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Summary 

The issues related to the application of near-ultraviolet 

(uv) spectroscopy to the analysis of proteins and nucleic 

acids in the context of modern biopharmaceutical development 

were addressed in this work.  

The effects of molecular environments on the spectra of 

phenylalanine, tyrosine and tryptophan were studied.  The 

maximum spectral shift observed between solvent-exposed 

model compounds and side chains entirely buried in apolar 

protein core was found to be approximately 5 nm for 

tyrosine, 4 nm for tryptophan, and 2 nm for phenylalanine 

residues.  

A matrix linear regression procedure and a mapping of 

average absolute deviations between experimental and 

calculated values have been used to find molar extinction 

coefficients (εm, 1cm, 280 nm) of 5540 M-1 cm-1 for 

tryptophan and 1480 M-1 cm-1 for tyrosine  residues  in  an 

"average�  protein.  These values offer substantial improvement 

of the concentration determination from uv spectra for newly 

expressed proteins.  

It was demonstrated that the second derivative near-uv 

spectra can be used to follow protein conformational 

transitions with a high degree of precision - shifts as small as 

0.01 nm can be detected.  

It was demonstrated that a matrix multicomponent analysis 
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of the near-uv second derivative spectra is a powerful 

approach that permits  precise  and  rapid  analysis  of  

mixtures  of  biological compounds, such as proteins and 

nucleic acids. Furthermore, it appears  to  be  suitable  for  

rapid  and  precise  concentration determinations of the 

samples in the context of biopharmaceutical development.  

Finally, the applications of near-UV spectroscopy in the 

contemporary pharmaceutical development laboratories have 

been reviewed. 
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Streszczenie  

 

Tematem  niniejszej  pracy  są  zagadnienia  związane  z 

zastosowaniem  spektroskopii  absorbcyjnej  w  nadfiolecie  

do badania   białek   i   kwasów   nukleinowych   w   

kontekście biofarmaceutycznych prac badawczo-

wdrożeniowych.   

Wpływ otoczenia molekularnego na widma fenylo-

alaniny, tyrozyny  i  tryptofanu  był  przedmiotem  niniej-

szych  badań. Maksymalne  przesunięcie  pasm  absorbcji  

modelowych  reszt aminokwasowych ze  środowiska  

rozpuszczalnika  wodnego  do stanu całkowitego otoczenia 

aminokwasami wewnątrz struktury białka zostało zmierzone i 

wynosi około 5 nm dla tyrozyny, 4 nm dla tryptofanu oraz 2 

nm dla fenyloalaniny.  

Regresja liniowa z zastosowaniem rachunku macie-

rzowego oraz  statystyczne  zestawienie  średnich  abso-

lutnych  odchyleń pomiędzy danymi experymentalnymi i 

obliczonymi zostały użyte do wyznaczenia molowych 

współczynników absorbcji (εm, 1cm, 280 nm): 5540 M-1cm-1 

dla tryptofanu i 1480 M-1 cm-1 dla tyrozyny w 

"przeciętnym" białku. Te wartości stanowią znaczący postęp 

w oznaczaniu stężenia białek, zwłaszcza w początkowej fazie 

oczyszczania i charakteryzacji.  

Przedstawiono metodę do precyzyjnego oznaczenia 

zmian strukturalnych  białek  na  podstawie  przesunięć  
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widm  absorpcji białek w bliskim nadfiolecie (near-uv) z 

dokładnością do 0.01 nm poprzez komputerową analizę 

widm różniczkowych.  

Przedstawiono  metodę  do  równoczesnego  oznaczenia 

stężenia  poszczególnych  białek  w  mieszance  dwu-  i  trzy-

składnikowej poprzez analizę widm różniczkowych drugiego 

rzędu z  zastosowaniem rachunku  macierzowego. Metoda ta 

znajduje zastosowanie w  badaniach badawczo-

wdrożeniowych do szybkiego  i  dokładnego  pomiaru  

stężenia mieszanek białek i kwasów nukleinowych a także 

oczyszczonych białek.  

Omówione zostalo także zastosowanie spektroskopii w 

nadfiolecie we współczesnym środowisku farmaceutycznych 

laboratoriów badawczych. 
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1.  Introduction   

 

Wprowadzenie  

W tym rozdziale  omówiona  jest  rola  spektroskopii 

absorbcyjnej   we   współczesnych   pracach   badaw-

czych   w dziedzinie     biochemii     i     medycyny,  z    

uwzględnieniem  obecnych   osiągnieć      technicznych      

i obliczeniowych.  W  szczególnosci  omówione  jest  

znaczenie spektroskopii  różniczkowej,  zwłaszcza  

drugiego  rzędu  oraz zaawansowanego oprogramowania 

dającego szerokie możliwości wdrożenia   algorytmów   

wykorzystujących   dane   pomiarowe wysokiej jakości.  

Half  a  century  ago,  UV  spectroscopy,  despite  being 

technically less than optimal, offered one of the few 

opportunities to study the environments of aromatic amino 

acids, and indirectly, protein  structural  transitions (1).  More 

powerful methods to analyze protein structure have emerged 

since then, such as X-ray  crystallography,  nuclear  magnetic  

resonance (NMR), circular dichroism (CD), fluorescence, 

Fourier-transform infrared spectroscopy (FTIR) and differential 

scanning calorimetry (DSC). Importantly,  however,  UV  

spectrophotometers  are  in  use  in virtually every 

biochemistry laboratory, because of their simple, rapid  and  

nondestructive  capability  to  quantitate  protein  and nucleic 

acid concentrations. The development of fast and highly 
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precise diode-array spectrophotometers as well as computers 

that employ powerful algorithms to extract the information 

contained in UV spectra has resulted in renewed interest in this 

technique as a tool in the evaluation of protein structure and 

stability. In addition to   concentration   determination,   UV   

spectra   can   provide quantitative  information  about  

proteins  such  as  the  content  of aromatic   amino   acids   (2-

4)   and   degree   of   solvent  exposure (5-6). In addition, 

shifts of aromatic amino acids bands may reveal the polarity 

of side chain aromatic microenvironments and   structural    

changes   induced by   the   presence  of various binding  

entities. In the pharmaceutical development practice, however, 

the emphasis  is placed  on  accurate  concentration  

determination  and  the assessment of the aggregation state, the 

latter being derived from the analysis of the light scattering 

component (7). Since unfolding triggers  the  aggregation  of  

most  proteins,  the kinetics of turbidity appearance is a 

sensitive probe that can be used for  the  screening  of  

stabilizing  agents  in  pharmaceutical applications (8). Thus 

UV spectroscopy offers a rapid, accurate and inexpensive 

alternative to less readily available and   more   time   

consuming   high-resolution   spectroscopic techniques.  

