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Abstract

The study reports on the anomalous aggregation and enhanced viscosity of lysozyme
(Lyz) in the presence of low concentration of sodium nitrate at air/buffer interface. For
salt concentrations of about 10 mM of NaNOs, the interactions seem to be electrostatic
in origin possibly due to the anisotropy of charge distribution on the protein and its
correlation with high-complementarity non-electrostatic interactions resulting in sudden
increase in viscosity values. In the presence of low concentrations of the electrolyte, a
thick viscoelastic protein film is created due to local amorphous aggregation, while
native Lyz adsorbs in a fragile monolayer film without changing its secondary structural
features. On increasing concentration beyond 10 mM, the protein behaves almost like
pure buffer without showing any surface activity or aggregation and is highly stable at
the interface. For the first time, the rheological changes here confirm the Jones-Ray
effect due to the synergy between NaNO;3 (~10 mM) and the protein whereas earlier
reports on this effect have dealt only with pure electrolytes-water interactions. Our
experimental studies indicate that with the appropriate choice of solution conditions and
specific electrolyte concentration, one can either drive the protein to form amorphous
aggregates which can result in protein crystallization or enhance protein stability for long

time periods by preventing aggregation through self-association.
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Introduction

It is well known that the structure of a protein is dependent on both the amino-acid
sequence as well as its solvent environment.* Often, non-native conformations of the
proteins occur through drastic changes in their tertiary structure that can be attributed
partially to unfolding and exposure of hydrophobic interior of the protein to the solvent
medium. Under right conditions, such unfolded protein species may associate and form
a reticulated three-dimensional network that extends throughout the entire medium,
entrapping the solvent. An understanding of such aggregated gelation processes in
proteins is of importance to understand the mechanisms involved in the folding

processes and also in food products.>®

The study of aggregation phenomena in proteins is also of great importance,
owing to their implication into a number of systemic and neurodegenerative diseases.®’
Theories and experiments dealing with protein aggregation suggest that aggregates are
formed from partially folded intermediates.® Such supramolecular assemblies of
peptides and proteins have also been used to design new and useful biomaterials.®**
Adsorption of such assemblies to solid or liquid substrates result in refolding,?

13 surface aggregation,** orientational, positional and importantly

cooperative effects,
conformational transitions.™® ® This reorganization in proteins often accompanied by
desolvation at the backbone level leads to hydrophobic collapse which seems to initiate
insoluble fibrillar assemblies. In most of the destabilization processes of the protein, a-
helix — B sheet transition seems to be a crucial factor which also provides a link between

the structure of the protein and its response to mechanical deformation.*” 8
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The biological milieu of the protein is organic — aqueous in nature and often
controlled by charge distributions as well as polar — non-polar forces and therefore, a
study of protein folding and degree of intermolecular association in such environments
is relevant in protein structural research. In this work, we present a rheological approach
on lysozyme (Lyz) a globular protein, at room temperature in the presence of sodium
nitrate. Normally this enzyme displays Newtonian behavior in aqueous solution.® Owing
to its relatively simple structure and reduced size, hen egg white lysozyme is one of the
best suited models to study protein unfolding and aggregation. The solution behavior of

lysozyme is also well understood in terms of its interaction with salt ions.???

However, the folding routes and delays in achieving the necessary conformation
for the enzyme to still retain its activity could be dependent on the near solvent
environment which in turn can alter the local viscosity or charge or polar — non-polar
distributions of the protein. The Hofmeister series, a qualitative list of ions based on
their hydration and precipitation of protein according to their polarities and sizes are
divided into chaotropes and kosmotropes based on their hydration forces. The typical

order of the anionic series is H,PO, > HCOO > CI'> NO3 > CIO4> SCN'. Specific ion

effects occurring in many biological and chemical phenomena, such as protein folding,
enzyme activity, bacterial growth, transport across membranes, and colloidal assembly

have been the subject of study in the recent years.>*?°

While protein unfolding and enzyme deactivation have begun to be understood
as a function of effects manifested through the Hofmeister series, the effects of salt type

