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ABSTRACT

Multi-domain biotherapeutic proteins present additional behavioural and analytical 

challenges for the optimisation of their kinetic stability by formulation. Tissue-type 

plasminogen activator (tPA) comprises six protein domains that exhibit a complex and 

pH-dependent thermal unfolding profile, due to partially independent domain 

unfolding. Here we have used tPA as a model for evaluating the relationships between 

various thermal unfolding and aggregation parameters in multi-domain proteins. We 

show that changes in the thermal unfolding profile of tPA were parameterised by the 

overall thermal mid-point transition temperature Tm, and the Van’t Hoff entropy for 

unfolding, ΔSvh, which is a measure of unfolding cooperativity.  The kinetics of 

degradation at 45 °C, leading to aggregation, were measured as rates of monomer and 

activity loss. These two rates were found to be coincident at all pH.  Aggregation 

accelerated at pH 4 due to the early unfolding of the Serine Protease N-terminal domain 

(SP-N), whereas at pH 5-8, the fraction unfolded at 45 °C (f45) was <1%, resulting in a 

baseline rate of aggregation from the native ensemble.  

We used a Design of Experiments (DoE) approach to evaluate how formulation 

excipients impact and control the thermal unfolding profile for tPA, and found that the 

relative stability of each of the tPA domains was dependent on the formulation.  

Therefore, the optimisation of formulations for complex multi-domain proteins such as 

tPA may need to be multi-objective, with careful selection of the desired attributes that 

improve stability.  As aggregation rates (ln v) correlated well to Tm (R2 = 0.77), ΔSvh 

(R2 = 0.71), but not Tagg (R2 = 0.01), we analysed how formulation excipients and pH 
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would be able to optimise Tm and ΔSvh.  Formulation excipient behaviours were found 

to group according to their combined impact on Tm and ΔSvh.  The effects of each 

excipient were often selectively stabilising or destabilising to specific tPA domains, 

and changed the stability of particular domains relative to the others. The types of 

mechanism by which this could occur might involve specific interactions with the 

protein surface, or otherwise effects that are mediated via the solvent as a result of the 

different surface hydrophobicities and polarities of each domain.

Keywords: Aggregation, cooperativity, entropy, formulations, stability, tissue-type 

plasminogen activator, multidomain protein

INTRODUCTION

As the number of biologics in clinical development continues to grow [1] there is an 

increased need to obtain stable formulations, on shortening time-scales.  Aggregation 

is the principle route of degradation of protein biotherapeutics, and it is important to 

control in the formulation and storage phases, but also during upstream [2] and 

downstream [3] processing.  Protein aggregates can be elicited through intrinsic and 

extrinsic factors [4], can have different morphologies [5, 6] and solubilities, and can 

arise from multiple pathways [7, 8] for a given protein.  Aggregation will be defined 

in this work as the net irreversible formation of non-native species, larger than that of 

the native species [4, 9].  From a pharmaceutical standpoint, suppression of 
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aggregation is critical, given the possibility of aggregation-induced immunogenicity 

[10].

While the formulation of new therapeutic proteins must be achieved within 

increasingly shortened time-frames, the prediction of their long-term stability remains 

a challenge.  Popular experimental approaches include the use of chemical 

denaturation to derive free-energies of unfolding (ΔGunf), thermal scanning to derive 

thermal transition-midpoints (Tm) or aggregation temperatures (Tagg), or the use of 

forced degradation kinetics at elevated temperatures.  These various surrogates for the 

long-term stability of the molecule, have been met with varying degrees of success [11-

13].  The use of such measures is potentially confounded by multiple factors at play in 

aggregation mechanisms, and whose relative roles are dependent upon both the protein 

and the solution conditions.  Key mechanisms thought to be important in protein 

aggregation include global and local folding events, the formation of unfolded 

intermediates, or native-like states, the exposure of hydrophobic surface patches, net 

surface charge, and the ability of specific sequences to form cross-beta sheets [4, 7, 12]. 

Our previous work on Fab A33 and GCSF found that Tm-values predict aggregation 

kinetics for formulations where the incubation temperature is below but close to the 

range of Tm-values [12, 13, 14].  While the proteins studied unfolded with relatively 

high cooperativity, it remains unknown whether Tm values can be used indirectly to 

optimise the aggregation kinetics of formulations for more complex multi domain 

proteins in which the domains unfold non-cooperatively.  Multi-domain proteins, 

including antibodies, bring additional influences from inter-domain solution 
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conformations [15], and non-concerted domain unfolding events which can eventually 

resolve into separate Tm-values [16, 17], such that each state can have different 

aggregation propensities. The latter phenomenon would also be relevant to emerging 

classes of engineered fusion proteins as there would be no expectation for the respective 

protein domains to unfold cooperatively or have the same aggregation propensity.  

The recombinant biotherapeutic tissue-type plasminogen activator (tPA) is a 65 kDa 

enzyme, consisting of five modules, and six domains, linked by disulphide bonds [18], 

and includes approx. 7 kDa from three carbohydrate moieties [19-21].  The five 

modules, containing six domains, are connected in the order:

FNT-I – EGF-like – K1 – K2 – SP-N – SP-C

where FNT-I is the fibronectin type I domain (also known as the finger domain), 

EGF-like is the epidermal growth-factor-like domain, K1 is the kringle-1 domain, K2 

is the kringle-2 domain, SP-N is the serine protease N-terminal domain, and SP-C is 

the serine protease C-terminal domain.

Registered as Alteplase™, and marketed as Actilyse in Europe, human recombinant 

glycosylated tPA has treated over 2 million people for myocardial infarction and 

ischemic stroke [22].  Its complex structure, interactions between five domains [19], 

the hydrophobic clusters of the kringle-2 domain [23], and the hydrophobic regions at 

the active site [24] present a significant challenge to biophysical characterization, and 

Page 5 of 45

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



thus tPA is an interesting protein with which to investigate the roles of multi-domain 

unfolding and inter-domain interactions in stability, aggregation and formulation. The 

current clinical formulations for tPA marketed by Boehringer Ingelheim (Germany), 

and Genentech (CA, USA), are presented as freeze-dried solids that require 

reconstitution prior to parenteral administration.  However, it remains of interest to 

study tPA in the context of liquid formulations to ensure stability prior to freeze-drying, 

or spray drying into nanoparticles [25], and liposomal delivery systems [26], where it 

would remain in the liquid state.  

