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Abstract

The long-term stability of protein therapeutics in the solid-state depends on the preservation of
native structure during lyophilization and in the lyophilized powder. Proteins can reversibly or
irreversibly unfold upon lyophilization, acquiring conformations susceptible to degradation during
storage. Therefore, characterizing proteins in the dried state is crucial for the design of safe and
efficacious formulations. This review summarizes the basic principles and applications of the
analytical techniques that are commonly used to characterize protein structure, dynamics and
conformation in lyophilized solids. The review also discusses the applications of recently
developed mass spectrometry based methods (solid-state hydrogen deuterium exchange mass
spectrometry (ssHDX-MS) and solid-state photolytic labeling mass spectrometry (ssPL-MS)) and
their ability to study proteins in the solid-state at high resolution.
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INTRODUCTION

Recombinant therapeutic proteins offer promising treatments for many previously incurable
diseases such as cancers, autoimmune diseases and hormone-related disorders. In 2013, the
global biotherapeutic market reached $200.6 billion and is expected to reach $386.7 billion
by the end of 2019 [1]. Because of the highly complex structure of proteins and their
susceptibility to chemical and physical degradation, the successful production of therapeutic
proteins can be challenging. To reduce degradation rates, protein drugs are often formulated
as lyophilized (freeze-dried) solid-powders. However, degradation can still occur in the
solid-state, particularly if the native structure is not retained during lyophilization (Figure 1).

The development of a successful lyophilized protein drug includes careful selection of
excipients and the lyophilization cycle. The lyophilization process involves freezing of the
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protein solution followed by the removal of water from the frozen solid under vacuum.
These processes generate various stresses including ice crystal formation, increased local
solute concentration and pH changes that can damage protein structure. Stabilizing agents
such as low molecular weight disaccharides (e.g. sucrose and trehalose) are often included to
protect protein structure during freezing and drying. Several studies have reported the
mechanisms of molecular interactions by which protein stability is protected during
lyophilization and in lyophilized powders [2-4]. The glassy nature of the solid matrix,
typically an amorphous solids below its glass transition temperature (Tg), and the formation
of hydrogen bonds between the protein molecule and excipients have been shown to be
crucial for stability [5, 6].

Disaccharides with higher Tg have been shown to be better stabilizers in several studies [2,
7-10], while others have show that Tg alone does not determine the degree of protein
stability in the solid-state [11-13]. Although any changes in the local environment can affect
protein stability in the solid matrix, identifying the direct relationship between protein
structural changes and stability is limited by the lack of high-resolution methods to analyze
proteins in amorphous solids. Thus, there is a need for solid-state analytical techniques that
can probe protein structure at high resolution. If available, such methods could be used to
identify the most promising formulations, reducing our reliance on expensive and time
consuming storage stability studies for formulation screening.

In this review, the basic principles of the techniques to characterize proteins in the solid-
state are discussed briefly with selected examples. Fourier transform infrared (FTIR)
spectroscopy, Raman spectroscopy and near-infrared (NIR) spectroscopy are useful for
studying protein secondary structural changes in the solid-state, and fluorescence
spectroscopy can monitor tertiary structural changes to a certain extent. Solid-state nuclear
magnetic resonance (sSNMR) and neutron scattering are commonly employed to study
protein dynamics in solid matrices. Differential scanning calorimetry (DSC) is used to
characterize protein stability. Solid-state hydrogen-deuterium exchange mass spectrometry
(ssHDX-MS) and photolytic labeling mass spectrometry (ssPL-MS) are relatively new
techniques that are capable of mapping protein structure and conformations at high
resolution in lyophilized solids (Table 1).

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Infrared (IR) vibrational spectroscopy is used to assess protein secondary structural changes
in solution and in the solid-state. Proteins have several vibrational modes, of which the
amide | region (1650 cm=1; mainly from stretching of the C=0 carbonyl group of the
peptide bond) and amide 11 region (1550 cm~1; mainly from N-H in-plane bending) are
sensitive to changes in secondary structure [14]. The absorption of IR light by certain
functional groups produces a unique peak in the “fingerprint region” (~1500 to 500 cm™1).
The hydrogen-bonding pattern of proteins differs based on the type and amount of secondary
structural elements present (i.e. a-helices, B-sheets or B-turns). This results in differences in
IR absorption by the polypeptide backbone, which are observed in the IR spectrum. IR
signals typically consist of multiple overlapping bands that are poorly resolved. Hence,
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mathematical manipulations such as Fourier self-deconvolution and second derivative
spectra are commonly used for band narrowing and enhanced signal resolution.