on protein aggregation are not understood, despite recent success at capturing and
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modeling their kinetics.?®?" Rubin et al. have studied salt induced aggregation in
lysozyme through a protein interaction parameter and have demonstrated ion specific
aggregation trends in the protein.'® Stabilization of Lyz using high and medium charge
density ions have been studied by Bye and Falconer and in their work they have shown
that there are three stages of stabilization and each stage is clearly identified by the free
energy change arising through the interaction of the ions with the proteins which itself is
dependent on the concentration of the ions used.?® The effects of different sugars,
solvents, ions and cosolutes on the thermodynamic stability of lysozyme have been
investigated in depth. These agents are all capable of stabilizing or destabilizing the

folded state of a protein.?*3

In the present work rheological response of Lyz in the presence of sodium nitrate
has been undertaken and the influence of this electrolyte on the dilational rheological
parameters and the changes in interfacial activity of the protein has been studied.
Further based on these responses the conformational stability as well as transitions
have been analyzed using dynamic fluorescence and circular dichroic spectroscopy.
While solution viscosity, one of the important thermodynamic parameters, characterizes
the solution, the intrinsic viscosity of protein in solution can sensitively reflect protein

conformation.®*

Surface viscoelasticity is known to play a key role in slowing down or preventing
droplet coalescence. Coalescence is a process that reduces the interfacial area, thus, if
a film is present, it will either be compressed or the molecules will be forced out of the
interface. Although there have been a number of research groups working on the

relation between surface rheology and bulk rheology, the rheological behavior of protein

5
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films is still an area that is not fully understood from either the experimental or modeling

points of view.

In this regard, using the oscillating drop method, the dilational viscosity of

protein-surfactant mixtures have been studied by Miller et al.** *® Lakshmanan et.al. in

their work on Hofmeister effects and its role on coupled water regulation in BSA have
shown the strong influence of the electrolytes on the rheological behavior.®’
Sankaranarayanan et al. have demonstrated the correlation between dilational viscosity,

elasticity, and the conformational changes of the Myoglobin films at the interface.

In the present study, it is assumed that for small deformations of the liquid drop
containing the protein, the mechanical response of the surface layer will be linear with
the applied strain. The experiments presented here are in this linear response regime.
There are two fundamental modes of mechanical deformation for a surface: shear (at
constant area), and compression (at constant shape). In this study the response of Lyz
at air/solution interface in the presence of NaNOj at constant shape or compression

mode has been analyzed.

Experimental

Materials

Hen egg white Lysozyme and the salts were all sourced from Sigma-Aldrich, USA. Lyz
has been dialyzed with HPLC grade water and the concentration of each lysozyme
stock was measured and adjusted using the absorbance at 280 nm. The electrolytes

obtained from Sigma, USA were 99.9% pure. Roasting of all the salts used have been
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carried out and measurements have been made before and after roasting and the
difference in surface tension of the solutions (negligible compared to pure water) have

been measured and are within permissible errors.

Concentration of the solution was fixed at 1 uM in Phosphate buffer (10 mM) at
pH=7.5. The final concentrations of the electrolyte with the buffer have been fixed for

the total ionic strengths ranging from 1 mM to 100 mM.
Drop Profile Analysis Tensiometry-Dilational Rheology

Freshly prepared solutions of the protein for each measurement with and without the
NaNO3; have been used and equilibrium surface tension values as a function of time
have been first measured. The volume of the sample PTFE trough was 10 ml. Before
each measurement lysozyme samples have been prepared in ultrapure water, and the
protein concentration adjusted spectrophotometrically using the extinction coefficient €
of the molecule at 280 nm (e=37750 M*cm™). 25 L of this stock solution has been
injected slowly into the subphase of the pre-equilibrated buffer, giving a final protein

concentration of 1 uM of the protein.

The dilational rheological parameters of the solutions have been measured with
the profile analysis tensiometer PAT-1 (SINTERFACE Technologies, Germany) with an
accuracy of 0.1 mN/m and thermostated at a temperature of 22 °C. The solution drops
have been formed at the tip of a PTFE capillary immersed into a cuvette filled with a
water-saturated atmosphere. After reaching the adsorption equilibrium, the solution drop
has been subjected to harmonic oscillations with frequencies (f) 0.01 - 0.2 Hz in order to

study the dilatational elasticity. Accuracy in elasticity and viscosity values are 1 mN/m

7
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and 1 mNs/m respectively. Each measurement has been repeated at least three times,
and the averages of these three measurements are presented in this study. The surface
tension (surface pressure, m = ynuter - Yiyz) OSCillations have been measured parallely.
The elasticity modulus has been determined from the amplitude ratio of the oscillations
of surface tension and surface area. In every experiment, after equilibrium values have
been reached, the protein films skimmed from the surface have been characterized

using fluorescence and circular dichroism (CD) spectroscopy.