The thermal unfolding profile of tPA has been well characterised in the liquid state 

[19], and is known to be complex due to a degree of non-cooperative unfolding of its 

individual domains. It therefore provides a good model system to study the effects of 

formulation excipients on multi-domain unfolding. The commercial freeze-dried 

formulations for tPA contain arginine, Tween-80 and phosphate buffer [27]. In solution 

prior to freeze-drying or after reconstitution, 50-200 mM arginine enhances the 

solubility of tPA at neutral pH [27].  The kringle-2 domain is known to bind 

specifically to L-lysine with a 100 M affinity, and to L-arginine with 21 mM affinity 

[28]. This demonstrates the possibility that some excipients may be able to act through 

the selective stabilisation of particular tPA domains.  

The activity of the two-domain tPA serine-protease module, provides a 

characterisation of the functional state of that module, independent from measurements 

of total monomer loss.  This could potentially enable the elucidation of the role of 

serine-protease domain unfolding in tPA aggregation.  The serine protease domain is 
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known to uncouple from the concerted thermal unfolding of the other domains in a pH-

dependent manner [19].  For example, during thermal unfolding at low pH, the N-

terminal domain within the two-domain serine protease module (SP-N) unfolds first, 

whereas at physiological pH the protease domains remain coupled and the kringle-2 

domain unfolds first.  In addition, tPA can be cleaved by plasmin in vivo at the Arg275-

Ile276 peptide bond, to make a two-chain form that is held together by a Cys264-Cys395 

disulphide bridge [29], and that has an altered proteolytic activity [30, 31].  Thus, tPA 

exhibits a complex degradation pathway, that might severely affect the ability of simple 

Tm measurements to predict long-term stability, even at temperatures close to the Tm 

range of typical formulations.

In this work, we initially evaluated the relationships between degradation kinetics, 

and various thermodynamic parameters including Tm, Tagg and Tonset (onset of 

unfolding), and ΔSvh.  These were obtained simultaneously by intrinsic protein 

fluorescence and static light scattering, for tPA at a wide range of pH, enabling us to 

relate previously reported changes in tPA domain unfolding cooperativity, to 

aggregation kinetics.  It was found that early unfolding of the SP-N domain at pH 4, 

also accelerated tPA aggregation.  We also explored the formulation of tPA using DoE 

with 19 factors including pH and a range of common excipients.  The rate of 

degradation was found to correlate well to Tm and ΔSvh.  Previously, for Fab A33 an 

increase in ΔSvh due to rigidification of the native ensemble, was found to correlate to 

a decrease in aggregation rate, particularly in cases where the Tm remained the same 

[14]. 
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The formulation excipients were found to differentially affect Tm and ΔSvh, 

suggesting that optimisation of formulations by a DoE approach may need to be multi-

objective.  The excipient behaviours were found to group according to their combined 

impact on Tm and ΔSvh.  This study therefore provided a first insight into how different 

excipients could be used to optimise the conformational stability of tPA in terms of 

overall stability, cooperativity of unfolding, or with a multi-objective combination of 

the two.  Furthermore, it demonstrated how different excipients were able to 

selectively stabilise or destabilise different domains within a complex multi-domain 

protein such as tPA.

MATERIALS AND METHODS

All formulation components were obtained from Sigma-Aldrich Co. (Poole, UK), 

except NaCl (Thermo Fisher Scientific Inc., Loughborough, UK).

Tissue Plasminogen Activator (tPA)

Expressed in Chinese Hamster Ovary (CHO) cells, glycosylated tissue plasminogen 

activator (tPA) (Actilyse), made by Boehringer Ingelheim, Germany. The lyophilised 

powder was reconstituted to 1 mg/ml tPA, aliquoted and snap frozen at -80 °C. Freezing 

tPA at -80 °C and thawing the samples has been previously shown to have little effect 

on t-PA activity [33].

Formulations

Reconstituted t-PA was dialysed at 4 °C using 10 kDa (Slide-a-Lyzer) dialysis 

cassettes (Thermo Fisher Scientific Inc., Loughborough, UK) into each buffered 
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formulation.  For the pH studies, buffers from pH 3.5−10 (Table 1) were 50 mM 

sodium formate pH 3.5, 50 mM sodium acetate pH 4.0, 50 mM sodium acetate pH 5.0, 

50 mM sodium phosphate-citrate pH 6.0, 50 mM sodium phosphate pH 7.0, 50 mM 

HEPES pH 8.0, and 50 mM CAPS pH 10.0.  NaCl was added to all except the sodium 

phosphate buffer, to match the 110 mM ionic strength of that buffer.  Arginine was 

added as arginine monohydrochloride to 75 mM at all pH, or to 0-200 mM arginine for 

the study at pH 8 only. For the DoE formulation study, buffers at pH 4.0 and pH 7.0 

were produced at 110 mM ionic strength as above.  Minitab 17 software (Minitab Inc, 

College Station, PA, USA) was used to construct a 2-level, resolution III, fractional 

factorial DoE study.  The 32 formulations of 0.2 mg/ml tPA, (see Table S1 in SI), were 

generated at pH 4.0 or pH 7.0, with the following excipients: 0-50 mM glycine, 

glutamic acid, proline and methionine; 25-75 mM arginine; additional 0-50 mM NaCl; 

0.1% (v/v) Tween-20 and Tween-80; 0-2.5% (w/v) sucrose, trehalose, mannitol, and 

glucose; and 0-3 mg/mL sorbitol, glycerol, ethanol, PEG 400, PEG 2000 and PEG 

6000.

Protein Quantification

tPA was quantified through light absorbance; measured using the Cecil Aquarius CE 

7500 spectrophotometer (Cecil Instruments Ltd, Cambridge, UK) with a Hellma 

cuvette (105.251-Qs). Wavelength scans (200-340 nm) were recorded, and the 

absorbance at 320 nm subtracted from that at 280 nm.  Beer-Lambert’s law (A= .c.l) 

was used to quantify the concentration of tPA, assuming an 280 of 110395 M-1 cm-1 

derived from the tPA sequence [34], and the pathlength of 1 cm.
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Intrinsic Protein Fluorescence and Static Light Scattering Measurements

The Optim-1000 (Unchained Laboratories Ltd, West Drayton, UK) instrument was 

used to measure static light scattering (SLS) (at 266 nm) and intrinsic protein 

fluorescence (350:330 nm ratio) of 0.2 mg/ml t-PA in each formulation as the 

temperature was ramped (15-90 °C) at a rate of 1 °C/min.  Each sample volume was 

9 µl and each formulation was replicated five times.  SLS and intrinsic fluorescence 

data from the five replicates were averaged before data fitting. Temperature dependent 

fluorescence intensity data (IT) were fitted to two-state transitions with equation 1 as 

described previously [14],  

𝐼𝑇 =
(𝐼N + a𝑇) + (𝐼D + b𝑇) exp[

∆𝐻vh

𝑅 (
1

𝑇m
―

1
𝑇)]