Structural changes in lyophilized protein formulations have been studied using FTIR
spectroscopy [15, 16]. Prestrelski et al demonstrated that amide | spectral features of freeze-
dried granulocyte colony stimulating factor (G-CSF) were similar to those in solution,
indicating retention of protein secondary structure [17]. Rehydration did not cause further
spectral changes. In the same study, a-lactalbumin showed reversible conformational
changes upon lyophilization and rehydration, whereas irreversible structural changes were
detected for y-interferon (y-IFN), a-casein and basic fibroblast growth factor (0FGF) after
lyophilization and rehydration. The FTIR spectra of proteins in the pre-lyophilized,
lyophilized and rehydrated states were similar in the presence of disaccharides, suggesting
the preservation of native protein structure by disaccharides in the solid-state. However, the
FTIR spectra of yv-IFN lyophilized in the presence of mannitol or myoinositol differed from
the spectra of the native form, consistent with perturbation of y-IFN structure during
lyophilization.

To a certain extent, increasing the amount of various carbohydrates in freeze-dried
formulations generally results in increased intensity of the native protein FTIR band [6, 18].
A negative correlation between the degree of FTIR-derived native structure retention and
aggregation propensity has been reported for lyophilized human growth hormone (hGH)
[19], immunoglobulin G1 (IgG1)-sucrose formulation [20], lactate dehydrogenase [21] and
v-1FN [22]. FTIR band areas have also shown some correlation with moisture content in
freeze-dried solids [6, 23]. In situ IR spectroscopy was used by Remmele et al to monitor
lyophilization-induced changes in lysozyme [24]; however, the studies were carried out in
D20 to avoid signal interference from water, limiting the use of IR spectroscopy for
lyophilization process monitoring.

FTIR data are a low resolution, semi-quantitative measure of protein structure and are not
always predictive of degradation rates in the solid-state. A limitation of FTIR is that it
reflects global protein conformation and cannot detect subpopulations with local
conformational changes that may affect stability. Aggregation due to changes in tertiary
structure is also not detected by FTIR, highlighting the need for better resolution in the
solid-state. FTIR measures such as peak height, bandwidth and spectral correlation
coefficient (r) do not always correlate well with dehydrated protein secondary structure and
degradation rate [4, 19, 25]. For example, studies with lyophilized myoglobin have shown
that FTIR amide | band intensity and wavenumber correlated poorly with loss of monomer
during storage [26]. Chang et al observed that native secondary structure retention, as
measured by FTIR, correlated well with storage stability for sucrose-containing
formulations, but did not in the presence of trehalose [20]. This implies that factors other
than global secondary structure retention as measured by FTIR influence protein stability in
the solid-state.

Curr Pharm Des. Author manuscript; available in PMC 2015 December 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moorthy et al. Page 4

RAMAN SPECTROSCOPY

Raman spectroscopy is similar to IR spectroscopy in that both methods provide information
about the nature of molecular vibrations. The difference between these techniques is that
Raman spectroscopy measures the inelastic scattering of monochromatic light from
polarizable molecules whereas IR spectroscopy measures light absorbed by molecules that
undergo a change in dipole moment during vibration. This makes the two methods
complementary. Added advantages of Raman spectroscopy are weak scattering and reduced
noise due to water and ice, making it useful to study frozen solutions.

Raman spectroscopy has been used to examine the effects of freeze-thawing [27], presence
of excipients [27, 28], lyophilization [29-31] and phase separation [32, 33] on protein
backbone and side-chain conformation. This method has been used to quantify structural
perturbation in a monoclonal antibody upon lyophilization or spray-drying [34]. Secondary
structure content measured in the amide | region after lyophilization or spray-drying showed
good correlation with storage stability. Reduced structural perturbation was observed for the
solid-state protein with increasing amounts of carbohydrate excipients. Thus, Raman
spectroscopy can be used as a tool to screen excipients in formulation design. Hedoux et al
used Raman micro-spectroscopy to detect lyophilization-induced structural changes in j-
lactoglobulin (BLg), bovine serum albumin and chymotrypsinogen in real time [35]. Spectral
features related to protein structure were not altered significantly during freezing and
rehydration. Peak broadening and frequency shifts were observed in the amide | and amide
I11 regions in response to a faster cooling rate, as well as during primary drying, suggesting
perturbed helices and increased solvent exposure of B-sheets. Spectra for lyophilized and
thermally denatured proteins were not identical, indicating that spectral changes were not
merely a result of increased temperature, but rather a consequence of vacuum-induced
dehydration. In-line Raman spectroscopy has also been used to study the phase behavior of
mannitol, a common bulking agent in lyophilized protein formulations [36]. Varying
proportions of the amorphous form and a-, -, 8- and hemihydrate polymorphs of mannitol
were formed as a function of freezing rates and annealing. Interconversion between the
forms was detected during secondary drying as well.