Shear Interfacial Rheology-Storage and Loss Modulus

Rheological measurements have been carried out using a Paar Physica MCR 301
rheometer equipped with cone plate geometry (25 mm radius and 18 cone angle).
Oscillatory, transient and static experiments have been run. All experiments have been
performed at 21+0.05 °C (Peltier system). Application of a constant shear stress onto
systems for a given time interval, followed by removal of stress and monitoring of
system strain response as a function of time has been used to measure storage (G’)
and loss (G”) moduli for the protein and protein with increasing NaNO3 concentration.
10 mins. have been given as waiting time before start of the rheological measurements.

This is a large enough period for a complete formation of a film at air/buffer interface.

Picosecond-Time-Resolved Fluorescence Spectroscopy

Fluorescence lifetime measurements of samples have been carried out in a picosecond-
time-correlated single-photon-counting (TCSPC) spectrometer. The excitation source is
the tunable Ti-sapphire laser (Spectra Physics, United States). The laser pulse (pulse

width of 2 ps and repetition rate of 4 MHz) has been derived from the frequency-

8
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doubled output (532 nm) of mode-locked laser (Spectra Physics, United States). The
picosecond standard tuning range is 720-850 nm. The sample has been excited by the
laser pulse at 280 nm and emission monitored at right angles to the excitation path. The
first photon was detected by the microchannel plate photomultiplier tube (MCP-PMT)
(Hamamatsu-C 4878). When the first excitation pulse occurred, a synchronization pulse
triggered the charging of the capacitor in the time to amplitude convertor (TAC) through
the discriminator. The voltage on the capacitor increased linearly until a stop timing
pulse was detected on repeating the start-stop cycle, and a histogram representative of
the fluorescence decay obtained has been further analyzed using the IBH (Glasgow,
United Kingdom) software®® and fitted. The values obtained have been corrected to

three decimal places with the corresponding standard deviations.
Circular Dichroic Spectroscopy

Circular dichroism measurements have been performed on samples using a
spectropolarimeter, model J-815 (Jasco, Japan), with 150 W Xe arc lamp. The
instrument has been equipped with a Neslab RTE-110 temperature controller (Neslab
Instruments, United States) and calibrated with a standard solution of (+)-10-
camphorsulfonic acid. Quartz cuvettes of 0.1 cm path length (Hellma, United States)
have been used in the far-UV (190-240 nm) region with a scanning speed of 50 nm/min.
Photomultiplier voltage did not exceed 600 V in the spectral regions measured. Data
accumulation has been made 3 times and the average spectra have been taken for
processing after baseline-correction with the buffer spectrum. All the measurements
have been performed at room temperature and the data expressed in mean residue

ellipticity. The secondary structural features have been fitted using Dichroweb.*
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Results and Discussion

lon Mediated Protein Reorganization at the Air/Water Interface

The change in surface tension y,, of pure protein and the protein with different
concentration of NaNO3; as a function of time is shown in Fig. 1(a). Pure lysozyme
undergoes a lag phase which is seen also with the protein+NaNO3; mixed systems.
Such lag phase is indicative of local rearrangement of the hydrodynamically coupled
water around the protein competing with the electrolyte - water interactions. The lag
phase has been reported for the enzyme in earlier work and the values of surface
tension are also agreeable with the reported results.** ** The final surface tension
values at equilibrium start to move towards that of pure protein (at [NaNOg] = 50 mM)
and at 100 mM the values are nearly that of pure water. However this lag phase
disappears at very high concentrations of the electrolyte suggesting that the large
concentration of Na* and NOs ions interacting with the H" and OH" slows down the
diffusion coefficients possibly due to changes in the local viscosity. This lag phase can
also be seen as a real effect in Fig. 1(b) which shows the minimum time needed for the
rise in surface tension (time lag) for the given concentrations of NaNOgs. This initial
steady lag phase can possibly be due to the reorganization of protein at the air/buffer

interface.