However,  successful  use  of  this  technique  in  the 

contemporary pharmaceutical development environment 

requires further  advancement  to  address  challenges  related  

to  highly concentrated  samples  and  higher  throughput.  In 



 11

addition, the information from the light scattering UV 

component needs to be reconciled with the static and dynamic 

light scattering data that is explicitly obtained from light 

scattering instruments.  
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2. Instruments for ultraviolet spectroscopy  
 

Aparatura spektrofotometryczna w zakresie nadfioletu 

     

W tym rozdziale omówiona jest aparatura do pomiarów 

widm absorbcji w nadfiolecie, ze szczególnym 

uwzględnieniem detektorów diodowych, które umożliwiają 

precyzyjne pomiary jednocześnie w całym zakresie widma. 

Następnie podane są definicje   zmiennych,   ktore   najczęściej   

są   używane   w praktycznych   zastosowaniach   spektroskopii   

w   zakresie nadfioletu. 

 

2.1 The hardware 

All spectrophotometers comprise the following elements 

(for review, please see reference 1):  

(i)  A light source that emits the light to be passed, and 

partially absorbed by the tested sample. A deuterium lamp, 

emitting light with a peak at 254 nm and covering the 200-400 

nm range, is commonly used in bench-top instruments as well 

in in-line HPLC detectors. The default selection of the 254 nm 

wavelength on these detectors reflects the wavelength of 

maximum intensity of the deuterium lamp. Most of the 

spectrophotometers are equipped with a Tungsten lamp to 

allow measurements between 300 nm and 900 nm. In the 

latter case the region covered by the deuterium lamp is most 
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often limited to 340 nm. The light emitted from the source is 

often split between the sample compartment and the reference 

compartment, such instruments being referred to as “double 

beam” (e.g.  Cary 17 from Varian, Inc.). Xenon arc lamps are 

also used due to their durability and wider range (200 nm to 

1000 nm) that allows NIR water peak between 900 nm and 

1000 nm to be measured. A beamsplitter  between  the  

sample  and  the  reference detectors   is   typically   used   

to   normalize  intensity fluctuations (e.g.  NanoPhotometer  

from  Implen Gmbh,  SpectraMax  M5 plate  reader  from  

Molecular  Devices, Inc.).  

(ii) A  monochromator  or  optical  filter  that  selects  

the wavelength  of  interest.  In  some  instruments,  such  as 

Agilent (formerly Hewlett-Packard) 8453 model, the entire 

beam passes through the sample, and then is split on a 

prism,  with  an  array  of  diodes  measuring  the  light  at 

individual wavelengths. This type of arrangement has a 

tremendous  advantage  over  the  monochromator-based 

designs  due to the  lack  of moving parts that  result  in 

extremely  high  wavelength  reproducibility  and  in  the 

simultaneous detection of all the  wavelengths,  allowing 

averaging  a  large  number  of  spectra  within  seconds. 

Another important distinction is that the light beam of the 

diode-array  spectrophotometers  can  be  exposed  to  the 

ambient  light  as  the  full  spectrum  passes  through  the 

sample  under  conditions  similar  to  those  during  the 
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background measurement. Thus closing and opening of the 

sample  compartment  that  can  be  distracting  in  the 

traditional monochromator instruments, is avoided .  

(iii)  A compartment (by default 1 cm by 1 cm) containing 

the sample to be studied. The sample cuvettes are commonly 

made of quartz to allow light transmission down to 200 nm. If 

the beam cross-section is larger than the cross-section of the 

sample, cuvettes with black walls are employed.  

(iv) A detector, usually a photomultiplier, photo-diode or 

an array  of  photo-diodes  to  measure  the  intensity  of 

transmitted light.  

 

2.2 Measurement of absorbance values 

 

Light consists of perpendicular oscillating magnetic and 

electric fields, quantitized as photons, whose energy is given by:  

E=hc/λ=hv (2.1) 

where h is Planck’s constant, c is the speed, λ is the 

wavelength, and v is the frequency of light.  Absorption occurs 

when the energy of a light photon equals the difference  

between a ground and excited state of a target molecule. The 

absorbed energy may be dissipated in the form of heat radiation 

of a photon of lower energy (fluorescence or  phosphorescence).  

Under certain conditions, it may produce chemical changes in 

the absorbing chromophore.  
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The major determinant of the  probability of  the  

absorption of a photon  of  given  energy  is the difference 

between the basal energy configuration   of  the  molecular  

orbitals  and   the   next  highest energetically   allowed    

electronic   configuration.  The two  most commonly  observed  

low  energy  electronic transitions are of the n->π* and π->π*  

type. The discrete   nature   of   these   electronic transitions 

results in th appearance of distinct  bands in ultraviolet 

spectra. However, the energy  of  various  orbitals   vary   

slightly  as   a   consequence  of vibrations   and   rotations   

about   covalent  bonds  and  through energetic  interactions   

with   the   molecules   in   the  immediate environment. The 

resulting  distribution  of  bond  energy  is reflected in the 

significant width  and  Gaussian  shape  of  many absorption 

bands of molecules  in  solution. The diffusiveness of these 

bands is further increased when  populations of  identical  

chromophores are located   in   different   microenvironments.  

Thus,  the   ultraviolet spectra of most molecules  in  liquids  

(especially  polar  solvents) consists of broad band(s), although  

substructure  caused  by  distinct vibrational  transitions   or   

unique   microenvironments   may  be present.  

     The absorbance (A) value is derived from the ratio of the 

light intensity emitted by the source (Io) to the light intensity 

arriving at the detector (I):  

A= log (Io/I) (2.2) 
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The transmittance (T) is simply defined as:  

T=I/Io (2.3) 

For  highly  turbid  systems,  when  the  most  of  the  

light  is scattered, sometimes a quantity defined as obscurance 

(O) is used:  

O= 1 - T           (2.4) 

As the sample is homogenous, each layer of equal thickness 

will absorb an equal fraction  of  light  traversing  it. This  

statement allows one to grasp the definition of absorbance 

intuitively, since the light traveling through consecutive layers 

will lose its intensity in an exponential manner. Thus the value 

of absorbance, but not obscurance, will  be  proportional  to  

the  concentration  of  the sample:  

A= ε c l             (2.5) 

The above relationship is known as Beer-Lambert Law, 

where ε is the extinction coefficient, defined as an absorbance 

of a sample with a concentration of unity, c is the 

concentration, and l is the pathlength. In the 

biopharmaceutical development, an extinction coefficient 

expressed per a unit of 1 mg/ml (E0.1%) is most often used, 

while the molar extinction coefficient is primarily used to 

calculate the E0.1% .  
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2.3 Derivative spectroscopy 

 

Derivative calculations, especially first and second 

derivative, have many useful applications in the 

biopharmaceutical development. For  example,  position  of  a  

peak  in  a  chromatogram  can  be determined by calculating 

the first derivative and then finding the position of the 

intersect with the abscissa (X-axis). When broad spectral 

components, such as light scattering optical density or 

cystine are present, calculation of second derivative effective 

eliminates  their  influence  on  the  results.  This  reliability  

is  a function   of   several   properties   of   numerically   

calculated derivatives:  

1. 1st derivative of a horizontal line is zero 

2.  2nd derivative of a straight line is zero 

3.  Peak magnitude is proportional to concentration  

4.  Sensitive to sharp spectral features  

5.  Highly reproducible in diode-array spectrophotometers  

6.  Suitable for multicomponent analysis  

7.  Quality diode-array instruments with software supporting  

     advanced analysis are available  
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Figure 1. The typical convolution functions that are used to 

calculate derivatives.  
 