Like IR spectroscopy, Raman spectroscopy provides unique signals in the fingerprint region.
Sample preparation is not required, making it simpler to use compared to other
spectroscopic techniques. However, the inelastic Raman signal is inherently weak since
most of the scattering is elastic Rayleigh scattering. Since heat generated by the laser light
source may damage samples, spectra must be obtained quickly. Background fluorescence
may also interfere with Raman signals.

NEAR INFRARED SPECTROSCOPY (NIR)

The measurement of C-H, N-H and O-H vibrations at frequencies in the combination (4000-
5000 cm~1) and overtone (5000-13000 cm™1) spectral regions can be used to assess the
conformation of proteins in the solid-state. The extent of intramolecular hydrogen bonding
suggests the conformational stability of a protein in the solid-state. An unfolded protein
contains fewer intramolecular hydrogen bonds than the properly folded molecule. In an NIR
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measurement, an increased or decreased extent of intramolecular hydrogen bonding is
reflected by a decrease or increase in the A/ll band (combination band) frequency,
respectively [37, 38]. NIR spectra of freeze-dried proteins showing bands near 4369 and
4604 cm~1 have been associated with an a-helical structure, while bands at 4323, 4417,
4525-4535 cm~1 have been associated with a B-sheet structure [39, 40]. Using these band
positions, NIR measurement of heat treated, lyophilized bovine serum albumin (BSA)
showed an increase in p-sheet formation when compared to control [41].

NIR is non-destructive and non-invasive, and has several other advantages over FTIR and
Raman spectroscopy for characterizing protein structure in the solid-state. Since the
moisture content in the environment shows weak interference in the NIR spectra, the method
does not require purging of the instrument with nitrogen gas, as required for FTIR. The data
acquisition time for each sample in NIR is less than 2 min. Unlike FTIR, NIR does not
require extensive data manipulation to obtain protein structural information. A comparison
of secondary structural information from NIR and FTIR measurements showed strong
correlation for lyophilized cytochrome ¢ and a-chymotrypsinogen samples [18]. In another
study, spectra from both NIR and FTIR indicated the presence of L-arginine and phosphate
ion interactions in the solid-state [42]. NIR spectra of L-arginine co-lyophilized with
phosphoric acid showed reduced intensity of the band for the amino or guanidyl group
compared to L-arginine in the absence of phosphoric acid, consistent with the reduced
intensity of signal for the NH3* vibration absorbance in FTIR.

NIR has been shown to be valuable for monitoring protein conformation and stability during
the entire lyophilization process, from the initial solution-state to the final solid product [42,
43]. Though NIR has gained acceptance in the biopharmaceutical industry, further research
is required for the method to be routinely applied as an in-line tool for monitoring protein
secondary structure during lyophilization.

SOLID-STATE FLUORESCENCE SPECTROSCOPY

Altered secondary structure in proteins is indicative of the loss of tertiary structure;
however, observance of an unaltered secondary structure does not guarantee that the native
tertiary structure has been retained. In a partially unfolded state, tertiary structure may be
lost with little or no change in the secondary structure. In solution, when protein unfolding
leads to the exposure of aromatic amino acids from a relatively hydrophobic core to the
polar aqueous environment, a shift in the emission maximum (Amax) towards longer
wavelength (i.e., a red shift) is observed. Conversely, the Amax shifts towards shorter
wavelength (i.e., a blue shift) when aromatic residues are removed from an aqueous
environment and buried in the hydrophobic core. Fluorescence spectroscopy has recently
been used to study the tertiary structure of proteins in solid powders, in a manner similar to
its use for proteins in aqueous solution [44, 45].