Fig 1(c) presents the plot of surface pressure and steady state fluorescence
anisotropy as against [NaNOg3]. The plot seems to suggest that there is a preferential
exclusion of NaNOj; from protein surfaces due to their increasing ability to exert

cohesive forces on water. Anisotropy is a measure of the average molecular orientation

10
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of the protein, while the surface pressure is indicative of cohesive interactions between
the molecules expressed at a micro scale. The cohesive effect is reflected in the
increasing surface pressure (n) as more NaNOs is added resulting in the depletion of
air/water interface. It follows that, if a solute increases the surface tension of water,
more work is required to increase the surface area of the cavity occupied by the protein

in the solution.

Fig. 1(c) also particularly supports existence of the Jones-Ray effect. Jones and
Ray reported a minimum in the surface tension for 13 strong salts at low concentration
of the order of 1 mM. This original observation now called as the ‘Jones-Ray effect’ has
remained controversial and has neither been proven nor disproved unambiguously.*® #*
However many recent experimental studies using second harmonic generation (SHG)
have shown that the Jones-Ray effect could truly exist for different anions due to their
propensity to adsorb at the air/water interface leading to decrease in surface tension.*
Our study demonstrates that the ‘Jones-Ray’ effect could arise predominantly from a
viscoelastic effect due to the competing protein-water and NaNOs—water interactions
and not just due to concentration gradient in electrolytes at the air/buffer interface as

suggested so far. Moreover this effect seems to be strongly dynamic in nature as seen

from our rheological studies.
Significance of Viscosity and Elasticity at the Interface

The dependencies of the dilational rheological indicators: elasticity and viscosity for a
constant concentration of Lyz with varying concentration of NaNO3; are plotted as a

function of the excitation frequency and for a fixed oscillation amplitude of 1 % and are

11
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shown in Fig. 2(a). The elasticity of the protein in the presence of NaNOjs increases
nearly 3 fold with increasing concentration of the electrolyte while the viscosity drops by
almost an order to nearly that of water. For all samples, the moduli have been
measured even at low frequencies, and some dependency was found till about 0.05 HZ
after which no frequency dependence was found. As the concentration of the electrolyte
increases, the protein solution possibly starts to resemble water where hydrated protein-
cation or anion interactions compete with that of hydrated protein-protein interactions. At
lower concentrations, the protein sustained through transient (non-covalent) multiple
contacts, displays a spatial network structure of great flexibility, able to stand
considerable deformation, as indicated by the wide extent of the linear viscoelastic

region observed.

Several experimental studies have shown that in proteins a hydration shell of
water exists. In general, molecules of water in protein solutions may be classified into
three (i) buried internal, (ii) ordered water on protein surface and (iii) disordered.*® *’
The first category of water molecules which are likely to fill the cavities inside a protein
play an important role in the process of folding of a protein and in its overall stability. On
the protein surface, an ordered network of water molecules attached through hydrogen
bonds to the atoms of oxygen and nitrogen, or to the polar groups of the amino acid
residues are extensively found. Water molecules from these two groups are considered
as an integral to the protein. Disordered water molecules, are classified under the bulk
water. Krienke in his work on the influence of molecular structure on the conductivity of
sodium nitrate in water has shown that the dielectric constants decrease for the higher

NaNO; concentrations.*® *° Thus as NaNOs concentration increases beyond 50 mM, the

12
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solution should behave almost like pure buffer. In order to confirm this, a plot of surface
tension against time has been analyzed. This is also in agreement with the MDS results
of Thomas et al. on solution-air interface of aqueous NaNO3 where they have shown
that NO3 ™ resides mostly below the surface for a wide range of concentrations.® Even

when the ions approach solutions at or near a surface they remain fairly uncoordinated.
Viscoelastic Behavior of Lyz-Electrolyte Mixtures

Fig. 2(b) shows the plot of G’ and G” as a function of time for the protein and protein
with NaNOj3 from shear rheological measurements. It is seen that in all the plots, at least
two regions are distinguishable. The storage modulus G’ decreases with time for all the
samples while G” stays constant initially. A pronounceable linear viscoelastic regime
seen from the constant G’ region is found only with the protein+NaNO3; and this
disappears rapidly in the pure protein. The high values of G’ values for NaNOj;
concentrations beyond 10 mM are strongly suggestive of the change in local viscosity

and thus also the overall distribution of the protein segments at the air/buffer interface.

