrogen atoms mediate
intra- and inter-molecular interactions through hydrogen bonds, CH-m or van der Waals
interactions. Deuterated biomolecules, in which some, or all hydrogen atoms are replaced by
deuterium (®H), are widely used in various domains, notably in drug development,?3 mechanistic
studies of (bio)chemical processes* and smart materials.>® Deuterated proteins are of particular
interest in structural biology, particularly for investigations using NMR,” neutron diffraction,® or

neutron scattering techniques.®

Deuterium-labeled small molecules, including carbohydrates, also have wide applications. For
instance, labeled carbohydrate analogues are essential tools for the study of biomolecular dynamics
(in vivo kinetics),**!* structural elucidation of biomacromolecules,*? study of metabolism*** and
are valuable chiral building blocks.'® Deuterated carbohydrates have also been used as detergents
for studying membrane proteins in small-angle neutron scattering experiments.*® Since protein-
carbohydrate interactions are involved in a wide range of biological processes, neutron
crystallography studies of perdeuterated protein-carbohydrate complexes have been performed to
determine the position of hydrogen atoms (as deuteriums) in carbohydrate binding sites.
Perdeuterated D-xylulose and D-glucose were used for characterizing the enzyme mechanism in
xylose isomerase!’8 and more recently, perdeuterated L-fucose was used to reveal the hydrogen
bond networks in the binding sites of certain bacterial lectins.'%2

While partial deuteration can be obtained via exchange of labile hydrogen atoms of O-H, N-H and
S-H bonds by DO soaking or vapor diffusion, perdeuteration, i.e., the overall replacement of
hydrogen atoms by deuterium atoms, requires stringent methodology. Biotechnology approaches
are efficient for the production of recombinant deuterated proteins in bacteria after appropriate
accommodation.? For other biomolecules that are not directly produced through gene
transcription, more complex synthetic strategies are required. In the case of carbohydrates,
perdeuterated glucose and mannose were first obtained from algae grown in 99.6% D,0 medium,?*
23 while perdeuterated cellulose and heparosan were produced from bacterial culture.?*?® Recently,

we glyco-engineered Escherichia coli with the introduction of genes coding for GDP-fucose
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synthesis enzymes, fucosyltransferase and fucosidase, for the production of perdeuterated L-fucose

in a bioreactor.2®

Another complementary labeling method is hydrogen isotope exchange (HIE), which has
revolutionized the field of labeled compounds, allowing late-stage labeling of a wide-range of
organic molecules including drugs and complex biomolecules.?”-? However, only a few metal-
mediated HIE methods have been implemented and optimized for the labeling of carbohydrates
using either Raney Ni in D.0?*- or a non-commercial source of Ru/C (Scheme 1).3-3 When using
Raney Ni and D.O on non-reducing carbohydrates, moderate deuterium atom incorporation was
observed at the C2, C3 and C4 positions carrying free hydroxyl groups, while no labeling was
observed at carbon atoms C1, C5. Moreover, the labeling of the C6 position was highly dependent
of the activation mode used (see Scheme 1). Nevertheless, this technique has been employed for
the deuteration of trehalose, as well as methyl pyranosides derived from D-glucose, D-galactose,
and D-mannose.** Similarly, when using a non-commercial source of Ru/C in D20 and under an
atmosphere of Hx gas, regio- and stereoselective H-to-D exchanges were observed on various
pyranosides with good to quantitative deuterium incorporation on carbon atoms bearing hydroxyl
groups. Despite their efficiency in delivering deuterated carbohydrates, both HIE methods suffer
from drawbacks and limitations. These include the use of harsh experimental conditions in terms
of activation or temperature, necessitating a strict control to prevent degradation or epimerization,
or the use of a hazardous catalyst (Raney Ni) or of a non-commercially available one (Ru/C from
N.E. Chemcat Corporation).

