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Abstract: The use of buffers that mimic biological solutions is a foundation of biochemical and 
biophysical studies. However, buffering agents have both specific and nonspecific interactions with 
proteins. Buffer molecules can induce changes in conformational equilibria, dynamic behavior, and 
catalytic properties merely by their presence in solution. This effect is of concern because many of 
the standard experiments used to investigate protein structure and function involve changing solution 
conditions such as pH and/or temperature. In experiments in which pH is varied, it is common 
practice to switch buffering agents so that the pH is within the working range of the weak acid and 
conjugate base. If multiple buffers are used, it is not always possible to decouple buffer induced 
change from pH or temperature induced change. We have developed a series of mixed biological 
buffers for protein analysis that can be used across a broad pH range, are compatible with 
biologically relevant metal ions, and avoid complications that may arise from changing the small 
molecule composition of buffers when pH is used as an experimental variable. 
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Abbreviations 
PBS  phosphate-buffered saline 
MES  2-(N-Morpholino)ethanesulfonic acid 
hLFABP  human liver fatty acid binding protein  
NMR  nuclear magnetic resonance 
Tris-HCl  2-Amino-2-hydroxymethyl-propane-1,3-diol hydrochloric acid 
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
Bis-Tris  2-Bis(2-hydroxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol 
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Tricine  N-(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine 
UB  universal buffer 

 

1.  Introduction 

The use of buffers that mimic biological solutions is a foundation of biochemical studies. One 
of the most common buffering agents is phosphate-buffered saline (PBS) which was formulated to 
match the ionic strength and pH of mammalian cells. While it works very well in many experiments, 
there are troublesome properties including a complex formation with divalent cations such as 
calcium (Ca2+) leading to precipitation and interaction with proteins [1–3]. However, PBS is on a 
short list of buffers for which the acid disassociation constant (Ka) does not have a strong 
temperature dependence. A quick look at the chemical shelves in most biochemistry laboratories will 
reveal a large number of buffers. This is because the ability to obtain biochemical or biophysical data 
depends on finding solution conditions in which proteins are soluble, stable, and retain activity. 
Herein we provide a few of poignant examples of buffer effects, in addition to those for PBS above, 
and then describe a simple solution that is applicable to a wide range of experimental approaches. 

Enzymologists have been acutely aware of the influence a buffer can have on kinetic parameters 
for nearly half a century, realizing that making comparisons between conditions was  
problematic [4,5]. More recently structural biologists have come to appreciate the influence of 
solvent molecules on protein structure and dynamics. A study of selenocysteine synthase using X-ray 
crystallography reported that phosphate buffer caused a previously unstructured loop to fold into a 
phosphate-binding domain [6]. A more dramatic report by, Long et al. was the first to focus on the 
magnitude of buffer effects on protein dynamics [7]. Using NMR, they demonstrated that a weak 
interaction between human liver fatty acid binding protein (hLFABP) and the buffering agent  
2-(N-Morpholino)ethanesulfonic acid (MES) caused a significant change in the conformational 
dynamics at the microsecond to millisecond timescale without affecting structure [7]. This study 
went on to show that Bis-Tris, also altered the conformational dynamics of hLFABP, yielding a 
different ensemble of conformations. Phosphate and calcium are common components of biological 
buffers and are important protein ligands. A change in their concentration can have a major impact 
on protein structure and function [2,8,9]. These examples highlight the significant influence solution 
composition can have on the properties of proteins and emphasize the attention to detail that is 
required in structure-function studies. 

Proteins that are secreted from a cell or localized to a subcellular organelle often experience a 
range of pHs. The importance of in vivo pH changes is well appreciated and methods for monitoring 
this to better understand processes have been developed [10]. Therefore, conducting biophysical 
characterizations and activity assays at different pHs, can provide important insights to biological 
mechanism and role. To maintain buffering capacity in an assay, it is common for buffers to be 
changed across a pH gradient. In light of the examples presented above, this raises serious questions 
about how to separate buffer effects from pH effects. The standard method of basing buffer selection 
on the useful pH becomes an issue with biomolecules that have specific or nonspecific interactions 
with solute molecules. Studies of viral entry via endocytosis, highlight this issue [11,12,13]. For 
example, to understand the mechanisms that Adeno-associated viruses use to escape from endosomes, 
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in vitro experiments must use a range of pHs, just as occurs during endosome acidification in       
vivo [14]. In fact, the whole life cycle of a virus is a thermodynamic balancing act between assembly 
and disassembly, a process that is regulated by ionic strength, cation concentration, and pH [15]. 
Even minor buffer effects can have a major impact on the solution-phase behavior.  