1 + exp[
∆𝐻vh

𝑅 (
1

𝑇m
―

1
𝑇)]

Equation 1

using OriginPro 9.0 (OriginLab Corp, Northampton, MA, USA), to produce Tm,app and 

ΔHvh values for each formulation.  IN and ID are the native and denatured state signals 

respectively, a and b are the slopes of the native and denatured state signal baselines 

respectively, R is the molar gas constant, ΔHvh and ΔSvh are the van’t Hoff enthalpy and 

corresponding entropy, at the transition midpoint respectively.  Tm,app was the apparent 

thermal transition midpoint which represents an average across the known multiple 

domain unfolding events in tPA [19].  Unfolding is also known to be partially 

reversible, where the aggregation rate is slow relative to the unfolding rate during 

thermal ramping at 1 °C /min.  ΔSvh was then determined from equation 2, and the 

fraction unfolded (fT) at any temperature T, determined using equation 3,  
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∆𝑆vh =
∆𝐻vh

𝑇m

Equation 2

𝑓𝑇 =
𝐼𝑇 ― 𝐼N ― a𝑇

𝐼D + b𝑇 ―𝐼N ― a𝑇 =  
exp[

∆𝐻vh

𝑅 (
1

𝑇m
―

1
𝑇)]

1 + exp[
∆𝐻vh

𝑅 (
1

𝑇m
―

1
𝑇)]

Equation 3

Tonset was the temperature at which a mole fraction of 2% unfolded was present, and 

was calculated using equation 4 by setting fT to 0.02.  

𝑇on =
∆𝐻vh

∆𝑆vh ― 𝑅ln ( 𝑓𝑇

1 ― 𝑓𝑇)
   (𝑠𝑒𝑡 𝑓𝑇 = 0.02)

Equation 4

Tagg was the temperature for the first datapoint at the beginning of a transition, for 

which the static light scattering increases above the baseline data by at least 1 standard 

deviation.

Differential Scanning Fluorimetry (DSF)

DSF was carried out using a method similar to that previously reported [35]. 0.5 µL 

of SYPRO Orange stain (Invitrogen, Life Technologies Corp, Paisley, UK) was added 

to 100 µL of 0.2 mg/ml t-PA in pH 3.5-10.0. 20 µL of each sample was added to PCR 

tubes (4 replicates for each formulation) and analysed using a Corbett Rotor-Gene 

Thermocycler (Qiagen, Manchester, UK). The HRM filter (at gain 7) was applied and 

the samples were ramped (25-95°C) at 1 °C/min. Analysis was carried out by Rotor-

Gene 6000 software (Qiagen, Manchester, UK) to obtain the fluorescence versus 

temperature profiles.  DSF profiles were fitted to two-state transitions with equation 1 

in OriginPro 9.0 to obtain Tm,DSF. DSF profiles were also fitted to either two- or three- 
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Lorentzian peaks in OriginPro 9.0, taking the fits with the best residuals, and using the 

Lorentzian form:

y = y0 + (2A/).(w/(4 (T-Tmax)2 + w2)) Equation 5

where Tmax is the temperature at the peak maximum, w is the peak-width at half height, 

and A is the peak area.  The baseline fluorescence y0 was a value shared by all 

Lorentzian peaks in each overall fit.

Isothermal Degradation

Into 2 ml screw-cap HPLC glass vials (Chromacol Ltd, Welwyn Garden City, UK) 

with 0.1 ml glass micro-inserts (VWR International Ltd, Leicester, UK), were placed 

100 µL aliquots of 0.2 mg/ml t-PA within each formulation (Table 1 and Table S1), 

and then incubated at 45 °C.  Forty vials of each formulation allowed for 4 replicates 

at each of 10 time-points.  Mass measurements were taken before and after 45 °C 

incubation to evaluate for any potential evaporation.

Chromogenic Substrate Activity Assay

The S-2288 substrate (Ile-Pro-Arg-pNA, Chromogenix, Milan, Italy) was supplied 

by Quadratech Diagnostics Ltd (Epsom, UK) and used in the amidolytic activity assay 

for 0.2 mg/ml t-PA within the sacrificial time-point samples of given formulations 

subjected to 45 °C isothermal degradation. The assay buffer contained 100 mM Tris-

base adjusted to pH 8.4 at 25 °C, and 106 mM NaCl. Assays were performed in 96-well 

plates, with 0.6 mM S-2288 as the final substrate concentration, and 667 ng/ml final 

enzyme concentration. Assays were conducted at 37 °C, with absorbance readings at 
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405 nm (A405) taken using a FluoStar Optima plate reader (BMG Labtech GmbH, 

Ortenberg, Germany). Changes in A405 over time were fitted to linear decays in 

OriginPro 9.0 to give initial enzyme velocities (ΔA405 /min).  Those initial enzyme 

velocities were plotted as a function of time (in days) incubated at 45 °C.  These 

degradation kinetics were fitted where possible to equation 6 in OriginPro 9.0, to 

confirm that kinetics obeyed single exponential decays. All data were also fitted to a 

linear decay equation in the initial 20% of decay to enable a full comparison of the 

slowest with the fastest rates (in % day-1).

Equation 6𝑦 = 𝑦0 + 𝐴𝑒 ―𝑘𝑡

HPLC Size Exclusion Chromatography (SEC)

A TSK 3000 SWXL SEC column (dimensions 30 x 0.8 cm) plus guard column 

(dimensions 7 x 0.8 cm) on an Agilent 1200 HPLC machine was used to measure 

monomer and aggregation levels for t-PA throughout the 45 °C isothermal degradation. 

The mobile phase was 0.25 M sodium phosphate pH 7.0 and flow rate was 0.5 ml/min. 

Signal was detected at both 220 nm and 280 nm.  Plots of % monomer versus time (in 

days at 45 °C) were used to obtain degradation rates as above.

RESULTS AND DISCUSSION

We first set out to map out conformational stability to unfolding, over a similar, 

though wider pH range to that reported previously for tPA using DSC [19].  In 

addition, we measured thermally-induced onset of aggregation, unfolding 

cooperativity, and aggregation kinetics at 45 °C. This aimed to confirm the complex 
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unfolding behaviour of tPA using orthogonal methods to DSC, relate tPA domain-

unfolding to aggregation behaviour, and then also define two pH conditions to be 

explored further in complex formulations.