This study attempts to understand the transient changes in the protein-water and
protein-NaNO3; networks and also the dynamic nature of the protein at air/solution
interface. Thus every experimental point measured pertains to instantaneous changes
than changes over a long period of time. This is relevant in the context of viscoelastic
properties of the protein that is most likely form ‘weak gel-like’ structures which tend to
be dynamic in nature. In general, rheological studies of biopolymers have been shown
to have competing processes of intermolecular (protein-protein) versus intramolecular

(entanglement arising from protein conformational changes) interactions determining

13
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the nature of G’ and G”.*! Classically, this is determined by the instantaneous surface
density of hydrated protein versus protein-NaNOs at the air/solution interface. However,
in our study, protein-NaNO3; networks seem to override the protein-protein interactions
forming a ‘weak gel-like’ structure that is viscoelastic. Thus the local interfacial changes

seen in this study seem to be violating the classical G’/G” relation.

Generally the electrolyte can disturb the water near the surface of the protein in
two ways: either through electrostatic interaction or by displacement of the water
molecules. An electrostatic perturbation refers to the effect of the leading edge of the
double layer reaching the first layer of solution; a displacement refers to an associated
ion pair or molecular species, such as NO3; complexing with water near the surface. It is
suggested that the nature of the solution dictates which mechanism is more significant.
Thus for low concentrations, the NO3 ion possibly binds loosely with the
hydrodynamically coupled water. But as concentration of the electrolyte increases, NO3’

interacts with the H* and behaves like an ion pair.
Hard Protein Behavior of Lyz

In order to study the Lyz films at the interface the skimmed films from the air/solution
interface have been subjected to various characterization techniques. Lyz is a well
characterized protein and the emission from tyrosine residues is negligible. There are 6
tryptophan residues in Lyz (28, 62, 63, 108, 111, and 123) with Trp-62, Trp-63, and Trp-
108 located in the active site. Steady state fluorescence studies have shown that most

of the Lyz emission is due to Trp-62 and Trp-108.

14
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The steady state results indicated that the 6 tryptophans are not independent
emitters and the existence of non-radiative energy transfer from Trp-108 to Trp-62 has
been suggested. The analysis of the data for double exponential decays yielded the
values shown in Table I. In the data, one can analyze emission from Trp-62, Trp-108,
and the composite emission from the Trps (residues 28, 63, 111, and 123). Trp 63 and
123 do not participate in any fluorescence. The presence in their neighborhood of
disulphide linkages (Cys(76)-Cys(94) and Cys(6)-Cys(127) respectively) induces a
quenching of their emission.®®> This observation is reinforced also by Nishimoto et al.>*,
At 345 nm the contributions of Trp62 and Trpl08 are almost equal and can been
estimated from the work of Nishimoto et al to be nearly 92 % of the total emission of the
protein.>*>* The remaining contributions are from Trp28 and Trpl111, which have a
maximum emission in the blue side of the spectrum. As the emission spectrum of the
fully denatured protein is known to exhibit a red shift of about 14 nm,* which is not
evidenced for any of our samples, a denaturation of the adsorbed protein is very
unlikely. This result is in accordance with the known “hard protein behavior” of the

lysozyme.
Spectroscopic Investigations-From Molecular to Macroscopic Properties

The 11 and 1, values for the pure protein are 1.795 +0.012 and 0.215+0.017 ns for the
emission from Trp 62 and the composite emission from the 3 Trps respectively. The
decrease of the average lifetime with increasing concentration of sodium nitrate (Table
1) is in agreement with a modification of the polarity of the surrounding medium of the
tryptophans observed at 345 nm. This can be correlated to the confinement of the

protein due to the highly conserved network of the nitrate ions around the polar and
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charged residues of the protein. The decay of the fluorescence emission of the pure Lyz

and Lyz+NO3 has been presented in Fig. 3.