A limitation of solid-state fluorescence measurements is the strong background scattering of
powders with high optical density. This problem can be largely overcome by analyzing the
samples in the frontface mode. Few studies have used solid-state fluorescence spectroscopy
to probe protein structure in amorphous powders. Steady-state Trp fluorescence
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spectroscopy has been used to study the tertiary structure of Lg and interferon alpha-2a
(IFN-a2A) in lyophilized powders [44]. BLg lyophilized with guanidine hydrochloride was
red shifted when compared to the pre-lyophilized sample. Similarly, emission spectra from
polyethylene glycol (PEG)-induced IFN-a2A aggregates in freeze dried samples differed
from those for the protein in solution. This shift in the Amax was associated with a change in
the tertiary structure of fLg and IFN-a2A. In another study, a monoclonal antibody (mAb)
lyophilized with sucrose and stored at higher temperature show decreased fluorescence
intensity with greater aggregation [45]. Although fluorescence measurement offers the
advantage over other spectroscopic techniques of providing tertiary structural information,
the sensitivity of this method depends on the location of aromatic amino acids in the protein
tertiary structure. An alternate approach may be co-lyophilization of proteins and low-
molecular weight chromophores to probe the global structural changes. Freezing-induced
structural perturbations in azurin have been monitored using 1-anilino-8-naphthalene
sulfonate (ANS) as a fluorescent probe in the frozen state [46].

DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Freeze-dried proteins are usually in a glassy state below their Tg, in which the rates of many
chemical degradation reactions are reduced. The glassy state also restricts protein local
motions and so may reduce physical degradation rates in the solid-state. DSC measures the
change in heat capacity and produces a well-defined increase in signal at Tg, when the
system changes from a glassy to rubbery state.

DSC is often used to supplement spectroscopic and chromatographic characterization of
proteins in the solid-state. For example, Pikal et al used DSC in conjunction with FTIR and
HPLC to study the degradation of lyophilized hGH at temperatures above Tg [47].
Aggregation was correlated with a loss of secondary structure and a decrease in area under
the denaturation endotherm, and was reversible when trehalose was included in the
formulation. In another study, Breen et al studied the chemical and physical stability of
lyophilized monoclonal antibody formulations [48]. Increased moisture levels resulted in
increased rates of Asp isomerization when stored above or below Tg, while aggregation
rates increased with moisture levels when stored above, but not below Tg. Other studies
have used DSC to investigate the mixing behavior of lyophilized protein-carbohydrate-
polymer systems [38], to study the effect of protein on temperature-induced excipient
crystallization [49] and to determine the physical form of carbohydrates in lyophilized
protein formulations [50-52]. Modulated DSC (MDSC) is a related technique that uses
sinusoidal changes in temperature to separate ‘non-reversing’ kinetic events (e.g.
crystallization) from ‘reversing’ thermodynamic events (e.g. glass transition). ‘Reversing’
and ‘non-reversing’ heat flow components do not refer to the reversible or irreversible
nature of events; they refer to the heat capacity component and time-dependent kinetic
component of total heat flow, respectively. MDSC has been used to determine Tg values for
systems with small changes in heat capacity [48], to correlate eutectic temperature events to
cake collapse [53] and to study the effects of annealing on the thermal properties of frozen
sucrose solutions [54].
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DSC can be used to explore mixing behavior during lyophilization, since multiple glass
transitions are detected in phase-separated systems. After ice crystallizes during
lyophilization, increased effective solute concentration (freeze-concentration) may drive the
formation of solute-rich and solute-poor phases. Several polymers as well as some small
molecules are known to undergo phase separation upon freezing and show multiple Tg [55-
57]. Proteins can partition into phase separated layers and subsequently degrade, as has been
observed for hemoglobin and phase-separated PEG and dextran layers [58]. However, if the
change in heat capacity associated with phase separation is small, it may not be detected by
DSC.

Tg values are not always reliable predictors of protein stability. DSC was used to evaluate
the stability of glucose-6-phosphate dehydrogenase (G6PD) during lyophilization and
storage [13]. The pre-storage Tg value for G6PD co-lyophilized with 100 % sucrose was ~
21 °C and increased with the inclusion of raffinose up to ~ 37 °C in the presence of 100 %
raffinose. However, Tg values did not correlate with storage stability at temperatures above
Tg. Greater G6PD activity (~ 80 %) was recovered with increasing sucrose ratios, while ~
50 % activity was detected in the 100 % raffinose formulation after storage for 81 days.