6—OH Raney Ni, D,0, 6~ _OH
45 -0 uw or ultrasound activation 4 \5_0
Ho/rﬁANOR Ru/C (N.E. Chemcat®), D,O/H,, HOT@—‘EA(WOR
or Raney Ni, D,O 3 N _ _
OR = Anomeric position A Q Labeled positions using Ru/C or Raney Ni

protected or derivatized (_’Labeled positions using Raney Ni

Scheme 1. State-of-the-art work using metal-mediated HIE for the labeling of carbohydrates

Despite the challenges associated with the different strategies required to label biomolecules, the
structural insights provided by deuterated molecules are worth the efforts. Neutron diffraction can

precisely locate deuterium atoms and deuterated monosaccharides can be used for mapping these

https://doi.org/10.26434/chemrxiv-2025-4w1cj ORCID: https://orcid.org/0000-0001-6825-9527 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2025-4w1cj
https://orcid.org/0000-0001-6825-9527
https://creativecommons.org/licenses/by/4.0/

atoms in the binding sites of lectins.®® These glycan-binding proteins play key roles in self-
recognition and infection.®” Their interaction with glycans is based on a combination of hydrogen-
bond networks and hydrophobic contacts, all mediated by hydrogen atoms®, but structural data
obtained through neutron diffraction studies are still very limited.3® Many pathogenic bacteria use
lectins to bind specifically to glycans present on human tissues*® and our previous neutron structure
of LecB lectin from the opportunistic pathogen Pseudomonas aeruginosa in complex with L-fucose
demonstrated the structural basis of an unusually strong affinity for a monosaccharide.'® P.
aeruginosa produces another soluble lectin, LecA, that is specific for galactose and has been
identified as a virulence factor.*#> The lectin binds specifically to o-galactoside exposed on
glycolipids in lungs or guts, resulting in cell and tissue invasion.**** As such, high-affinity
galactose-derived glycomimetics have been designed as competitors with anti-bacterial activity,
which is of strong interest in the view of multiresistant infection.**” The X-ray crystal structure
of LecA in complex with galactose demonstrated the bridging role of a calcium ion with the 3,4-
cis-hydroxyl groups of galactose,*® and novel non-carbohydrate inhibitors targeting the calcium

ions are now being investigated.*

The study presented here focuses on obtaining deuterated galactose for use in neutron
macromolecular crystallography (NMX) studies of LecA, in order to determine the role of
hydrogen atoms in the specificity of the protein towards the monosaccharide. Knowledge of these
crucial details can ultimately help towards the design of high-affinity inhibitors. Neutron structure
of the perdeuterated LecA/Gal complex provides unique information about protonation of amino
acids, such as an important histidine residue in the binding site, and reveals details of hydrogen

bonds close to the calcium ion as well as the role of water molecules.
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Results
Hydrogen isotope exchange and characterization of resulting Gal-ds and Gal-d1o

Methy! a-D-galactopyranoside-2,3,4,6,6’-ds (designated as a-OMe-Gal-ds) has been obtained by
optimizing the protocol described by Sawama et al.,*® notably by switching their specific source to
a commercially available Ru/C source. Methyl a-D-galactopyranoside and the catalyst were mixed
in D20 and placed under an atmosphere of D2 gas at 90°C for 24 h, leading to full deuteration of
all C-H bonds vicinal to free hydroxyl groups (namely the C2, C3, C4 and C6 positions). D-
Galactose-2,3,4,6,6’-ds (designated as Gal-ds) has been obtained thereafter by hydrolysis of the
methyl acetal. Soaking of Gal-ds in D2O gave rise to H/D exchange of all O-H bonds to O-D groups,
resulting in the Gal-dio compound (Fig.1). All compounds have been analyzed using both NMR
spectroscopy (*H and 2H) and high-resolution mass spectrometry in order to determine isotopic

enrichments at each position, as well as the total deuterium atom incorporation (Supp. Info).

OH OH
o Ru/C 5 wt% (10 mol%)
D,0 /D, (1 bar)
HO 90 °C, 24 h

H,O/TFA (1:1)
80°C,25h

Labile protons
exchange

OH Labeling
OMe

Deprotection

Methyl a-D-galactopyranoside Methyl a-D-galactopyranoside-2,3,4,6,6™-ds D-Galactose-2,3,4,6,6™-ds (a:B, 37/63) Gal-dqq
a-OMe-Gal-ds Gal-ds Quantitative
63% 90 %
HRMS : 5D HRMS : 5D

Figure 1. Synthesis of labeled Gal-ds and Gal-d1 through hydrogen isotope exchange. Isotopic
enrichments are indicated between brackets at each labeled position.