Effect of pH on thermal indices of global conformational stability and 

aggregation onset

Thermal ramping was used to compare the apparent thermal-transition midpoints 

(Tm,app), associated ΔSvh for unfolding, and also the temperatures of unfolding onset 

(Tonset), and of aggregation onset (Tagg), for t-PA over a wide pH range (3.5-10.0), in the 

presence of 75 mM arginine (Table 1).  Tm,app, ΔSvh and Tonset were determined from 

the intrinsic protein fluorescence (350:330 nm emission ratio), which showed only one 

discernable transition in all cases.  Tagg values were obtained simultaneously using 

static light-scattering at 266 nm, which is disproportionately more sensitive to larger 

aggregates than to the monomeric protein, and therefore provides a sensitive indication 

of the temperature at which the instrument first detects a small population of aggregates.  

All samples contained 75 mM arginine as this is a standard stabilising excipient for 

retaining t-PA solubility in commercial formulations [27].

Table 1 Effect of pH on thermal and kinetic parameters for 0.2 mg/ml t-PA, in the 

presence of 75 mM arginine.

Buffer pH Tonset

(°C)

Tm,app

(°C)

Tagg

(°C)

ΔSvh 

(kJ mol-1 K-1)

f45 ln vmon

(% day-1)

ln vact

(% day-1)

50mM Na Formate 3.5 22.3 (0.4) 47.5 (0.5) 44 (0.5) 0.37 (0.04) 0.41 (0.02) nd 2.3 (0.2)

50mM Na Acetate 4.0 39.1 (0.3) 54.4 (0.4) 43 (0.5) 0.66 (0.06) 0.09 (0.02) 0.34 (0.3) 0.6 (0.3)
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50mM Na Acetate 5.0 54.6 (0.3) 64.9 (0.3) 50 (0.5) 1.02 (0.09) 4.4 (3.0) 

x10-4

0.03 (0.4) -0.3 (0.3)

50mM Na 

Phosphate Citrate

6.0 62.0 (0.2) 68.6 (0.2) 55 (0.5) 1.6 (0.2) 4.6 (8.4)

x10-7

-0.7 (0.1) -0.3 (0.4)

50mM Na 

Phosphate

7.0 59.2 (0.3) 67.9 (0.3) 63 (0.5) 1.2 (0.2) 2.2 (4.3) 

x10-5

-0.39 (0.08) -0.4 (0.5)

50mM HEPES 8.0 60.2 (0.3) 67.1 (0.3) 64 (0.5) 1.6 (0.3) 2.0 (5.4) 

x10-6

-0.27 (0.09) -0.7 (0.4)

50mM CAPS 10.0 61.0 (0.4) 65.1 (0.4) 65 (0.5) 2.7 (0.9) 1.7 (5.2) 

x10-9

nd -0.05 (0.1)

Tonset, Tm,app, and Tagg temperatures, ΔSvh for unfolding, and fraction unfolded, at 45 °C 
(f45).  Initial rates (v) of monomer and activity loss (% day-1) at 45 °C, expressed as ln 
vmon and ln vact, respectively.  Standard errors of the mean are shown in parentheses.

tPA is known to undergo multiple overlapping domain-unfolding events [19]. As 

these are convolved into an apparent single transition, the data can be fitted to a two-

state transition equation, and the Tm,app obtained is the apparent thermal transition 

midpoint. Unfolding of tPA is also known to be partially reversible, where the 

aggregation rate is slow relative to the unfolding rate during the initial thermal ramping 

at 1 °C /min, but faster above the unfolding transition [19].  Hence, provided that the 

temperature ramping rate of 1 °C /min is used, Tm,app will report on global 

conformational stability.  The accompanying ΔSvh for this transition measures the 

unfolding cooperativity, and would be expected to increase under conditions where the 

underlying multiple domain-unfolding events become more concerted.  The fraction 

unfolded, fT, can also be calculated from Tm,app and ΔSvh, at any temperature.  Tonset 

values determined from intrinsic fluorescence occur below the Tm,app, are less 
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convoluted with aggregation events, and provide a robust indication of the temperature 

at which the instrument first detects protein unfolding (defined here as 2% unfolding).

It can be seen from Figure 1A, that thermal-ramping induced aggregation for tPA 

(with 75 mM arginine) was pH-dependent, as observed previously for many other 

proteins including GCSF [13], A33 Fab [12], -chymotrypsinogen [8], 2-

microglobulin [36], S-crystallin [37], and AS-IgG1 [38].  The tPA was most 

thermodynamically stable at pH 6, with the highest values of Tm,app = 68.6 °C, and Tonset 

= 62 °C, and the lowest fraction unfolded at both Tagg (2.9x10-4) and at 45 °C (4.6x10-

7) which was the temperature at which kinetic inactivation studies were carried out as 

reported below.  Tm,app decreased by 3.5 °C overall as the pH was increased from 6 to 

10.  These were consistent with Tm values in the literature [19], although slightly lower 

than DSC-derived Tm measurements of 71-73 °C.

A

B
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Figure 1 Dependence on thermal parameters on pH, for 0.2 mg/mL tPA in 75 mM 

Arginine. A) (∆) Tagg, (○) Tm,app and (□) Tonset temperatures, and (●) fraction unfolded 

at Tagg, and B) (●) fraction unfolded at 45 °C, and (◊) unfolding transition ΔSvh.

Tagg increased above pH 4, reaching a plateau at pH 7-10, of 63-65 °C.  At pH 4.0-

8.0, Tagg remained clearly below Tm,app, with fTagg < 15%.  At pH 5 and pH 6 in 

particular, Tagg was even below Tonset, with fTagg <0.3%, such that the thermal ramping-

induced aggregation could be detected by light scattering prior to significant unfolding 

of the protein population, indicating that the initial onset of aggregation induced by 

thermal ramping was not driven by global protein unfolding under those conditions. 

As the pH was decreased from 6.0 to 3.5, Tagg, Tm,app and Tonset values all decreased 

sharply, although Tagg did not decrease further at pH 3.5, but almost converged with 

Tm,app such that tPA was 37% unfolded at Tagg.  Hence at low pH, tPA began to unfold 

at least 20 °C below the temperature at which aggregation was detected, allowing 

unfolded protein to accumulate as the temperature increased from 23 °C to 44 °C.  The 
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effect at pH 10 was similar, with the accumulation of 48% unfolded protein prior to the 

detection of aggregates.