In the given example, calculation of a conventional 

average of  9 data points would be equivalent to multiplying 

each of them by 1/9 and then adding them up. If a pre-defined 

function is used instead of a scalar, the resulting curve will 

reflect the function that was used to process the  raw data. 

For example, symmetrical bell-shaped curve will have a 

smoothing effect, with central points having more weight 

than those being at the edges of the calculation range. A 

sigmoidal curve will result in a first derivative output, as the 

points to the right of the central point, if higher, will produce a 

net positive value. The band sharpening effect is apparent in 

Derivative calculation convolution functions, point #4
9 data points, cubic polynomial

-0.2

-0.1

0

0.1

0.2

0.3

0 4 8

data point

co
nv

ol
ut

in
g 

fu
nc

tio
ns

smothing
1st derivative
2nd deriavtive
flat average



 19

the case of the second derivative. The convoluting function is 

negative in the central region of the range and positive at the 

edges. Thus any spectral shape that is negative only in the 

center will produce positive  second  derivative  signal.  

Typical  derivatives  of  a Guassian-shaped peak are shown 

in Figure 2. A band sharpening effect in the case of second 

derivative (approx. factor of 2.7) is apparent.  

 

 

 

 

 

 

 

 

Figure 2. Derivatives of a Gussian peak. The 
calculations were performed in an Excel workbook using 
formulas of Savitzky and Golay (2).  
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3.  Effect  of  the  molecular environments on the 

ultraviolet spectrum of phenylalanine 

Wpływ otoczenia molekularnego fenyloalaniny na jej 

widma w nadfiolecie  

 

3.1 Summary 

Near  ultraviolet   derivative   absorption   spectroscopy   

was employed  to  study  the  microenvironments  of  

phenylalanine residues in proteins. The use of second-derivative 

uv spectra in the 250- to 270-nm range effectively suppresses 

spectral contributions from tryptophan and tyrosine residues. 

Fitting a polynomial to the numerically calculated second-

derivative spectrum allows precise determination of the 

position of the negative derivative peak near 258 nm. This 

position is shown to be correlated with the polarity of the 

microenvironments of phenylalanine residues. This approach 

allows monitoring of changes in the state of phenylalanine 

side chains during folding/unfolding of the proteins. In 

addition, this method permits perturbation  of  protein  

samples  with  ethylene glycol  to  be  used  to  establish  the  

relative  degree  of  solvent exposure of protein phenylalanine.  
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Streszczenie 

Spektroskopia     w     bliskim      nadfiolecie   (near-uv) 

została zastosowana do badania otoczenia reszt 

fenyloalaniny w białkach. Zastosowanie  spektroskopii  

różniczkowej  drugiego  rzędu  w zakresie od 250 nm to 270 

nm skutecznie eliminuje wpływ reszt tryptofanu   i   

tyrozyny.   Dopasowywanie   wielomianu   do numerycznie 

obliczonego widma drugiej pochodnej pozwala na 

precyzyjne ustalenie pozycji pasma różniczkowego w 

pobliżu 258 nm. Wykazano, ze ta pozycja odzwierciedla 

stopień polarnosci otoczenia molekularnego reszt 

fenyloalaninowych. To podejście umożliwia monitorowanie 

zmian stanu reszt fenyloalaninowych podczas zwijania i 

rozwijania białka. Ponadto ta metoda pozwala na  

zmierzenie   stopnia   ekspozycji   do   otoczenia  poprzez 

miareczkowanie glikolem etylenowym.  

 

3.2 Introduction 

 

Changes in near-uv absorbance spectra observed during 

alteration of  solvent conditions are used   extensively   to   

study folding/unfolding reactions of proteins and to 

characterize protein structure and  interactions (1-4).  Shifts 

in the  positions  of absorption bands, induced by chemical 

or thermal perturbation, produce small but distinctive 
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changes in the near-uv spectra of proteins.  Though  subtle,  

these  changes  can  he  quantified  by measurements of 

spectral differences between the original and the altered 

samples. Unfortunately, the interpretation of such spectra in the 

near-uv range has been severely limited. This is primarily due 

to the substantial overlap of aromatic amino acid absorption 

bands, and the complexity of the combined effects of spectral 

shifts and variations  in  the  extinction  coefficients  which  

occur  upon perturbation by solvent (5). The near ultraviolet 

absorption spectra of  proteins  are  dominated  by the  intense  

absorption  bands  of tryptophan and tyrosine. Consequently, 

spectroscopic studies of the microenvironment of the more 

weakly absorbing phenylalanine (Phe) residues in proteins 

have seldom been attempted.  

    The use of spectral derivative analysis of phenylalanine 

residues has  the  potential  to  circumvent  these  problems,  

since  the contribution of tryptophan and tyrosine residues to 

the second- or higher-order derivative spectra in the range of  

250—270 nm is negligible.  Thus,  the  distinctive  fine  

structure  of  phenylalanine absorption  bands  in  this  region  

can  be  clearly  resolved  and quantitatively  analyzed (6-9).  

Detailed  analyses  of  protein structural  transitions  using  

this  approach  have  not  yet  been attempted due to the very 

small spectral shifts of phenylalanine side-chains upon 

solvent perturbation. With the introduction of diode-array 

spectrophotometers, however, the accuracy of intensity 



 23

measurements has improved greatly, For example, the 

instrument used in this study measures absorbance with  a  

standard    deviation of  less  than 0.1%.  Automated  multiple  

measurements  further decrease noise levels. Furthermore, the 

signals are readily available in  digitized  form. Although these 

advantages to some extent appear to be offset by the lower 

resolution of the position of the wavelength  maxima (usually 

1-2 nm), this problem can be substantially reduced by the 

procedure described here.  

    We find that the determination of the position of the 

second derivative peak near  258 nm constitutes a simple 

and sensitive probe of the degree of solvent exposure of Phe 

side chains during unfolding transitions. In the native state of a 

protein, the average fraction of phenylalanyl side chains 

exposed to the solvent can be estimated by perturbation with 

ethylene glycol. In addition, we find  evidence  that  specific  

interactions  between  phenylalanine residues and charged 

amino acid side chains can be detected within protein molecules.  

 

3.3  Materials and Methods 

 

N-Acetyl-L-phenylalanine ethyl ester (N-acPheOet), N-

acetyl-L-tryptophan amide (N-acTrpNH2), N-acetyl-L-

tyrosinamide (N-acTyrNH2), human hemoglobin superoxide 

dismutase (from bovine erythrocytes), azurin (from Pseudo-

monas  aeruginosa)   and ribonuclease A (from bovine 
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pancreases), guanidine-HCI grade II and protoporphyrin IX

 were purchased from Sigma. Human serum albumin was 

obtained from Calbiochem. Molar extinction coefficients of 

ε280.8=5690 for N-ac-TrpNH2 (10), ε275.7=1280 for N-

acTyrNH2 (10), and ε257.7=195 for N-acPheOet were used.   