Neutron structure of the D-LecA/Gal-dio complex

Recombinant perdeuterated LecA (D-LecA) was produced in Escherichia coli high cell-density
cultures following adaptation to fully deuterated growth conditions,?! and was purified following
established procedures (Supp Info).>® Co-crystals of D-LecA/Gal-dio were obtained in sitting-drop
trays using vapor-diffusion combined with regular crystal feeding to produce crystals of sufficient
size for NMX experiments.>! A large co-crystal with volume of ~0.7 mm? (Supp. Info) was used
for room-temperature data collection, yielding neutron diffraction to 1.89 A resolution and X-ray

diffraction to 1.45 A resolution (Table 1). The resulting structure after joint X-ray/neutron
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refinement displays two tetramers in the asymmetric unit in space group P2; (i.e., eight chains,
labeled A-H) (Supp. Info.). The eight chains have very similar structures (Co RMSD < 0.23 A) and
the overall tetrameric biological assembly is also similar to previously published LecA crystal
structures (e.g. PDB:10KO, Ca RMSD < 0.23 A) (Fig. 2A).

Table 1. Neutron and X-ray data collection and co-refinement statistics for the D-LecA/Gal-dio complex

Data collection Neutrons X-rays
Temperature 291K

Crystal size (mm?3) 0.74

Space group P2;

a, b, c(A) 50.80, 106.52, 83.30

o By () 90, 94.63, 90

Beamline, source LADI-DALI, ILL BMO7-FIP2, ESRF
Wavelength (A) 2.8-3.8 0.9202
Detector Image plate Pilatus 6M (DECTRIS)
Resolution (A) 45.9-1.9(2.0-1.9) 44.83-1.49 (1.52 - 1.49)
No of reflections

No. of unique reflections 50313 (6352) 142031 (7042)
Rmerge (1) (%) 20.6 (42.3) 9.0 (168.8)
Rpim (1) (%) 12.5(20.9) 6.5 (122.7)
Mean /o(1) 6.1(2.4) 13.0 (0.9)
Completeness (%) 72.1 (62.6) 98.8 (99.4)
Multiplicity 3.1(3.5) 5.4 (5.3)
CC1/2 (%) 99.8 (72.5)
Refinement Neutrons X-rays
Resolution range (A) 45.73 - 1.89 44,83 - 1.49
Reflections (used) 50298 141805
Reflections (test) 815 2739
Rwork (%) 215 15.7

Rfree (%) 27.8 18.5
RMSD in bond lengths (A) 0.014

RMSD in bond angles (°) 1.7

No. of atoms / Average B factor (A?)

Protein 141747 30.6

Ligand 200/ 31.7

Waters 848/

Ramachandran statistics

Favored / Allowed / Outliers (%) 96.94/93.06/0

All-atom clash score 5.23

PDB code 9SQT

Values for the outer resolution shell are given in parentheses.
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Crystallographic analysis of the deuteration of galactose

In all eight chains of the asymmetric unit, clear electron density and neutron scattering-length
density (hereafter referred to as neutron density) are observed for the galactose ligand (the average
2mFo-DF. peak for galactose was above 2.8c and 1.7c in the X-ray electron density and neutron
density map, respectively). The galactose is in the expected “C1 chair conformation and presents
mostly in the o anomer configuration, which was therefore maintained during the structural
refinement procedure. Analysis of the neutron density maps confirmed deuteration on all oxygen
atoms and on positions C2, C3, C4 and C6. As expected, the neutron 2mF,-DFc maps show no
peaks indicative of deuterium atoms at carbons C1 and C5, suggesting the presence of hydrogen
atoms at these two positions. This is in agreement with the results obtained by NMR and mass
spectrometry for the product from HIE synthesis (Fig. 2B). Neutron density is observed for
deuterium atoms on all hydroxyl groups of Gal-dio allowing for precise visualization of hydrogen
bonds (Fig. 2B and Fig. 3). Only the deuterium on O1 is not clearly localized, likely due to
cancellation of the nuclear scattering signal with the hydrogen atom of C1, and perhaps also the
local conformational flexibility at this position, as seen when superimposing the galactose residues