Overall, the data show that thermal ramping-induced aggregation of tPA initiates 

from a native population at pH 5-6.  This implicates a low population of an 

aggregation-prone native-like state at equilibrium, or otherwise the frequent collision 

of native monomers which on rare occasions undergo conformational changes that 

induce aggregation.  Such mechanisms have been implicated or observed previously 

for several other proteins [2, 12, 13, 39], and represents the key route to aggregation for 

therapeutic proteins that are stored under fully-native conditions.  By contrast, tPA 

apparently aggregates from a substantially unfolded population at pH 3.5 and pH 10.  

Unfolding at the extremes of pH is expected.  However, the higher net charge on the 

protein under these conditions, and particularly on the unfolded protein, would also be 

expected to increase their colloidal stabilisation, thus allowing more unfolding to occur 

prior to aggregation.  The theoretical pI of tPA is 8.1 when calculated from the protein 

sequence using the ExPASy Compute pI tool [40], although the folded structure, 

microheterogeneity of glycosylation [41], and also interactions with 75 mM arginine 

and the ions in solution are each likely to change this value.  Colloidal stabilisation is 

evident in the upturn in Tagg at pH 3.5, and also in the convergence of Tagg and Tm,app at 

both pH 3.5 and pH 10.  The Tagg was higher at pH 10 than at pH 3.5, most likely 

because the conformational stability of tPA was lower at pH 3.5 than at pH 10, as 

reflected in the Tm,app.  Therefore, at both pH 3.5 and pH 10, colloidal stabilisation 

minimised aggregation from native-like states, and thus significant global unfolding 
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was also required before heat-induced aggregates could form at Tagg.  Similar 

behaviours were observed previously for A33 Fab and GCSF [12, 13].  The role of 

unfolding in the kinetics of aggregation at 45 °C, will be investigated further below.

In Figure 1B it can be seen that the ΔSvh for unfolding decreased at lower pH, 

indicative of a loss of unfolding cooperativity, and correlated with the decrease in Tm,app 

at low pH.  Cooperativity was greatest at pH 6.0-10.0.  The decreased ΔSvh indicated 

greater conformational flexibility in the native ensemble, consistent with differential 

scanning calorimetry (DSC) data [19] in which four unfolding events were 

deconvoluted at pH 7.4, and then five at pH 4.0 and pH 3.4, along with the same overall 

drop in Tm,app.  The additional transition at pH 4.0, which had the lowest melting-

temperature, was attributed previously to early unfolding of the N-terminal domain 

within the two-domain serine protease module by comparing the DSC melting profiles 

of individual domain fragments [19]. Such events may have direct implications on the 

aggregation propensity of tPA.  

To confirm that the observed pH-dependence of tPA unfolding cooperativity in 

75 mM arginine was correlated to independent domain unfolding, we used DSF, as an 

additional approach.  The DSF thermograms for tPA at pH 3.5-10.0 are shown in 

Figure 2, and were fitted initially to 2-state sigmoidal transitions to obtain Tm,DSF values 

for the first transition, but were then also fitted to up to three Lorentzian peaks to 

determine the contributions of different species populations to the overall signal, along 

with the temperatures (Tmax) at which these reached their maximum.  Addition of 

further Lorentzian peaks did not improve the overall fits, most likely due to the very 
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close proximity of the multiple transitions as deconvoluted by DSC [19].  At pH 5-8, 

there were two discernible populations, with maximum temperature of the second, Tmax2 

typically 8 °C higher than that of the first peak, Tmax1.  These were equally populated 

and were most likely to correspond to dye-binding to at least two of the four native or 

near-native forms with one or more domains unfolded observed previously by DSC.  

The Tm,app from intrinsic fluorescence measurements correlated strongly to Tm,DSF 

(R2>0.98, slope 1.27), and also to both Tmax1 (R2>0.99, slope 1.35) and Tmax2 (R2=0.88, 

slope 0.8), over the entire pH range 3.5-10.0 (see Fig S1 in SI).  This indicated very 

good comparability between the orthogonal techniques.  

At least one further fluorescence population emerged by DSF at pH 3.5, 4.0, and 10.0, 

indicating an additional domain unfolding event at these pHs, consistent with the 

additional state observed previously by DSC.  At the same time, the relative signal 

from population 2 (with Tmax2) decreased, and at low pH that of population 1 (with 

Tmax1) increased, indicating that the relative population of the first two resolved native-

like forms was pH-dependent.  The curves at these pH-extremes also gave much wider 

peaks, indicative of multiple transitions and decreased cooperativity of unfolding, 

probably due to the two additional states resolved previously by DSC under all 

conditions.  Thus, DSF profiles were consistent with the cooperativity changes 

determined above as ΔSvh by intrinsic fluorescence, and demonstrated that the loss of 

unfolding cooperativity at the extremes of pH, was due to an increased number of 

unfolding transitions, that were not resolved directly by intrinsic protein fluorescence.
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Figure 2 pH-dependence of DSF profiles for 0.2 mg/ml t-PA in 50 mM buffers 

containing 75 mM arginine.  (A) Thermograms obtained at (black) pH 3.5, (red) pH 

4.0, (neon blue) pH 5.0, (pink) pH 6.0, (green) pH 7.0, (dark blue) pH 8.0, (purple) pH 

10.0; (B) Tmax values for each population () Tm1, (●) Tm2, () Tm3, and their 

A

B
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respective % contributions (∆) A1, (○) A2 and (□) A3, to the total fluorescence, 

obtained by fitting DSF profiles to 2-3 Lorentzian peaks.

At pH 10, DSF also indicated an increase from two to at least three t-PA populations 

during unfolding, and yet the ΔSvh from intrinsic fluorescence indicated an increased 

unfolding cooperativity, along with a 2 °C decrease in Tm, relative to those at pH 8.0.  