A single buffering solution capable of performing across relevant wide pH range would greatly 
simplify interpretation of protein activity data and enhance biological understanding. A few 
universal-buffers with a broad working pH range (2–12) have been described, however, they are 
composed of compounds that interact unfavorably with proteins, or chelate metal-ions that are 
required for protein structure and function [16]. The goal of this study was to formulate a set of 
buffers with general suitability for biochemical research that span a wide pH range without the to 
alter composition. Other factors such as compatibility with common biological divalent cations and 
the temperature dependence of pKa are also addressed. To this end, three different biocompatible 
universal buffers with working ranges of 3–9 are presented. 

2.  Methods 

Sodium Acetate Trihydrate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 
Tris(hydroxymethyl)aminomethane (Tris) were purchased from Thermo Fisher Scientific Inc. MES 
sodium salt was purchased from Sigma as an anhydrate. Bis-Tris (2,2-Bis(hydroxymethyl)-2,2',2''-
nitrilotriethanol) was purchased from Acros Organics, and Tricine (N-
Tris[hydroxymethyl]methylglycine was purchased from BioRad.  

Each universal buffer is an equimolar mixture of three reagents with each performing as a buffer 
when the pH is near its pKa. Universal buffers were prepared by adding appropriate amounts of 
individual dried buffer to distilled water. To standardize concentration for each universal buffer used 
in the titration and temperature experiments, the sum concentration of reagents was 60mM for each 
formulation. For the titrations, pH of the individual buffer and universal buffers was set to pH 11 
using 10M sodium hydroxide and then brought to final concentration by addition of water. Titrations 
from high to low pH were conducted by step-wise addition of 5M hydrochloric acid followed by 
vigorous mixing. pH was measured using a standard pH electrode (Thermo Fisher Scientific Dj Glass 
AG/AGCL Ph Electrode with a waterproof BNC). 

3.  Results 

The ability of a solution to resist pH changes during addition or removal of protons is due to the 
presence of a weak acid and the conjugate base. Because protonated and deprotonated species must 
be present in appreciable quantities, any donor/acceptor only offers significant buffering capacity 
when the solution pH is within ~1 unit of the pKa [17]. Our first interest was to create a solution that 
could buffer across the pH range of 2–9. Good’s buffers for biological research [18] was a starting 
point for selecting compounds with pKa’s close to 7, 5, and 3. The first universal buffer (UB) tested 
was composed of Tricine (pKa 8.05), Bis-Tris (pKa 6.46), and sodium acetate (pKa 4.76). The 
titration curve of UB1 was nearly linear from pH 3.5–9 (Figure 1A). A second composite buffer was 
produced to reduce interaction with Ca2+ and Mg2+, divalent cations that are present at mM 
concentrations in cellular cytoplasm and biological fluids [19]. Tricine affinity for divalent cations 
(see Table 1) makes it incompatible with solutions containing low mM concentrations of Ca2+ and 
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Mg2+. Tris (pKa 8.01) and HEPES (pKa 7.55) were tested as substitutes for Tricine in UB. A new 
Tris UB (UB2) with a working range of pH 3.5–9 and HEPES UB (UB3) for pH 2–8 were tested. 
(Figure 1A). A fourth UB, composed of HEPES, MES, and sodium acetate (UB4) had a linear 
titration curve from pH2-8 (Figure 1B). Titration curves of the individual components are shown for 
comparison. It is important to note that the UB2, UB3, and UB4 are not devoid of interactions with 
metal ions. For example, Tris forms complexes with Cu(II), Ni(II), Zn(II), Ag(I), and Co(II) [20]. 
However, these interactions are negligible at all but the most extreme biologically relevant. 