Although formulations stored above their Tg are usually less stable than those stored below
Tg, storage below Tg is not sufficient to ensure stability. Strickley and Anderson showed
that lyophilized insulin stored at various humidity levels was degraded by deamidation and
dimerization, despite remaining in the glassy state [59]. Although these degradation
pathways are pH-mediated [60], there appeared to be sufficient mobility in the solid-state at
< 12 % humidity for formation of the reactive intermediate. Similar deamidation and
aggregation behavior below Tg has been reported for lyophilized rhiL1-ra, even in the
presence of amorphous carbohydrate excipients [61]. Hence storage below Tg is necessary
but not sufficient for storage stability, suggesting that DSC studies should be supplemented
by other analytical methods when evaluating protein stability in lyophilized formulations.

SOLID-STATE NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

(ssNMR)

Measuring the radiofrequency radiation absorbed by the nuclei of 1H, 13C or 15N enables
proteins to be characterized with atomic-level resolution. sSNMR has been widely used to
study the structure of insoluble membrane proteins and amyloid fibrils. Unlike membrane
proteins and amyloid fibrils, the orientations of proteins in amorphous solid are highly
random, limiting the use of sSNMR for obtaining high resolution structural information.
Nevertheless, sSNMR is an effective method for studying protein conformation and
dynamics in lyophilized powders. sSNMR relaxation measurements have been used to
monitor the mobility of protein side chains, surface groups, excipients and bound water
molecules, and the results correlated to the stability of proteins in lyophilized solids [62—-66].
Spin-lattice relaxation time (T1, ns-us timescale), spin-lattice relaxation time in the rotating
frame (T1p, ps-ms timescale) and spin-spin relaxation time (T2, ms-s timescale) can provide
details of molecular motions in the solid-state. sSSNMR spectroscopy can also be used to
study protein-excipient interactions by measuring the differences in chemical shifts of
functional groups of protein in different formulations.
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T1 and T1p measurements were used to evaluate the molecular mobility of lysozyme
lyophilized with different excipients [67, 68]. Lysozyme co-spray-dried with a high
concentration of trehalose or sucrose and stored at 0% relative humidity showed decreased
molecular mobility of the protein, suggesting a close association of protein and sugar [67].
In another study, an increase in T1 values was observed for lysozyme in the presence of
lactose or trehalose, but gradually decreased with increasing hydration. These results
correlated well with lysozyme aggregation and activity [68]. Yoshioka et al showed that the
T1p of B-galactosidase (BGI) carbonyl carbon in the lyophilized pGl-sucrose formulation
was less than in the BGI-stachyose system. The results correlated with the storage stability of
BGI, with minimal aggregation observed for the sucrose containing formulation [66].
Similarly, the storage stability of insulin lyophilized with dextran and trehalose correlated
with the T1p of the insulin carbonyl carbon, as measured by ssSNMR. Formulation with
dextran showed increased molecular motion and chemical degradation, whereas insulin
lyophilized with trehalose showed minimal relaxation and greater stability [65].

Protein relaxation times have also been used to predict the storage stability in the solid-state.
ssNMR data showed good correlation with the long-term storage stability of an IgG1 mAb.
The spin-lattice relaxation time associated with protein (T1b) was similar in all the mAb
formulation, whereas the spin-lattice relaxation time associated with mannitol (T1a) was
lower in the mAb containing formulation when compared to mannitol alone. The decreased
mannitol mobility was attributed to the inhibition of mannitol crystallization by the mAb
through hydrogen bonding interactions. The lower T1a value correlated with greater protein
stability during long-term storage [45]. Separovic et al studied the mobility of three different
proteins (insulin, lysozyme and DNase) in lyophilized solids. A constant T1p and decreased
T1 value with increase in the relative humidity was observed for these proteins. The change
in the T1 value was associated with altered enzyme activity and aggregation [69].

NEUTRON SCATTERING SPECTROSCOPY

Protein motions in the solid-state are often influenced by extrinsic factors such as excipients,
water content and temperature. Neutron scattering spectroscopy can be used to measure
protein motions in lyophilized powders directly. The basic principles and types of neutron
scattering have been explained in detail elsewhere [70-72]. In this method, the change in the
intensity of neutron scattering by hydrogen atoms in the protein as a function of time is used
to monitor protein dynamics. The effects of extrinsic factors on dynamics can be assessed by
measuring the atomic mean-square displacements (MSD) in the protein molecule. Dynamic
neutron scattering can also be used to probe protein-water interactions, in which the
hydrogen bonds are formed and broken on the picosecond time scale [73].