The different observations could be due to the lack of a tyrosine or tryptophan reporter 

probe in the region of structure that DSF found to unfold earlier at pH 10.  Tryptophan 

is distributed throughout most of the tPA domains, with five in the serine protease 

module, three in each kringle domain, and two in the Fibronectin type-I domain (see 

Fig S2 in SI), and so intrinsic fluorescence reports strongly on the global unfolding of 

these domains.  However, the EGF domain has no tryptophans and only one tyrosine 

residue, and so would not produce a significant change in intrinsic fluorescence upon 

early unfolding of this domain.  Thus, decoupling of the EGF domain from the 

remaining structure at pH 10, and its early unfolding as observed by DSF, appears to 

have led to an increase in the unfolding cooperativity of the remaining structure as 

observed by intrinsic fluorescence, while the overall Tm decreased by 2 °C.  The 

previous DSC results [19] suggested that at pH 3.5, the SP-N domain formed the first 

unfolding transition (Tm = 45.9 °C), but that at pH 7.4 the K2 domain unfolded first (Tm 

= 59.9 °C) with the SP-N domain unfolding at a higher temperature (Tm = 70.9°C) due 

to domain-domain stabilisation.  Thus, it is conceivable that the EGF domain which 

was assumed to be the most stable at pH 7.4 in the absence of arginine [19], could 
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become the least stable at pH 10 with 75 mM arginine.  Either way, the loss of 

cooperativity observed from intrinsic fluorescence at pH 3.5 but not at pH 10, strongly 

indicates that a different structure unfolds first at pH 3.5 (one containing tryptophan or 

tyrosines), to that which unfolds first at pH 10.

Impact of pH on aggregation/degradation kinetics

The kinetics of isothermal degradation for 0.2 mg/ml t-PA, at pH 3.5-10.0, with 

75 mM arginine, were determined by storing t-PA at 45 °C and removing samples at 

different time points for HPLC-SE and bioactivity analyses.  Monomer and activity 

loss each fitted well to single exponential kinetics in cases that were fast enough to 

reach zero in the time studied, indicating a monomolecular rate limiting step under these 

conditions.  However, to allow a complete comparison, all data were fitted to linear 

equations to determine initial rates from slopes within the first 20% of monomer or 

activity loss.  The pH-dependence of the rates for monomer and activity loss at 45 °C, 

are summarised in Table 1 and Figure 3. 

The initial rates of monomer loss (ln vmon) and activity loss (ln vact) at 45 °C, were 

coincident within error over the range pH 4-8, indicating that unfolding of the activity-

bearing SP-N domain at pH 4 was not faster than the rate limiting step for monomer 

loss and aggregation.  One possibility is that aggregation was not caused by the SP-N 

domain unfolding, but that aggregation caused the loss of serine protease activity.  

However, the rate of monomer/activity loss was also found to correlate well to the Tm 

from intrinsic fluorescence (Figure 3B), and Tmax1 and Tm,DSF from DSF, which all 

decreased at pH 4 due to the early unfolding of the N-terminal domain of the serine 
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protease observed previously [19].  Therefore, it is most likely that at pH 4 the 

unfolding of the SP-N domain led directly to aggregation, and the observed increase in 

the rate of aggregation at 45 °C.  

The degradation rates were lowest at pH 6-8, and increased significantly at below pH 

5, but less so at above pH 8.  These observations were consistent with the decreased 

Tm (Figure 3B), and also the increased fraction unfolded f45 (Figure 3C), at low pH, 

leading to both loss of activity and aggregation of monomer.  Colloidal stability arising 

from greater electrostatic repulsion at high pH did not seem to be a dominant factor 

under these conditions at 45 °C, as the rate of degradation did not decrease, but even 

increased slightly, despite retaining a folded structure at 45 °C as determined by both 

intrinsic fluorescence (Figure 1B) and DSF (Figure 2A).  At low pH, colloidal 

stabilisation might have occurred, but any effects would be obscured by the more 

dominant and aggregation-accelerating impact of global unfolding, particularly with 

the early SP-N domain unfolding. Colloidal stabilisation effects did manifest at the Tagg 

for both low and high pH (Figure 1), as described above, whereby the fraction unfolded 

at Tagg (fTagg) was significantly increased. 
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A B

C

Figure 3 Rates of monomer and activity loss at 45 °C, for 0.2 mg/ml t-PA in 50 mM 

buffers, pH 3.5-10, containing 75 mM arginine.  (□) Monomer loss, (o) activity loss, 

and (●) the average (ln vav) from both measures. (A) Effect of pH on ln v.  (B) 

Correlation between ln v and Tm,app.  (C) Correlation between ln v and the fraction 

unfolded at 45 °C, f45.

Impact of complex formulations on t-PA thermostability and aggregation 
kinetics
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In earlier work with the more globular Fab, and single-domain protein GCSF, we 

found that the rate of monomer loss was dependent on the fraction of protein unfolded 

at the incubation temperature (fT) until this value reached less than approximately 0.1% 

[12, 13].  At that point a baseline rate of monomer loss was reached, in which 

aggregation occurred directly from the native state or via local unfolding within the 

native ensemble. To date this has been found to hold true when varying the formulation 

conditions (pH or excipient addition), or when altering the global protein stability, or 

local flexibility through single mutations [12-14].  We therefore aimed to determine 

whether the same phenomenon existed for a wide range of formulations of tPA, which 

has the added complexity of non-cooperative unfolding between multiple domains, and 

at least one domain unfolding earlier at high and low pH conditions.

A DoE approach was used to construct a range of complex formulations from 19 

factors including pH, arginine and other excipients.  As commercial tPA is formulated 

in arginine, we first examined the influence of arginine concentration on the rate of 

activity loss at pH 8, in order to define the upper and lower concentrations to use in 

DoE.  We found that the rate of activity loss was lowest at 50-75 mM, consistent with 

commercial formulations (see Fig S3 in SI), and so we used 75 mM in DoE to match 

commercial formulations.  We also selected pH 4 and pH 7 for DoE as these produced 

very different behaviours in Tm, Tagg, ΔSvh, and ln v, and yet had similar fractions 

unfolded at Tagg, while both avoided the most extreme pH values for which colloidal 

effects were observable on Tagg.  A crucial difference was the early unfolding of the 

SP-N domain at pH 4 compared to pH 7.
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Minitab 17 software (Minitab Inc, State College, PA, USA) was used to construct a 

2-level, resolution III, fractional factorial DoE study.  Thus 32 formulations of 

0.2 mg/ml tPA, (see Table S1 in SI), were generated from the 19 factors of pH (4.0 or 

7.0), 0-50 mM glycine, glutamic acid, proline, and methionine; 25-75 mM arginine; 

110-160 mM ionic strength; 0.1% (v/v) Tween-20 and Tween-80; 0-2.5% (w/v) 

sucrose, trehalose, mannitol, and glucose; and 0-3 mg/mL sorbitol, glycerol, ethanol, 

PEG 400, PEG 2000 and PEG 6000.  For all formulations, the Tm, Tonset, ΔSvh, Tagg and 

f45 values, as well as the rates of activity loss at 45 °C, were obtained as above.  

Examples of two-state fitting to obtain Tm and ΔSvh are shown in Figure SI8 

(supplementary information).