of the eight chains (Supp. Info).
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Figure 2. Joint X-ray/neutron crystal structure of D-LecA/Gal-dio complex. (A) Simplified representation
of one tetramer (chains A-D) with calcium ions represented as magenta spheres and galactose molecules as
sticks (B) Neutron scattering-length density map shown as grey mesh (2mF,-DF¢ contoured at 1.0c) around
the galactose ligand with deuterium atoms colored yellow and hydrogen atoms (at C1 and C5) colored white.
(C) Neutron scattering-length density map in grey (2mF,-DF. contoured at 1.0c) and X-ray electron density
map in blue (2mF,-DF; contoured at 1.4c) for charged histidine residues, His50 and His58, of chain A.

Protonation states of amino acids

Inspection of the neutron density maps allows for a detailed analysis of the protonation states of
charged amino acids. The imidazole side chain of histidine has a pKa close to 6 and can exhibit
different charged states at physiological pH depending on the local environment. The LecA primary
sequence of amino acids contains two histidine residues, His50 and His58. In the LecA/Gal
complex (PDB: 10KO), the NE2 atom of His50 forms a hydrogen bond with O6 of galactose,
while the ND1 atom of His58 interacts with a side chain of Asp52, thereby stabilizing the surface
loop comprising residues 50-53 involved in the binding site. Analysis of the neutron 2mF,-DF¢

density map of the deuterated complex indicates that both histidine residues have their two
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imidazole nitrogen atoms protonated resulting in a cationic imidazolium (Fig. 2C). This
observation is consistent with the expected protonation state at the pH of the crystallization solution
(pD 5). Further confirmation that both His residues were bi-protonated was carried out by
performing refinement tests with different protonation states on the two histidine residues of the
eight monomers and comparing 2mFo-DF. and mF.-DF. omit neutron density maps (Supp. Info).
One aspartic acid residue (Asp100) is involved in both the coordination sphere of calcium and in
hydrogen bonding to O4 of galactose. Analysis of the neutron density indicates that this Asp is not

protonated.

Analysis of the hydrogen bond network in the binding site

The binding of galactose in the LecA recognition site results from both the coordination of a
calcium ion and an extensive hydrogen bond network (Fig. 3). Continuous density is observed for
all hydrogen bonds (above 1c) with clear localization of the deuterium atoms on the hydroxyl
groups of the galactose, and on asparagine and histidine side chains. Distances and angles
characterizing the hydrogen bonds in the binding site are listed in Table 2.

Figure 3. The galactose-binding site in the neutron structure of the D-LecA/Gal-d:o complex (chain H). The
hydrogen bonds are shown as orange dashed lines. The 2mF,-DF. neutron density map (grey mesh) is
contoured at 0.8c. (A) Upper view of the binding site with Q53 omitted for clarity. (B) Alternative view
including Q53 and displaying the coordination of the calcium ion.
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Table 2. Distances and angles for hydrogen bonds involving galactose and a conserved water molecule
(W1) with standard deviations calculated across the eight chains of the asymmetric unit.