A buffer of 50 mM sodium phosphate, 0.02% sodium azide 

pH 6.5 was used throughout. Bovine  α-crystallin  was  purified  

from  fresh  calf  lenses  as described  previously (12). γII-

Crystallin  was  purified  by  the method of Bjork (13), as 

modified by Thomson et al. (14). Both crystallins were 

isolated from the lens cortex of 2- to 3-year-old animals.  

The Protein Data Base of the National Biomedical 

Research Foundation (NBRF)  was  accessed  with  the  

PRONUC program on a MicroVAX/VMS computer system 

(Digital Equipment Corp.) to retrieve    protein    sequence   

data.   The   exposure   and/or microenvironments of 

phenylalanyl residues were examined within known protein 

crystal structures  using  the  program  INSIGHT (Biosym 

Technologies Inc.) and an Evans & Sutherland PS300 

computer  graphics  system  interfaced  to  the  MicroVAX  

II computer.  

Spectrophotometry.       Absorption spectra were measured 

with a Hewllett-Packard       8450A    diode-array, double  beam 

spectrophotometer (15). A  27-s measurement period was 

used, unless otherwise stated. Standard, unmasked 0.5-ml quartz 
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cuvettes were  employed.  Spectra  were  acquired  at 22-

23°C  with  a maximum absorbance of approximately 1.0 in 

the 253- to 262-nm range. The standard deviation of all 

measurements did not exceed 0.001  (with  an  average  of  

approximately  0.0006)  at  each wavelength. The 

spectra, each comprising 10 data points at 1-nm intervals from 

253 to 262 am, were transferred in an ASCII format to  a  

personal  computer  where  a  BASIC routine was used to 

execute data analysis.  

 Data analysis. The second derivatives of the 

absorbance A (d2A/dλ2) at six data points 255 to 261 nm were 

calculated using a five-data-point window according to the 

procedure of Savitzky and Golay (16) as modified by Steiner et 

al. (17), which incorporates smoothing into  derivative  

calculation.  Then  a  polynomial was fitted to these six points 

to model the second-derivative peak in this range. The 

position of the minimum of this polynomial was taken as an 

arbitrary measure of the Phe band position on the 

wavelength scale. To assure a unique fit  for the sixth-

degree polynomial employed, the value of the zero-order 

component of this polynomial was set to zero. To reduce data 

processing time during  actual  measurements,  coefficients  of  

such  sixth  degree polynomial  were  obtained  by  

multiplication  of  a  previously inversed  matrix  V (18)  by  

an  array  containing  the  second derivative  spectrum. 

Wavelength values for the matrix V were taken  as  integer  
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values 1, 2 …6 and corresponded  to 255, 256…260 nm, 

respectively. The wavelength value of the minimum of the fitted 

polynomial was found using a standard interval search algorithm 

(19). Typically, this position was located with sufficient 

accuracy in less than 10 iterations. Thus, the computer 

program was  reduced  to  three  relatively  straightforward  

steps: (i) calculation   of   a   second   derivative   spectrum   

at   discrete wavelengths, from 255 to  260 nm,  (ii) fitting a 

polynomial by multiplication  of  the  matrix  V-1  by  that  

second  derivative spectrum, and (iii) determining the 

position of the extremum of this polynomial. The time of 

computation was only 3 s, allowing on-line calculation and 

display/storage of the results.  

 

 

3.4  Results and Discussion 

 

Normal (zero-order) spectra of N-acTrpNH2, N-

acTyrNH2, and N-acPheOet with their corresponding second 

derivatives are shown in Figure 1. One striking feature of 

these spectra is the well known vibrational fine structure 

displayed by phenylalanine in the range from 245 to 270 nm. 

Both tryptophanyl and tyrosyl spectra in this region, however, 

display primarily smooth, nearly linear changes  which result   

in  their  corresponding  second-derivative spectra being 

almost zero. This phenomenon has previously been utilized to 
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quantify the concentration of phenylalanine side chains in 

proteins by measuring the magnitude of their second-derivative 

peaks    either    by    direct    measurement  (6-8),  or  by  

a multiwavelength linear least-square procedure (9). In those 

studies, it  was demonstrated that determinations of the amount 

of phenylalanine were essentially independent of the 

concentrations of the other  two  aromatic  chromophores.  In 

this  work,  however,  we investigated   the   possibility   of   

accurately   determining   the wavelength positions  of Phe  

second-derivative  bands  with  the intention  of  employing  

shifts  in  these  bands  as  a  monitor  of alterations in the 

microenvironments of Phe residues in proteins. A high  

resolution  scanning  spectrophotometer  could  be  used  to 

determine  positions  of  derivative  peaks.  Although  the  

best available instruments can use spectral bandwidths as small 

as 0.05 nm, results obtained are sensitive to several mechanical 

and optical factors.  Moreover, kinetic  studies  are  limited  

by  the  time-consuming scanning. Diode-array  instruments,  

on  the  other  hand,  exhibit  excellent reproducibility and 

speed, but spectral resolution is typically only 1 nm. In this paper 

we present the rationale and details of a method which 

employs derivative calculation and polynomial fitting of 

phenylalanine bands, allowing detection of spectral shifts as 

small as 0.01 nm in a diode-array instrument.  
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Figure 1. Spectra of N-acTrpNH2 (Trp), N-acTyrNH2 
(Tyr), andN-acPheOet (Phe) in 50 mM sodium phosphate, pH 
6.5. Upper windows:  normal  spectra.  Lower  windows:  
second  derivative spectra. Portions of the spectra whose 
positions on the wavelength scale were determined are marked 
with X.  

 

 

 

 

 

 

 

 

 

    Figure 2.  Model  spectrum  showing  the  nonlinear  
effect  of absorbance changes upon linear shifts of the spectrum. 
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Having the data available as absorbance and second 

derivative values  in  the  discrete 1-nm  increments  and  

expecting  the environmentally induced spectral shifts of the 

phenylalanine bands to be not more than 1 nm in magnitude 

themselves, we took the following model-based approach. If 

we assume that the shape of the spectrum of a hypothetical 

component can be simulated by a second-degree polynomial, 

then any shift of such a spectrum will produce corresponding 

changes in absorbance values in each data point (see  Figure 2).  