Figure 4  Effect of fraction unfolded on rates of activity/monomer loss at 45 °C, for 

0.2 mg/ml t-PA in all formulations.  Formulations at pH 4-8 in 50 mM buffers 

containing 75 mM arginine (●), DoE formulations at pH 4 and pH 7 (o).  Fits to data 
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are shown for two models with (—) monomolecular, R2 0.76, and (---) bimolecular, R2 

0.68, aggregation kinetics from the unfolded population.  See SI for more details.

When the data from the DoE formulations were combined with the pH dependent 

data above, the rate of activity loss (as ln v) was found to correlate linearly with Tonset 

(R2 = 0.78), Tm (R2 = 0.77), and ΔSvh (R2 = 0.71), but not to Tagg (R2 = 0.01).  The rate 

of activity loss at 45 °C, was dependent on the fraction unfolded at 45 °C, but in a 

function where the rate of activity loss reached a baseline minimum value under 

conditions where less than 0.1 % was globally unfolded, i.e. f45 < 0.001 (Figure 4).  

Similar behaviour was observed recently for both A33 Fab and GCSF [12-14], and 

demonstrates that global unfolding does not contribute to differences in aggregation 

kinetics under conditions that favour the native ensemble.  The data in Figure 4 were 

fitted to several kinetic models (See SI), as we have previously for Fab and GCSF [12, 

13].  Models in which tPA aggregation under predominantly unfolding conditions (f45 

> 0.01) was either monomolecular (R2 = 0.76), or bimolecular diffusion-limited (R2 = 

0.68), both gave reasonable fits.  Not surprisingly, all of the pH 7 formulations but 

none of the pH 4 formulations had f45 < 0.01.  Therefore, for the complex multi-domain 

protein tPA, the early global unfolding of a single domain at low pH played a key role 

in accelerating aggregation. 

The significantly increased fraction unfolded at Tagg (fTagg) at both low and high pH 

(Figure 1), and yet the lack of correlation between Tagg and ln v (at T < Tagg), was also 

observed previously for GCSF [13].  If Tagg (and fTagg) are indirect measures of 
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colloidal stability, then its lack of influence on the kinetics of aggregation at T below 

Tagg may be due to a more dominant role of global or partial unfolding as a rate-limiting 

step in aggregation. 

Under predominantly native conditions (pH 7) the baseline aggregation rate in Figure 

4 must be determined by a different mechanism than the early domain unfolding that 

occurred only at low and high pH.  Previous work has shown that this is in part 

controlled colloidally by electrostatic and hydrophobic repulsions and attractions 

between native monomers [5, 40, 42, 43], and partly by local fluctuations within the 

native ensemble that potentially reveal aggregation-prone regions (APRs) [2, 14, 40, 

43-46].  Interestingly, a plot of ΔSvh vs Tm for all formulations of tPA at pH 7 (Figure 

5), revealed that any increases in Tm were greatest when ΔSvh was at the lower end 

(approx. 1 kJ mol-1 K-1) of the range (1-2.1 kJ mol-1 K-1) observed at pH 7.  This 

implied a loss of unfolding cooperativity due to the selective stabilisation of at least 

one of the more stable domains, relative to the others.  We have observed similar 

behaviour previously as a result of targeted mutations in the enzyme transketolase 

designed to stabilise local structural flexibility [47], but not previously in response to 

formulation excipients.  This behaviour contrasts with the loss of ΔSvh and Tm for tPA 

at pH 4, which was due to selective destabilisation of at least one domain.  It was also 

different to the increase in ΔSvh that accompanied the 2 °C decrease in Tm at pH 10 

discussed above, which selectively destabilised the EGF domain, and resulted in an 

increase in unfolding cooperativity for the remaining structure upon decoupling from 

the less stable EGF domain.  However, some formulations at pH 7 did follow this latter 
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pathway as seen by their increased ΔSvh and decreased Tm and proximity to the pH 10 

formulation in Figure 5.  These various different effects relating Tm and ΔSvh to the 

overall changes in the thermal denaturation profile of tPA, are outlined in Scheme 1.

A

B

Figure 5  Correlation between Tm and ΔSvh for (A) all formulations of tPA, and (B) at 

pH 7 only.  Formulations are plotted separately for (●) the pH 3.5-10 study containing 

75 mM arginine, and (o) for the DoE-based formulations at pH 4 and pH 7.
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None of the formulations at pH 7 achieved a Tm >70 °C and ΔSvh >1.5 kJ mol-1 K-1. 

Therefore, further optimisation at pH 7 should aim to improve Tm and ΔSvh 

simultaneously, as this would lead to increased stability and ensure that no single 

domain is more susceptible to unfolding than the others.  This contrasts with our 

previously reported strategy whereby an already highly stable Fab antibody fragment 

was engineered for slower aggregation kinetics by increasing only the ΔSvh [14]. The 

Fab contained four domains with significant structural interactions, such that the 

domains themselves do not unfold independently.  By contrast, the independent 

unfolding of one or more domains in the multi-domain architecture of tPA, makes the 

simultaneous improvement of Tm and ΔSvh a more favourable strategy.

To gain more insight into which excipients cause the local stabilisation of one or more 

domains in tPA, we analysed the formulation data using DoE statistical tools, to 

determine the factors that most likely influenced the measured outputs Tm, Tonset, ΔSvh, 

Tagg, fTagg and f45 (See full analysis in SI).  It should be noted that as the DoE was at 

resolution III, the effects of each single factor could potentially be confounded by the 

effects of pairwise interactions.

Tagg was affected by PEG400 (positive) and glycerol (negative), and the influence of 

other polyols (PEG 2000, PEG 6000) decreased with their increasing molecular weight 

(Figure SI6).  fTagg was primarily influenced by pH, and then, in order of priority by 

PEG400, glycerol and trehalose (Figure SI7).  High Tagg was preferred by high 

PEG400, but low [glycerol].  Correspondingly, a low fTagg was preferred by low 

PEG400 and high glycerol.  While pH affected fTagg, it did not impact Tagg.  This was 
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interesting given that pH 4 and pH 7 were selected earlier in part as they had different 

Tagg but the same fTagg.  In practice, the formulations introduced the same degree of 

variation and overall range in Tagg at either pH, and so pH was not a major influence on 

Tagg.  By contrast the formulations created a wider distribution in fTagg at pH 4 than at 

pH 7, thus leading to an overall influence of pH on fTagg where the average was higher 

at pH 4.  PEG400 increased the colloidal stability of tPA, whereby Tagg and fTagg 

increased, thus allowing more unfolding to occur before aggregation commenced.  