Donor Acceptor (D,):{;tance '(Ao‘; gle
Gal-02D W2-0 1.86+0.15 152+15
Gal-03D W3-0 191+0.25 13720
Gal-O4D Aspl100-OE1 1.81+0.1 145+ 15
Gal-06D GIn53-0OE1 1.99+0.08 138+15
His50-NE2 Gal-06 191+0.11 146+5
W1-D1 Gal-06 200£0.12 152+12
W1-D2 Pro51-O 1.81+0.06 15610
GIn53-ND W1-0O 196+0.05 160+7

Galactose presents an axial orientation for its O4 hydroxyl group and the hydrogen bond between
Gal-04 and Asp100 is of key importance for the specificity. Gal-O3 accepts a hydrogen bond from
the Asn107 side chain and donates one to a water molecule (W2), while Gal-O2 is oriented towards
the solvent with hydrogen bonding to water molecule W3. The environment around Gal-06, is of
special interest since this hydroxyl group is accepting a hydrogen bond from protonated His50 and
donating one to the side chain oxygen of GIn53. This flexible hydroxymethyl group is therefore
trapped in only one conformation, which is unusual for a pyranose hydroxymethyl group.
Furthermore, Gal-O6 also accepts a hydrogen bond from a water molecule (W1) that bridges
between the galactose and three surrounding amino acids. This water molecule is trapped in a
pocket on the protein surface and is conserved in all crystal structures of LecA (Fig. 4A). The
neutron structure allows the unambiguous determination of its orientation with the water hydrogen
atoms directed towards Gal-O6 and the carbonyl group of Pro51 while the water oxygen accepts a

hydrogen bond from the main chain nitrogen of GIn53 (Fig. 4B).
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Figure 4. Conserved water molecule W1 in the neutron structure of the D-LecA/Gal-dio complex. (A)
Protein surface representation of the binding pocket. (B) Hydrogen-bond network around W1 with the 2mF,-
DF. neutron density map (grey mesh) contoured at 0.8c.

Influence of calcium ion on galactose binding

In the carbohydrate-binding site of LecA, the calcium ion could not be directly observed in the
neutron scattering density due to its low neutron scattering cross-section but its position is well
defined in the X-ray electron density map. Although calcium coordination in LecA has been
previously described,*® our analysis revealed novel insights into the interaction network between
galactose and LecA. Specifically, we observed that the orientation of the deuterium atoms on
hydroxyl groups Gal-O3 and Gal-O4 are directed away from the calcium ion. Gal-OD3 participates
in a hydrogen bond with water molecule W3, while Gal-OD4 forms a hydrogen bond with the OD1
atom of Asp100 (Fig. 3).

Based on previous structures as well as on the distances between galactose oxygens and side chain
atoms of Asp100 and Asn107, it was proposed that both Gal-O3 and Gal-O4 establish bifurcated
hydrogen bonds with OD1 and ND2 of Asn107, and OD1 and OD2 of Asp100, respectively. The
neutron structure indicates a repulsing effect of the calcium ion on the hydrogens, influencing the
hydrogen bond network.

12
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Influence of His50 protonation on affinity

The hydrogen bond observed between His50 and Gal-O6, associated with a conserved orientation
of Wland its hydrogen bond network, depends on the protonation of the NE2 nitrogen atom of
His50. At pH higher than 6, His50 is expected to be predominantly neutral, with only one nitrogen
atom protonated and the hydrogen bond to Gal-O6 would be either absent or weaker due to neutral
charge. This is of importance since physiological pH at the site of infection may vary from 5to 7.4
depending on the tissue, inflammation state or other aspects.>? To further investigate the functional
role of His50 in the binding site, the interaction of LecA with galactose was analyzed by isothermal
titration calorimetry (ITC) at pH values of 5.0 and 7.3. Clear differences were observed with an
affinity three times higher at pH 5.0 than at pH 7.3 (Fig. 5). The enthalpy of interaction is much
stronger at pH 5.0 than at pH 7.3 (-44.1 kJ/mol versus -34.2 kJ/mol), confirming that hydrogen

bonds are more numerous or stronger at acidic pH, when His50 is protonated.

pHS pH 7.3
0 1 r(‘ 0
5— [ 5—
g -10— g -10—
= -15- = -154
o i a i
0o 20 o 20
-25— -25
_30 T I T I T I T l T I T ] T | T | T —30 T | T I T I ] I T l T [ T l T l T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (min) Time (min)
0— 0—
= .10 = <10
5 o 10
= . - T
= -20- Kd=385+12uM = -20- Kd=104+13uM
x | AG =-252 kJ/mol X 4 AG =-22.7 kJ/mol
T _304 AH=-441% 0.5KkJ/mol T 30 AH=-342 + 2.3kJ/mol
g TAS =-18.9 k¥/mol 4 TAS =-11.4 k¥/mol
'40 lllllllllll]lllll]lll -40 l]l[lll'l]lllllllllll
0 02040608 1 12141618 2 0 02040608 1 12141618 2
Molar Ratio Molar Ratio