The  relationship  between the  shift  and  the change in the 

absorbance value measured is not necessarily linear and may 

depend on wavelength (in Figure 2, P-P' is not necessarily 

equal to P'-P��) The relative error in the determination of the extent 

of such shifts can be approximated, however, by the relative 

error of  the  determination  of  the  absorbance  intensity (or  

second derivative) change, which is directly accessible by 

measurement. With typical standard deviation of second-

derivative values of 2%, we expect comparable errors in the 

determination of the spectral shift, viz. 0.02 nm employing a 1-

nm spectral bandwidth, provided that an  appropriate  model  

for  the  spectrum  is  available.  In preliminary experiments 

we determined that the lowest error levels occur with the 

negative second-derivative peak near 258 nm. This region,  

therefore,  was  chosen  for  further  development  of  this 

approach. To determine what kind of model would he suitable, 

we have fit several different degree polynomials to a typical 
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second-derivative curve in the 255- to 300-nm range (not 

illustrated). We observed a poor fit for the second-, third-, and 

to a lesser extent fourth-degree polynomials, with the position 

of the negative peak perceived as being considerably different 

than the actual value. In contrast,  both  a  fifth-degree  

polynomial  and  a  sixth-degree polynomial without a 

constant, zero-order component produced well fitting spectra, 

without significant artificial curvature. Since the  aromatic  

origin  of  the  phenylalanine  side chain  spectrum essentially 

excludes the presence of any linear spectral component, we 

chose to use a sixth-degree polynomial in all further work. 

Neither Gaussian nor Lorentzian functions fit the data well. 

The peak  positions  for  fourth-,  fifth-,  and  modified  sixth-

degree polynomial, when averaged, have a deviation from the 

mean value of  only 0.019  nm,  indicating  the  

consistency  of  these determinations, even if such results 

do not exactly coincide with the peak position in the actual 

spectrum. We have performed a test of the credibility of such 

polynomial fitting by shifting numerically a typical second-

derivative N-acPheOet spectrum back and forth by 1 nm and 

performing a determination of peak position using the modified 

sixth-degree polynomial (not illustrated). The values of the 

shifted peak positions were in good agreement at 256.70 and 

258.70 nm, respectively, relative to the unshifted value at 

257.72 nm. In a more extreme test, larger 2-nm shifts also  

produced acceptable values at 255.69 and 259.67 nm.  



 31

Employing this model for the second-derivative spectrum in 

the 255- to 260-nm range, we next tested its ability to detect 

actual experimental   perturbation   in   the   micro-

environments   of phenylalanyl groups by titration of N-

acPheOet with guanidine-HCl (Figure 3). The spectrum of 

this compound is found to shift gradually  toward  longer  

wavelengths  as  the  concentration  of guanidine-HCl is  

increased.  Guanidine-HCl  produced  a  linear response of the 

Phe side chain peak to perturbation by the solvent (Figure 4). 

When ethylene glycol was used as a perturbant, the shift was 

linear only up to about 80% concentration (data not shown). 

All alcohols tested (methanol, ethanol, and 1-propanol) 

produced sigmoidal curves, presumably due to specific 

interactions with the chromophore. To test for the presence of 

possible artifacts in this model-based procedure, we monitored 

not only the peak position near 258 nm, but also values of both 

the zero -order and the second-derivative  spectra  between 255  

and 260  nm.  The  absolute differences in these spectral 

values between 0 and 6 M guanidine-HCl (with 1 M increments) 

were averaged over the 255- to 260-nm range. This   constituted   

an   equivalent   of   standard   difference spectroscopy 

procedures. As an additional measure of the spectral shifts of 

the phenylalanyl band, we also calculated an "average� shift 

based on the positions of intersection of the second-derivative 

spectrum with the X-axis near 256 and 259 nm (see Figure 1).  
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Figure 3. Second-derivative spectra of N-acPheOet 
perturbed by guanidine HCl. Experimental data points are 
marked with open circles.  Consecutive  curves  are  displaced  
vertically  for  clarity. Average  standard  deviation  of  second  
derivative  values  was approximately 0.0005. A modified 
sixth-degree polynomial was used to fit discrete data values 
to form continuous spectra The guanidine-HCl concentrations 
ranged from 0 M (the lowest curve) to 6 M guanidine-HCl (the 
highest one) in 1 M increments.  

 

Since the zero-order spectrum does not cross the 

wavelength axis, the average of the position of intersection with 

an arbitrary chosen Y = 0.5 line was calculated (see Figure 1). 

Absolute values of differences between each data point and 

corresponding initial values at 0 M guanidine-HCl were 

averaged for each of these measures.     After normalization to 

a 0 to 100% scale, the patterns of spectral changes were plotted 

in Figure 4. As expected, values of the zero-order and second-

derivative changes exactly overlap each other, while values  
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Figure 4. Spectral differences (Y-scale values) of  normal 

and second-derivative  spectra,  spectral  shifts (X-scale  
values)  of second-derivative 258-nm peaks and averaged 
intersections of the zero-order and second-derivative spectra 
with the lines Y = 0.5 and Y=0, respectively.  These values 
recorded  between  0 and 6 M guanidine-HCl for N-acPheOet, 
were normalized to a 0-100% scale to  allow comparison, (open 
circles) -  absorbance and second-derivative  values,  averaged  
over 255-260  nm spectrum  (both curves identical), (filled 
circles) - the positions of the N-acPheOet peak  as  determined  
by  fitting  of  a  modified  sixth-degree polynomial and the 
average of the positions of the intersections of the zero-order 
spectrum with the Y=0.5 line near 256 and 259 nm (both 
identical), (open squares) - the average of the positions of the  
intersections  of  the  second  derivative  spectrum with  the 
wavelength axis (Y = 0) near 256 and 258 am SeeFigure 1 and 
text for details.  

 

determined  by polynomial fitting overlap with the averaged 

intersections  of  the  zero-order  spectrum  near  256 and 259 

nm. The latter  values  exhibit  the  least  deviation  from 

linearity.  Each of these measures showed slight positive 

deviations while the intersections of the second-derivative 
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spectrum near 256 and 258 nm manifest small negative 

deviations. Recall (Figure 2) that the linear shifting of a 

nonlinear spectrum may produce nonlinear changes in spectral 

values. Thus, the observed deviations probably originate from 

an imperfection in the measures employed rather than actual 

nonlinear  response  of  N-acPheOet  to  guanidine-HCI  

titration. Similar experiments with N-acTyrNH2 also produced 

curves with deviations   from   linearity   of   comparable   

magnitude (not illustrated).  Such  effects  are  usually  

considered  negligible  and difference  spectroscopy of tyrosine  

residues  is  widely used  to study  structural  transitions  in  

proteins (1-4).  We  therefore conclude  that  the  polynomial  

fitting  method  appears  to  be  a  reliable  measure  of  

induced  spectral  shifts  in  N-acPheOet. At 22.5°C, the 

phenylalanine peak positions were repeatedly found to be 

257.06, 257.73, 257.87, and 258.18 nm in an aqueous buffer, 

50% ethylene glycol, 6 M guanidine-HCl, and  100% 

ethylene glycol,   respectively.  Although  standard  

deviations  of  such measurements for a particular sample 

seldom exceed 0.005 nm even when repeated over periods of 

months, we found that these wavelengths may vary by as much 

as 0.02 nm between samples.  