Glycerol had the opposite effect.

Tm, Tonset, and f45 were predominantly influenced by pH (Figure SI8), which 

confirms the behaviour observed in Figure 3.  However, many other factors also 

contributed to the observed additional variability in Tm, Tonset, and f45 for the 

formulations at each pH, although at the concentrations explored, these contributions 

were small compared to that from pH.  Most formulations at pH 7 lowered the Tm, but 

either maintained or increased ΔSvh compared to the sample at pH 7 with 75 mM 

Arginine (Figure SI9).  Specifically, the high pH, and addition of sorbitol and glucose 

each increased ΔSvh, and hence unfolding cooperativity.  However, these also 

decreased Tm slightly.  Thus, at pH 7, sorbitol and glucose caused the selective 

destabilisation of one or more of the most stable domains, so that their stability became 

more similar to the others.  Sorbitol (3 mg/ml) and glucose (25 mg/ml) are 

monosaccharides of similar molecular weight, and have the same type of impact, hence 

they appear to have acted via a similar mechanism.  This mechanism does not appear 

to be simply a macromolecular crowding or preferential hydration effect, as often 
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observed with sugars [48], as the two disaccharides trehalose (25 mg/ml) and sucrose 

(25 mg/ml) were both ineffective at modifying ΔSvh.  Alternatively, this unusual 

finding could potentially be the result of a hidden interaction with one of the other 

excipients, as such pairwise interactions would not have been resolved using the 

resolution III DoE approach. 

The few pH 7 formulations that increased Tm and yet retained lower ΔSvh values, did 

not contain either sorbitol or glucose.  The factors that increased Tm were, in order of 

significance, PEG400, Tween 80, mannitol, proline, PEG2000, and glycine.  The 

factors that decreased ΔSvh were, in order of significance, PEG6000, arginine, glycine, 

PEG400, sucrose, ethanol, glycerol, methionine, Tween 20, and mannitol.  Thus, the 

only excipients that both increased Tm and decreased ΔSvh were PEG400, glycine, and 

mannitol. Therefore, these three excipients each led to selective stabilisation of at least 

one domain relative to the others.  As this also led to a decrease in unfolding 

cooperativity overall, that domain must have been one of those already the most stable, 

thus making an even wider range of temperatures over which the various tPA domains 

unfolded.  

While increasing the Tm is a commonly used formulation strategy where the goal is 

to improve aggregation kinetics, we have previously observed with an antibody Fab 

fragment, that increasing ΔSvh can also slow aggregation as it reflects less 

conformational flexibility in the native ensemble [14].  This is particularly relevant 

where Tm >> T, the temperature at which aggregation kinetics are tested.  None of the 

formulations created in the DoE design for tPA led to increases in both Tm and ΔSvh.  
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However, the DoE experiments can be used to determine which factors should be 

explored further to achieve this, or to predict specific combinations of the factors 

studied might achieve it.  The excipients predicted to increase both Tm and ΔSvh were 

proline and Tween 80.  Setting the pH to 7, high values of 50 mM proline and 

0.1% (w/v) Tween 80, and zero for all other excipients, predicted a Tm > 69.0 °C, and 

ΔSvh > 1.53 kJ mol-1 K-1.  For comparison the unformulated tPA at pH 7 has a Tm of 

67.9 °C and ΔSvh = 1.24 kJ mol-1 K-1.  Thus, proline and Tween 80 were able to 

selectively stabilise the least stable domains relative to those already more stable.  

Further increasing the concentrations of both proline and Tween 80 beyond the highest 

values tested should continue to maximise Tm and ΔSvh.  Alternatively, an optimisation 

constraining all factors within the experimental ranges tested, predicted a formulation 

with the same Tm as with proline and Tween 80 at pH 7 (Tm = 69.1 °C), but with a 

higher ΔSvh = 1.8 kJ mol-1 K-1 (see SI).

The different selective behaviours of each excipient appear to be specific to particular 

domains, which then changes the stability of those domains relative to the others.  The 

types of mechanism by which this could occur might involve specific interactions with 

the protein surface, or otherwise effects that are mediated via the solvent as a result of 

the different surface hydrophobicities and polarities of each domain.

CONCLUSION

Despite the increased complexity of tPA due to non-cooperative unfolding of its 

multiple domains, it gave a good correlation between Tm-values and the aggregation 
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kinetics (at a temperature close to typical Tm values). The dependency of aggregation 

kinetics upon the fraction unfolded as measured under a two-state assumption, also 

followed the same type of profile observed previously with GCSF and Fab, which 

unfold with much higher cooperativity.  Low pH conditions induced early unfolding 

of the SP-N domain, and this led to accelerated aggregation kinetics at 45 °C. Therefore, 

despite the greater complexity of tPA compared to Fab and GCSF, its formulations 

should also initially aim to reduce the globally unfolded fraction to <1%, so that the 

aggregation kinetics are in the baseline region dependent only on the native-state 

ensemble.  For tPA, this was essentially achieved by simply adjusting the pH to > 4, 

where f45 < 0.01.  As observed previously with Fab and GCSF, further formulation 

with excipients resulted in a variation spanning 1 log-order in the aggregation kinetics 

in the region where <1% was unfolded (Figure 4). Evaluation of more complex 

formulations containing a range of excipients determined that the unfolding 

cooperativity of tPA, measured via ΔSvh was also found to vary under native conditions 

at pH 7, and to correlate well to aggregation kinetics, but was only partially correlated 

to Tm.  In particular, the different formulation excipients were able to affect ΔSvh and 

Tm in different ways, indicating that some were able to selectively stabilise, and others 

to selectively destabilising specific tPA domains.  For example, sorbitol and glucose 

led to the selective destabilisation of the most stable domains, whereas PEG400, glycine 

and mannitol led to the selective stabilisation of the most stable domains.  Only proline 

and Tween 80 increased both Tm and ΔSvh, through selective stabilisation of the least 

stable domains.
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The formulation of tPA and similar multi-domain proteins may potentially benefit 

from multi-objective optimisation, such as to maximise both Tm and ΔSvh to maintain 

high stability and also high unfolding cooperativity.  Mechanistically, this work opens 

up the potential to add excipients that specifically target local mechanisms involved in 

aggregation, such as the suppression of partial domain unfolding through excipients 

binding to surface hotspots within that domain.  This could in future be rationally 

designed via molecular docking protocols as previously demonstrated for Fab [49]. 
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