 

Figure 1. Titration curves of universal buffers A. Titration curves for three different 
universal buffers. UB1 (Tricine, Bis-Tris, sodium acetate), UB2 (Tris-HCl, Bis-Tris, 
sodium acetate), UB3 (HEPES, Bis-Tris, sodium acetate). B. Titration curves of 
separate and combined components of UB4 (HEPES, MES, and sodium acetate) 
with the titration curve of its components. Individual curves for HEPES, MES, and 
NaAc show buffering range of specific weak acids. HEPES is a diprotic acid and has 
two relevant pKa’s. When combined into a universal buffer, a linear response to the 
addition of acid is observed across the entire tested range. 

Biological, biochemical, and biophysical experiments are often conducted at different 
temperatures. This may be to study lethality of a temperature sensitive mutant, determine the 
thermodynamic properties of a protein, or characterize the microenvironment of a fluorescent  
probe [22,23]. The actual solution pH in these experiments becomes a concern since increasing 
temperature can change a buffer’s pKa due to changes in chemical potential. For example, a Tris-
HCl buffer will change ~2 pH units during a protein thermal denaturation experiment which goes 
from 298–373K. Such a large pH change significantly complicates data interpretation. The 
temperature dependence of each UB was measured in order to access suitability for use in 
experiments in which temperature is varied. At pH7, UB3 and UB4 had a temperature dependence of 
−0.014 pKa/C. At the same pH UB1 changed −0.015 pKa/C (Table 1). UB2 had the largest 
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temperature dependence, −0.020 pKa/C due to the presence of Tris. In all cases, the observed 
temperature dependence of pKa for the UBs was equal to or less than that of the components alone.  

Table 1. Physical Properties of buffers. 

a. 20mM Tricine, 20mM Bis-Tris, and 20mM sodium acetate, 
b. 20mM Tris-HCl, 20mM Bis-Tris, and 20mM sodium acetate. 
c. 20mM HEPES, 20mM Bis-Tris, and 20mM sodium acetate.  
d. 20mM HEPES, 20mM MES, and 20mM sodium acetate 
1. Negligible in standard biophysical assays [12, 14.15] 

4.  Conclusion 

We have introduced a series of biological buffers suitable for use across a broad pH range. 
Universal buffers have been presented before [16], but they were not suitable for biological research. 
Three of the four UB have negligible metal-binding affinity making them suitable for studying 
enzyme reactions, protein structure/dynamics, and cell signaling that require divalent cations such as 
Mg2+, Ca2+, and Cu2+. We have also measured the temperature dependence of the UBs to allow 
selection of a buffer suitable for experiments in which temperature changes occur. The increasing 
precision of biochemical research in general and studies of protein dynamics, drug screening, and 
membrane channel activity specifically will benefit from use of a single buffer solution throughout 
an experiment, or can serve as a control against solute driven changes in protein behavior. 

Acknowledgements 

Dewey Brooke was awarded a McNair Scholarship (P217A0901987) and MT INBRE (NIH P20 
RR-16455-08) scholarship. Brian Bothner receives support from support from the National Science 
foundation MCB 1022481 and the National Institutes of Health R01 AI081961-01A1.  

 

Buffer pKa at 25˚C dpKa/˚C at pH 7.0 MW Metal Binding 

Bis-Tris 6.46 N/A 209.24 Negligible1 
HEPES 7.55 −0.014 238.3 Negligible1 

MES 6.15 −0.011 195.2 Negligible1 
NaAc 4.76 Negligible1 82.03 Negligible1 

Tricine 8.05 −0.021 179.2 Ca2+, Mg2+, Mn2+, Cu2+

Tris 8.06 −0.028 121.14 Negligible1 
  

Buffer Range 
   

UB1a 3.0–9.0 −0.015  Ca2+, Mg2+, Mn2+, Cu2+ 
UB2b 3.5–9.2 −0.020  Negligible1 
UB3c 2.0–8.2 −0.012  Negligible1 
UB4c 2.0–8.2 −0.012  Negligible1 
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