 To allow  comparison  between  results  obtained  at  

different temperatures, we determined positions of the  258-

nm Phe peak between 10 and 50°C. A linear change with 

dλ/dT = +0.0087 ± 0.0010 nm/degree was observed.  
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 To investigate the possible influence of tryptophan and 

tyrosine on the apparent position of the phenylalanine band, 

mixtures of N-acPheOet with N-acTrpNH2 and NacTyrNH2 in 

aqueous buffer, 6 M guanidine-HCI and 100% ethylene glycol 

were examined (Table I).  

 

Table 1. Positions of the Second Derivative Negative Peak 

Near 258 nm of N-acPheOet in Mixtures with  N-

acTrpNH2 and N-acTyrNH2  

Phe/Trp Phe/Trp Phe/Trp Phe/Tyr Phe/Tyr Phe/Tyr 

Conc. Buffer Guan- Ethylene Conc. Buffer Guan- Ethylene 

(mM) HCl Glycol (mM) HCl Glycol 

A 0 257.04 257.76 258.18   A 0 257.04 257.76 258.16 

B .06 257.05 257.77 258.17   B .38 257.07 257.79 258.17 

C 1.12 257.05 257.76 258.17   C .08 257.09 257.82 258.16 

D 1.19 257.06 257.77 258.17   D 1.22 257.11 257.84 258.16 

E 1.24 257,06 257.79 258.18   E 1.58 257.13 258.85 258.16 

Note: The concentrations of N-acPheOet were constant at  
0.87 mM. Absorbance at 258 nm in A (N-acPheOet only) 
was 0.17, while in E (maximal excess of other chromophore), it 
was 0.92.  

 

The phenylalanine peak position appears to be independent 

of the amount of N-acTrpNH2 present. In the case of 

NacTyrNH2, however, a 0.09-nm shift from a 1:0 to a 1:5 

Phe:Tyr ratio was observed in an aqueous buffer and a 

solution of 6 M guanidine-HCl, but not 100% ethylene 

glycol. Observing the data for real proteins (see Figs. 5-8), 
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however, we note that phenylalanine peak positions for 

proteins have  values  more  comparable  to  that  of N- 

acPheOet in 100% ethylene glycol. More importantly, in the 

vast majority of experiments that would employ this method, the 

amino acid content will be constant. On the other hand, 

tryptophan or tyrosine  residues,  if  solvent-exposed,  may  be  

more  subject  to induced spectral shifts, while phenylalanine 

side chains are, on average, much more buried and may 

therefore be more resistant to perturbation by solvent changes. 

To simulate such situations, we probed the effect of shifts in 

N-acTyrNH2 and N-acTrpNH2 spectra on the determination of 

the N-acPheOet peak position. An N-acPheOet solution in 

100% ethylene glycol was placed in the front of a two-

compartment cell with N-acTyrNH2 or N-acTrpNH2 in the back 

position.  The ethylene glycol concentration in  the  back 

compartment was then increased from 0 to 100%.  

The ratio of absorbances at 258 nm of N-acPheOet to 

either N-acTyrNH2 or N-acTrpNH2 was 1:4, which 

corresponds to the lowest level of phenylalanine residues 

allowing precise analysis. Again, titration of the N-acTrpNH2 

solution did not affect the determination of the N-acPheOet 

peak position, while a shift of about 0.07 nm for N-acTyrNH2 

from 0 to 100% ethylene glycol was observed (Table II). 

Titration of ribonuclease A, however, which has a similar 

Phe:Tyr absorbance ratio at 258 nm and no Trp residues, with up 

to 50% ethylene glycol, did not alter the apparent phenyl peak 



 37

position (see Figure 8). In this single-domain protein, all three 

phenylalanine residues are inaccessible to the solvent, while 

three out of six tyrosine residues are solvent-exposed (20), 

and consequently substantial  shifts  in  the  tyrosine  

spectrum  are observed upon solvent perturbation (21). 

 

Table 2. Positions of the Second-Derivative Negative 
Peak Near 258 nm of N-AcPheOet placed in front of double-
compartment cell, with solutions of N-acTrpNH2 or N-
acTyrNH2 titrated with ethylene glycol in the back 
position (data in nm) 

 

% Ethylene glycol  

(v/v) Phe and Trp        Phe and Tyr 

0 258.20 258.24 

25 258.20 258.23 

50 258.18 258.24 

75 258.18 258.22 

100 258.19 258.17 

 

   Note:  Concentrations  of  N-acPheOet  N-acTrpNH2,  
and  N-acTyrNH2 were approximately 1, 0.23, and 1.6 mM, 
respectively (absorbance ratio Phe:Tyr or Phe:Trp at 258 nm 
1:4) Each value is an average of five 15s measurements. 
Standard deviation did not exceed 0.01 nm.  
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 A similar situation was observed  with  superoxide  

dismutase  which  contains  a  single solvent-exposed tyrosine 

residue  (22). Since the shift in the N-acTyrNH2 spectrum 

from 0 to 100% ethylene glycol is about 3.5 nm (not 

illustrated), we further suppose that the heterogeneity of the 

microenvironments of tyrosyl side chains in proteins generally 

results in broadening of any nonlinear features in its spectrum 

in the range from 250 to 270 nm, minimizing, in effect, the 

influence of tyrosyl side chains on Phe peak position 

determination.  

To probe the environment  of phenylalanine side  chains  

in macromolecules, we measured the position of the 258-nm 

second-derivative  peak  as  a  function  of  increasing  

guanidine-HCl concentration  in  several  proteins.  As a  

consequence  of  the heterogeneity of the microenvironments 

of Phe amino acid side chains in proteins, a measured 

spectrum is the sum of the spectra of individual phenylalanine 

residues, which are shifted relative to one another. This causes 

the experimentally observed bands to be less  sharp  than  the  

spectra  of  model  compounds,  making  the determinations of 

band position more susceptible to noise levels. Bovine α-

crystallin, a multisubunit protein rich in phenylalanine which 

dissociates and then denatures rapidly at low chaotropic 

agent concentrations (23-25) was chosen for initial studies. The 

position of the phenylalanine derivative peak in  α-crystallin  
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Figure  5.  Plots  of  the  position  of  the  phenylalanine  
second derivative peak near  258 nm (filled circles) versus 
concentration of guanidine-HCl and averages of the positions of 
the intersections of the second-derivative spectrum with 
wavelength axes near 256 and 259 nm (open circles) for bovine 
α-crystallin. Each data point is an average of 10 27-s 
measurements.  

 

shifts from 258.40 to 257.85 between 1.0 and 2.5 M guanidine-

HCl (Figure 5). As an additional probe of the changes in the 

position of the Phe peak during denaturation  of α-crystallin,  

we  calculated  the positions of the intersections of the 

second-derivative spectrum with the wavelength axis near 256 

and near 259 nm. This produces a  denaturation  curve  shifted  

by  about 0.1 nm relative  to  the polynomial-fitting curve 

(Figure 4). All of the characteristic features of the two curves, 
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however, such as the denaturation midpoint and the slope in the 

transition region appear to be similar. We presume the 

difference in the two curves to be due to the sensitivity of the 

axis intersection method to changes in the environment of Tyr 

and Trp residues.  