Fig. 4 shows the CD spectra of the pure protein and with varying concentration of
NaNOs. The plots show clearly the gradual shift in the secondary structure as NaNO3
increases. After a concentration of 50 mM the conformation seems to return to total
helical state. Table 2 presents the secondary structural changes from CD spectra,
showing clearly the transition from helix to B sheet through an intermediate (3 turn state
suggesting that increasing NaNO3 alters the protein conformation. However, on further
increasing the concentration of NaNO3; to 100 mM, a complete reversal to helicity is
observed (secondary structural population of nearly 99.9 % helix). Depending on the
local charge distribution changes that take place around the protein, within the main
macroscopic states of folded and unfolded forms of the molecule, small local motions
can take place that ultimately leads to a progressive change of conformation with
increasing electrolyte concentration. This is similar to the two-state model of the
unfolding process, since local rearrangements probably only slightly alter the distribution

of secondary structures of the protein without compromising the activity.>*>®

This study has tried to address the macroscopic properties of aqueous Lyz
solution and its molecular properties at air-buffer interfaces. For that purpose we have
applied a uniqgue combination of interfacial rheology measurements like dilational and
shear rheological parameters with structural information from fluorescence and CD

spectra.

16
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In general, the surface tension data, dilational rheological parameters as well as
the secondary structural changes establish that the protein in the presence of small
concentrations of NaNO3; and the surface tension at air/buffer interface is relatively
insensitive. However after a threshold concentration of 10 mM the surface tensions as
well as other parameters are strongly altered which in turn is reflected in the secondary
structural changes of the protein. Control experiments on the protein alone did not show

any drastic changes in the conformation.

Conclusion

This work confirms the Jones-Ray effect for low concentrations of NaNOs even in the
presence of Lyz at air/buffer interface, arising from enhanced interfacial properties of
the protein. Such dynamic interfacial properties of the protein in the presence of
electrolytes could play an important role in understanding protein crystallization,

aggregation induced denaturation etc.>

The effect seen here is possibly due to the preference of NOj3 ion to reside at the
interface which synergizes the surface activity of the protein leading to faster and
efficient adsorption to the air—buffer interface. This is in agreement with the recent study
by Marocco and Michelson who have demonstrated increased presence of the nitrate

ion at or near the interface in frozen aqueous solutions.®

The results in this study show that in the presence of the electrolyte, a thick and
strongly viscoelastic protein film is created due to local aggregation, while native Lyz
adsorbs in a fragile monolayer film. This strongly suggests that the air/water interface

could be considered as a useful tool to reveal very subtle differences between

17
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differently solvated protein molecules. This ability of a protein to form organized states
at the interface at concentrations far below those for bulk aggregation may have

implications in protein crystallization at interfaces.
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Figure Captions

Fig. 1(a) Plot of Surface Tension vs. time of Lyz (®) and Lyz with NaNO3 at different
concentrations as follows: 1 mM (O), 5 mM (V), 10 mM (4), 50 mM (7)), 100 mM (A) of

NaNOs3.

Fig. 1(b) Time Lag of Surface tension of Lyz against NaNO3 concentrations.

Fig. 1(c) Surface Pressure vs. Fluorescence Anisotropy plots against NaNO3

concentrations. Blue line shows the fitted curve showing Jones-Ray effect.

Fig. 2(a) Viscous and Elastic components of the dilational viscoelasticity vs. area

perturbation frequency at air-water interface.

Fig. 2(b) Plots of storage (G’) and loss (G”) modulus as a function of time for the protein

and protein with NaNOz3.

Fig. 3. Time-resolved fluorescence decay plots of Lyz and Lyz+NaNOj3; mixtures.

Fig. 4. CD spectra of Lyz (inset) and Lyz+NaNO3; mixtures.
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Table 1. Fluorescence Lifetimes and the population distribution of Lyz and Lyz+NO3

mixtures.

Sample 11 (NS) Amplitude (%) T2 (NS) Amplitude (%)
Pure Lyz 1.795+0.012 62.72 0.215+0.017 37.28
Lyz+1 mM NaNO; 1.67+0.025 59.2 0.196+0.026 38.36
Lyz+5 mM NaNOg; 1.702+0.019 65.81 0.246+0.029 34.19
Lyz+10 mM NaNO3 1.511+0.025 56.85 0.146+0.023 43.15
Lyz+50 mM NaNO3; 1.518+0.011 67.46 0.199+0.023 32.54
Table 2. % secondary structure of Lyz and Lyz+NOj3™ mixtures,

Sample a-helix B-sheet B-turn Unordered

Pure Lyz 25.6 30.4 13.9 30

Lyz+1 mM NaNOs; 19.1 15.6 31.8 334

Lyz+5 mM NaNO; 6.6 22 64.8 6.6

Lyz+10 mM NaNO3 0 57.6 22.3 20.1

Lyz+50 mM NaNO; 0.7 83 2.7 13.6
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