The effects of temperature and moisture content on protein dynamics in lyophilized
formulations have been studied using elastic neutron scattering [74, 75]. Measurement of
lysozyme dynamics at various temperatures in a glucose-water matrix showed that protein
motion is driven by the relaxation of the external matrix [74]. The dynamics of green
fluorescent protein (GFP) at different hydration levels and temperatures showed that the
water of hydration suppresses GFP dynamics at temperatures less than ~200K and increases
protein motions at higher temperatures. When compared to other globular proteins, the
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suppression of GFP dynamics by water at lower temperatures may be due to its beta barrel
structure [75].

Several studies have shown that the internal protein dynamics observed in neutron scattering
varies with buffer composition in the lyophilized powder [76, 77]. For example, human
butyrylcholinesterase lyophilized in Tris-HCI buffer showed no difference in protein internal
motions when compared to a sample lyophilized in the salt-free state (control), while protein
lyophilized in sodium phosphate buffer showed altered dynamics relative to control [76]. In
another study, lysozyme lyophilized with trehalose at a 1:1 ratio show increased MSD
values on the nanosecond time scale at low hydration (h = 0.075), suggesting that lysozyme
preferentially interacted with water rather than with trehalose in the hydrated matrix. The
relaxation of hydrogen bonds between lysozyme and water was slowed significantly in the
presence of trehalose [77].

Neutron scattering results have also been shown to correlate well with the storage stability
of lyophilized proteins [78-80]. Neutron scattering studies of lyophilized hGH showed
greater suppression of fast dynamics in formulations containing sucrose than in those
containing trehalose. The greater storage stability observed for the sucrose-containing
formulations suggested that, well below the Tg, fast dynamics is directly related to protein
instability [78]. Neutron scattering of deuterated protein powders allowed specific
monitoring of motions of non-exchangeable hydrogen atoms in methyl groups and amino
acid side chains [81].

Although neutron scattering can be complementary to the vibrational spectroscopy methods,
one of its main disadvantages is that it requires a reactor for the neutron source, which limits
accessibility and makes the method expensive and impractical for routine use. In addition, as
the incident neutron flux is not high, the technique requires large samples for good quality
data.

DIELECTRIC RELAXATION SPECTROSCOPY (DRS)

Dielectric relaxation spectroscopy (DRS) is a noninvasive method used to probe protein
motions over a wide frequency range (from 1078 to 10° s) both above and below the Tg. The
theory behind DRS and its application to the characterization of pharmaceuticals have been
discussed elsewhere [82-84]. In dielectric spectroscopy measurements, an electrical
perturbation is applied across the sample and the resultant current is measured as the
response. The response can be expressed in terms of the real and imaginary permittivity. The
relaxation time is obtained as the inverse of the frequency maximum in the imaginary
permittivity. Dielectric techniques essentially measure the rotational motions of dipole-
bearing groups in the molecule. As the molecular motions are probed by stimulating
different electrical dipole groups, the method allows clear differentiation between groups
involved in global and local dynamics.

DRS can be used to evaluate the temperature dependence of the relaxation times by
measuring the dielectric behavior of samples over a range of temperatures. DRS
measurements have been used to probe the molecular mobility of a lyophilized mAb below
the Tg and correlated with the stability of the mAb during storage [10]. Larger relaxation
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times were correlated with greater stability of the mAb in sucrose and trehalose containing
formulations under refrigerated conditions. The effect of hydration on the dynamics of a
protein in lyophilized powders has been studied using DRS measurements [85, 86]. The
temperature-dependent relaxation time of lysozyme determined by neutron scattering
spectroscopy has been shown to agree with the relaxation times observed by DRS [86].
Since the relaxation processes of water and protein overlap in hydrated lyophilized solids,
the correct assignment of spectra in DRS can be challenging, and additional research is
required before DRS is widely adopted in formulation development.