In a second series of experiments, analysis of the 

denaturation pattern of human serum albumin (Figure 6) was 

complemented with the determination of the position of the 

second-derivative peak due to Tyr and Trp between 287 and 290 

nm (Figure 1). The curves, based on the two different peaks 

exhibit essentially identical shapes (Figure 6). Although the 

analysis of the exact  three-dimensional structure of this protein 

is beyond the scope of this work, it seems that following the 

changes in Phe environments  vs.  alterations  in  the  polarity  

of  Trp  and  Tyr environments, one is unable to distinguish 

differences between unfolding states, presumably due to 

overlapping transitions of its 35 Phe, 17 Tyr, and 2 Trp 

residues. The same situation seems to be the case for bovine 

ribonuclease A which contains only Phe and Tyr residues 

(Figure 7) and is well established to undergo a two-state 

unfolding transition (2). As expected, the denaturation curves 

of Phe and Tyr residues have identical shapes, whether the Phe 

or Tyr second-derivative peaks are monitored, except for the 

slope of the Tyr curve from  0 to  2 M guanidine-HCl. The 

latter probably reflects partial solvent-exposure of Tyr residues. 

To determine the response of phenylalanine residues in proteins 
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Figure 6, Plots of the position for the Phe peak (filled 

circles) and the position of the intersection of the second-
derivative spectrum with  the  wavelength  axis  near 288 nm 
(open circles)  versus guanidine-HCl concentration for human 
serum albumin. Each data point is an average of 10 27-s 
measurements.  

 

to perturbation  of  the  solvent,  we  titrated  several  proteins  

with ethylene glycol as is commonly done with the other two 

aromatic residues (Figure 8). In the case of superoxide 

dismutase and azurin, the very slight change in the plots of 

the Phe second-derivative peak  position  vs.  ethylene  glycol  

concentration  indicates  that essentially all of the 

phenylalanine side chains are buried. An examination of the 

crystal structure of these two proteins confirms this 

conclusion. Only a small portion of one of the six phenyl side  
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Figure 7. Plots of  the positions of the Phe peak (filled 
circles) and the positions of the intersection of the second 
derivative spectrum with the wavelength axis near 288 nm of 
ribonuclease A (open circles) versus guanidine-HCl 
concentration. Values from 0 to 6M guanidine-HCl for the Phe 
curve (filled circles) were determined as an average position of 
the intersections near 256 and 259 nm. Each data point is an 
average of 20 27-s measurements.  

 
chains of azurin appears to be accessible to solvent. This 

also accounts for the lower phenylalanine peak position 

observed for this protein. Moreover, none of the 

phenylalanine side chains in either of these  two  proteins  is  

located  within  2 A of any charged side chains,  with no 

evidence for any solvent exposure of Phe residues seen in 

molecular graphics images of SOD. 

The phenylalanyl side chains of superoxide dismutase also 

display the  most  dramatically  up-shifted  Phe  peak  

encountered  and probably  represent  the  extreme  influence  

of  apolarity  on  the spectral properties of the Phe group. This  
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Figure 8. Plot of the negative second-derivative peak 

positions near 258 nm of several proteins  in  solutions  
containing  increasing concentrations (% v/v)  of  ethylene  
glycol.  Each  data  point represents an average of five  27-s 
measurements:  (open circles) Superoxide  dismutase, (filled  
circles)  azurin, (open  squares) human serum albumin. (filled 
squares) α-crystallin (open triangles) ribonuclease A.  

 
 

provides an estimate of the  value  of the  peak  position of the  

phenylalanyl side  chain maximally buried in the apolar core of 

the protein as 258.65 nm. In ribonuclease A (3 Phe total), 

where Phe  46 is adjacent to two charged residues, Asp 14 

and Arg 33, the unusually low Phe peak positions  may reflect  

the  influence  of  these  charged  residues.      

Despite this, the lack of change in peak position in 

ribonuclease A upon perturbation  with  ethylene  glycol  is  

consistent  with  the solvent  inaccessibility  of  these  residues 

(21). The  much more marked change in slope of the 
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perturbation curves of α-crystallin and human serum albumin 

suggest partial exposure of the Phe side chains, suggesting a 

significant degree of their solvent exposure. 

 We observed a 0.65-nm linear shift in Phe peak position of 

N-acPheOet from 0 to 50% ethylene glycol (data not shown). 

For a protein containing a mixture of fully buried and fully 

exposed Phe side chains, the slope of the relevant plot should 

have values proportional to the relative accessibility of its 

phenylalanine residues. Based on this simple idea, the average 

percentages of solvent-accessible phenylalanyl side chains in 

γII-crystallin and human serum albumin was found to be 15 and 

12%, respectively. It should he noted that the possibility that 

ethylene glycol itself may perturb protein structure cannot be 

excluded. A nonlinear  increase  of  peak  position  upon  

titration  would  be indicative of such changes; however, none is 

observed.  

    The Phe peak positions in 6 M guanidine-HCl for each of 

the proteins examined  (Figs. 5-7) are significantly higher 

than that found for N-acPheOet (257.77 nm). This is 

probably due to the presence  of  neighboring  residues  in  the  

unfolded  polypeptide chain. In addition, there is some 

variability in the position of this peak between the various 

proteins, suggesting that information about the polar nature 

of the average Phe environment or information about residual 

structure maybe contained in this value, but this is not obviously 

useful at this time.  
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In addition to electrostatic and dipole interactions with 

other residues, the phenylalanine peak position can also be 

affected by the presence of other spectral components, provided 

that they have a significant second-derivative signal in the near 

uv. To investigate this  effect,  we  titrated  human  

hemoglobin,  which  contains  a protoporphyrin chromophore 

with ethylene glycol (not illustrated). The slope indicating 

exposure of phenylalanine residues to solvent was 

approximately 0.10 nm/50% ethylene glycol in  all  cases 

examined, while the initial peak position in aqueous buffer 

varied from 258.30 to 258.50 nm depending on the redox 

state of the protein.  Simultaneous  measurements  of  N-

acPheOet  in  the presence of protoporphyrin IX and  ferric  

nitrate,  employing  a double-compartment   cell,   revealed   

substantial   shifts   of phenylalanine peak positions upon 

addition of these components to the other compartment. This is 

not surprising, since protoporphyrin IX has a distinctive second-

derivative peak in this region, which is sensitive to the presence 

and redox state of iron ions.  