Figure 5. Titration of galactose into LecA solution by ITC at two different pH. Top: data obtained from 20
automatic injections, 2 uL each, of Gal (3 mM) into the cell containing LecA (0.3 mM). Lower: plot of the
total heat released as a function of total ligand concentration for the titration shown above. The solid line
represents the best least-squares fit for the obtained data.
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Discussion and Conclusion

A combination of isotope-labeling methods enabled the production of deuterated LecA protein and
deuterated galactose. The HIE method developed here is straightforward, easy to implement, and
provided labeled galactose with maximized isotopic enrichments without degradation or

racemization.

Analysis of the neutron structure of D-LecA/Gal-dio complex allowed to identify three key
features: (1) the specific orientation of Gal-O3 and Gal-O4 hydroxyl groups induced by the
presence of the calcium ion, (2) the critical role of the bridging water molecule in mediating
interactions at the Gal-O6 position, and (3) the protonation state and involvement of His50 in ligand

binding.

The direct involvement of a calcium ion in protein-carbohydrate interfaces has been observed in
eight different classes of lectins,® three of them being from pathogenic microorganisms, i.e. LecA
(this study) and LecB®® from P. aeruginosa and epithelial adhesin from Candida glabrata.>*
Interestingly, no other metal ion has been observed in such a position. The calcium ion coordination
sphere generally involves two adjacent cis hydroxyl groups, playing a role in specificity. It can also
be involved in pH-dependent affinity of some human C-type lectins.®® In the neutron structure of
D-LecB/Fuc-di2 complex, the presence of two calcium ions induces the formation of a low-barrier
hydrogen bond between the fucose and the protein, participating in the unusually high affinity of
this interaction.’® In the present structure, analysis of the neutron density demonstrates that the
hydrogen atoms on the two coordinating galactose hydroxyl groups are pushed away from the
calcium ion, reinforcing the hydrogen bonds between Gal-O4 and Aspl00 that are crucial for
specificity. This structural knowledge is important for the repurposing of metal-binding active
compounds that have been recently demonstrated to be efficient non-carbohydrate glycomimetics

for inhibition of LecA.*% %

Similarly, the importance of a conserved water molecule has been confirmed by the present study.
The precise hydrogen bond network involving Gal-O6 and the water molecule trapped in the deep
pocket of the binding site was determined. This water molecule (W1) is present in all crystal
structures of LecA complexed with galactosides and galactose-derivatives. It has also a crucial role

for binding the first non-carbohydrate glycomimetic to be identified, i.e., a cyano-catechol that
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establishes a contact with W1 through its nitrogen atom.*® The importance of this water molecule
was assessed through a molecular dynamics study that demonstrated its strong stability (occupancy
> 90%).>" Displacement and replacement of a structural water molecule by a ligand is an efficient
strategy to increase the affinity of a ligand via favorable enthalpy of binding.>® Replacing W1 in
LecA through ligand design would appear to be a promising strategy in the quest for high-affinity
ligands for LecA, provided that this position can be reached.

The neutron structure of D-LecA/Gal-dio complex was obtained from crystallization performed at
acidic pH (pD of 5) and the protonation of the two histidine residues are confirmed by the neutron
density map analysis. The thermodynamic contributions measured by ITC correlate the low pH
with higher affinity, that is consistent with the occurrence and/or enforcement of the hydrogen bond
between His50 and Gal-O6. A more favorable enthalpy of binding with a difference of almost 10
kJ/mol is measured between pH 5 and pH 7.3 is only partially counterbalanced by unfavorable
entropy. Higher affinity at low pH may favor the infectious process since surface liquid in lungs is

more acidic in patients with cystic fibrosis.>°
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