HYDROGEN-DEUTERIUM EXCHANGE MASS SPECTROMETRY (ssHDX-MS)

Hydrogen-deuterium exchange (HDX) has been widely used to study protein structure,
protein-protein interactions and protein-ligand interactions in aqueous solution. When a
protein is exposed to deuterium oxide (D20) buffer, the hydrogen atoms of the backbone
amide groups exchange with deuterons based on their solvent accessibility. Amide
hydrogens exposed to solvent and not involved in intramolecular hydrogen bonding
exchange with deuterons faster than those involved in the secondary structure. Measuring
the rate and extent of deuterium uptake by the protein can provide information on its
conformations under different conditions. HDX was traditionally coupled with NMR
analysis to determine protein structure and dynamics at high resolution [87-90]. However,
HDX-NMR requires large sample sizes and is typically limited to the analysis of smaller
proteins. In HDX-MS, proteins with deuterated amide groups have a heavier mass that can
be measured in any high resolution mass spectrometer (MS). HDX-MS requires very small
sample sizes (picomoles of protein) and the size of the protein analyzed is limited only by
the mass range of the instrument. Proteolysis of deuterated protein prior to MS analysis
allows structural measurements at peptide level resolution. Over the last two decades, HDX-
MS has been used extensively to characterize proteins from several thousand daltons to large
macromolecular assemblies, including ribosomes and viral particles [91-93].

Recently, our group has adapted HDX-MS to characterize proteins in lyophilized
formulations (ssHDX-MS). In ssHDX-MS, a protein in a lyophilized powder is exposed to
D20 vapor under controlled relative humidity and temperature. The deuteration reaction
(“in-exchange”) is quenched by reconstituting the sample in ice cold acidic buffer (pH ~2.7)
and the sample subjected to online proteolytic digestion before MS analysis. In the solid-
state, the level of deuteration may reflect the spatial distribution of conformational states and
protein-excipient interactions as well as the conformational states of the protein molecule
itself. Calmodulin lyophilized with trehalose and calcium chloride showed decreased
deuterium uptake in different regions of the protein [94-96]. Formulations containing
calcium chloride showed decreased deuteration in the calcium binding loops, whereas
trehalose containing formulations showed protection mainly in the a-helix regions. ssHDX-
MS of myoglobin lyophilized with sucrose showed decreased deuterium uptake when
compared to a mannitol containing formulation [97, 98]. These studies suggest that proteins
or regions with higher retention of native structure in the solid-state show greater protection
from deuterium uptake.
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Comparing mass spectral peak widths for deuterated protein at similar deuteration level
provides information on the spatial and/or conformational heterogeneity of the protein in the
lyophilized powders. Myoglobin freeze-dried with mannitol showed peak broadening at an
intermediate level of deuterium uptake, suggesting greater heterogeneity when compared to
a sucrose containing formulation [98]. In another study, myoglobin lyophilized alone or in
the presence of sodium chloride showed ~2-fold greater peak width at 15% deuterium
uptake than formulations containing sucrose or mannitol and showed greater aggregation
during long-term storage [26].

A recent study has shown that deuterium incorporation in ssHDX-MS for five different
myoglobin formulations was strongly correlated with the long-term storage stability of
protein in the solid-state [26]. Myoglobin lyophilized with sucrose showed decreased
deuterium uptake and greater storage stability than formulations with mannitol or sodium
chloride. Myoglobin formations with higher sucrose content showed greater protection from
HDX and improved stability. In contrast, storage stability correlated weakly with the FTIR
band position or band intensity. Results such as these show the promise of ssHDX-MS as a
screening tool for developing solid-state protein formulations, and support its further
development.

PHOTOLYTIC LABELING MASS SPECTROMETRY (ssPL-MS)

Methods such as FTIR and DSC are limited in that they provide information at the bulk
level. Although relatively simple and frequently used, they fail to provide high-resolution
information about local protein structure and environment and are also not always predictive
of stability, as described above. Photolytic labeling-mass spectrometry is a new technique
being developed by our group that is complementary to ssHDX-MS and provides peptide- to
residue-level information about the protein side-chain environment in the solid state. In
ssPL-MS, a small photoactive labeling reagent is co-lyophilized with the protein and other
formulation excipients. The resulting solid is irradiated with UV light to activate the
photoactive label, which forms a stable covalent bond with matrix-accessible side-chains.

Labeling reagents used in solution are usually pH-dependent and amino acid-specific. For
example, NHS esters hydrolyze at neutral to alkaline pH and predominantly label primary
amine-containing residues. In contrast, UV-sensitive labeling reagents, such as photoactive
amino acid analogs (PAAs; e.g. L-2-amino-4,4’ azipentanoic acid) are not pH sensitive and
can be activated even in the solid-state. PAAs contain a photoreactive diazirine group that is
activated at 350-365 nm and produces a reactive carbene that labels proteins by addition or
insertion reactions. Diazirine-containing PAAs are thought to be non-selective and can label
the entire protein surface, although there is some indication of carbene preference for acidic
residues in solution [99].

In a recent study, the matrix exposure of lyophilized apomyoglobin side-chains was
determined with peptide-level resolution using ssPL-MS [100]. Excipient effects on side-
chain accessibility in the solid-state were also observed. Similar ssPL-MS studies, in
conjunction with ssHDX-MS, have been performed for holomyoglobin lyophilized with
trehalose or sorbitol [101]. The two methods provided complementary information, in that
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better structure retention coincided with lower deuterium uptake but greater PAA labeling,
whereas structure perturbation resulted in greater deuterium uptake and lower PAA labeling.
ssPL-MS is a qualitative method and allows the solid-state protein structure and
environment to be probed with high resolution. However the stochastic nature of labeling
and the promiscuity of the carbene result in populations of heterogeneously labeled protein
[99, 100]. This characteristic, combined with mass spectrometric differences in ionization
efficiency between labeled and unlabeled peptides, make quantification difficult. The
limitation can be addressed by using an internal standard peptide to normalize abundance
(peak height or area). However, one must be cautious when interpreting data, taking into
account biasing factors such as possible sequestration of the labeling reagent, affinity of the
reagent for certain residues, solid-state reactivity and concentration of the reagent.
Nevertheless, the method shows considerable promise for mapping local protein-protein,
protein-water and protein-excipient interactions in lyophilized solids with high resolution.

CONCLUSIONS

The increasing numbers of lyophilized protein therapeutics demand high resolution
analytical methods for their characterization. FTIR and Raman spectroscopy are routinely
used to measure secondary structure and batch-to-batch variations in biopharmaceutical
products. Non-invasive and non-destructive techniques such as NIR can be further
developed as in-line tools to monitor protein structure during the lyophilization process.
Though solid-state fluorescence spectroscopy is not widely used in the biopharmaceutical
industry, recent studies have demonstrated its capability to probe protein tertiary structure in
amorphous solids. Protein dynamics monitored using sSNMR, DSC, neutron scattering and
DRS have shown good correlation with the stability of proteins in the solid-state, but are not
capable of localizing the observed effects to particular regions in proteins. Both ssHDX-MS
and ssPL-MS are relatively new techniques that can provide complementary information
about protein conformations and structural changes with peptide level resolution.
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STRUCTURAL
CHANGES

Structure:

FTIR, Raman, NIR, Fluorescence,
ssHDX-MS, ssPL-MS

Lyophilzed Protein

Dynamics: Conformation:
ssNMR, Neutron scattering, ssHDX-MS, ssPL-MS, ssNMR

DRS, ssHDX-MS, ssPL-MS DSC

Figure 1.
Structural properties of proteins in lyophilized solids and methods used for their

characterization. Proteins can exhibit reversible or irreversible change in structural
properties, which include change in secondary structure, tertiary structure, conformational
dynamics and/or conformational changes upon lyophilization.
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Table 1

Methods used for the structural characterization of proteins in lyophilized powders.
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Method

M easur ements

Structural Information

Level of Changes

conformation

Measured

FTIR C=0, N-H & C-N vibrations Secondary structure Global

Raman C=0, N-H & C-N vibrations Secondary structure Global

NIR C-H, N-H & O-H vibrations Secondary structure Global
Fluorescence r;;%ﬁ:gi.ﬁg‘egssggff aromatic amino acid Tertiary structure Local

DSC Change in heat capacity at Tg Conformation Global

ssSNMR 1H, 13C, 15N chemical shifts Dynamics & conformation Global and local
Neutron Scattering | Neutron scattering by hydrogen atoms Dynamics Global and local
DRS Rotational motions of dipole-bearing groups Dynamics Global and local
ssHDX-MS Amide hydrogens exchanged with deuterium Tertiary structure, dynamics & Global and local

conformation
ssPL-MS Side-chains labeled with photolytic agent Tertiary structure, dynamics & Global and local

Tg = glass transition temperature

Global = domains of protein or whole protein molecule

Local = specific regions or amino acid residues of protein
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