     The  accuracy  of  this  method  clearly  depends  on  

the phenylalanine contribution to the total absorbance  at 

258 nm. Since  the  ratio  of  extinction  coefficients  of  N-

acTrpNH2,  N-acTyrNH2,  and  N-acPheOet  at 258  nm  is  

approximately 17.1:2.4:1, the ratio R  = Phe/(17.1*Trp + 2.4 

* Tyr), where the symbols  denote  the  number  of  

corresponding  residues  per molecule,  can  he  used  to  
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predict  the  sensitivity  of  a  Phe spectroscopic residue 

analysis for a given protein. For the proteins examined in this  

study,  values  of  R  were: α-crystallin, 1:2.5; human serum 

albumin, 1:3; azurin, 1:4; human hemoglobin (with the 

protoporphyrin ring contribution), 1:4; ribonuclease, 1:5; su-

peroxide dismutase, 1:5 (absorbance of cupric ion included). 

To assess the range of proteins which can be studied by this 

method, we searched the Protein Data Base of the National 

Biomedical Research Foundation (NBRF) which contains 

sequences of’ 1525 proteins and peptides. Of the current 

entries, 31% had values of R greater than or equal to 1:5 while 

18% of entries had R greater than or equal to 1:3.3, with a 

mean value of R = 1:1.5. The excellent results obtained for the 

proteins in this study (R ~ 1:5) suggest that this technique has 

the potential to provide a precise tool to study a large number of 

proteins and peptides.  

In contrast to difference spectroscopy of tryptophan and 

tyrosine residues, this method probes the microenvironment of 

phenylalanyl residues in terms of absolute values - the positions 

of Phe signals on the wavelength axis. Therefore, different 

sets of data can be easily compared. For example. the degree 

of unfolding in various chaotropic  agents  can  be  

quantitatively  compared.  With  such precise determinations, 

however, we cannot rule out the possibility that a different 

instrument or alternative models of the derivative spectrum 

may yield results which are shifted with respect to those 
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presented  in  this  work. Any comparisons should  he 

preceded, therefore, with a determination of the derivative 

peak position of N-acPheOet in standard solvents and a 

determination of the slope of  a  plot  of  this  position  as  a  

function  of  added  perturbant. Similarly, disparity  in  results  

due to  different  temperatures  must be considered.  Despite  

these  shortcomings,  the  availability  of  a technique that 

specifically  monitors phenylalanine microenvironments has a 

potential to provide new insights into the unfolding/refolding   

pathways   of   proteins.  Currently,   only tryptophan and 

tyrosine are monitored by difference, absorption or 

fluorescence spectroscopy. This approach could be especially 

interesting, since phenylalanine residues tend on the average 

to be significantly more buried than the other two aromatic 

side chains (26). As is usually the case with such techniques, 

better results will be obtained with fewer Phe residues.  
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4.  Effects of the molecular microenvironments on the 

ultraviolet  spectra of tryptophan and tyrosine  

Wplyw otoczenia molekularnego tryptofanu i tyrozyny na 

ich widma w nadfiolecie  

 

4.1   Summary 

 

In order to study the effect of microenvironments on the 

spectra of aromatic amino acids a method for deconvolution of 

the near-uv second-derivative  spectra  of  proteins  was  

developed.  In  this approach, the second-derivative spectra of 

tryptophan and tyrosine model compounds are  numerically  

shifted  to  create  a  set  of reference spectra corresponding 

to anticipated peak positions in protein environments of 

different  polarity.  The  relative  contributions of these 

individual standard spectra are varied until the best fit  to  the  

experimental  protein  spectrum  is obtained.  Separate addition 

of tryptophan and tyrosine standard spectra, weighted by their 

contributions as determined in the fitting procedure, yields an 

accurate representation of the spectra of these residues in 

proteins, The  position  of  the  intersection  of  these  

spectra with  the wavelength axis  is  used  as  a  measure  of  

spectral position  in ethylene  glycol perturbation  experiments  

in which the  average solvent accessibility is assessed by 

relating the observed shifts in the tryptophan and tyrosine 
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spectra to the shifts observed for corresponding model 

compounds. The phenylalanine peak positions in the set of 16 

proteins studied are also determined. For all three aromatic 

residues in proteins, no consistent correlation between 

absolute spectral band positions and average solvent 

accessibility is observed, suggesting a significant influence of 

other local (e.g., electrostatic) effects on near-uv spectra of 

proteins. The maximum spectral shift observed between solvent -

exposed model compounds and side chains entirely buried in 

apolar protein core was found to be approximately 5 nm for 

tyrosine, 4 nm for tryptophan, and 2 nm for phenylalanine 

residues.  

 

Streszczenie  

Nowa metoda analizy widm różniczkowych drugiego rzędu 

została opracowana w celu badania wpływu otoczenia na 

widma aromatycznych aminokwasów. Widma różniczkowe 

drugiego rzędu modelowych  reszt  tryptofanu  i  tyrozyny  

zostaly  poddane przesunięciu w celu uzyskania zestawu widm 

porównawczych reprezentujących otoczenia o różnej 

polarności. Względne udziały tych  indywidualnych  widm  

standardowych  były  iteracyjnie modyfikowane aż do 

uzyskania najlepszego dopasownia widma modelowego  do  

widma  pomiarowego.  Oddzielne  dodanie standardowych  

widm  trytofanu  i  tyrozyny,  zgodnie  z  ich wględnymi 

udziałami  ustalonymi  w  procesie  dopasowywania 
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doprowadza do uzyskania wiernej reprezentacji pozycji widm 

tych reszt w widmie białka uzyskanym eksperymentalnie. 

Pozycja przecięcia skali odciętych służy jako miernik pozycji 

widma w doświadczeniach perturbacyjnych z użyciem glikolu 

etylenowego, w których wględna ekspozycja tych reszt do 

otoczenia  jest oznaczona na podstawie porównania z widmami 

modelowymi. Pozycje pasm fenyloalaniny w zestawie 16 widm 

białkowych są rownież oznaczone. Dla żadnych z trzech reszt 

aromatycznych aminokwasów  nie  znaleziono  zależności  

pomiędzy  pozycją widma i stopnia ekspozycji do otoczenia, co 

sugeruje że inne czynniki, na przykład elektrostatyczne, maja 

również wpływ na widma białek w nadfiolecie. Maksymalne 

przesunięcie pozycji widm składowych aminokwasow 

aromatycznych wynioslo 5 nm dla tyrozyny, 4 nm dla 

tryptofanu i 2 nm dla fenyloalaniny.  

 

 

4.2 Introduction 

 

Changes in the conformation of proteins are both a 

ubiquitous natural  phenomenon  and  a  subject  of  extensive  

biochemical analyses. One of the original methods employed 

to detect such changes takes advantage of the fact that 

aromatic residues (Phe, Tyr, Trp) are scattered at moderate to 

low frequency throughout the structure of most proteins. If a 

change in conformation causes the microenvironment  of  
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one  or  more  of  these  uv-absorbing chromophores to be 

altered, then a change in the near-uv spectrum (250-300 nm) of 

the protein may be produced. This approach has largely   been   

superseded,   however,   by   methods  such  as fluorescence 

spectroscopy since the fluorescence properties of Trp, the  

primary source of  intrinsic  fluorescence  emission  of  most 

proteins, undergo much larger changes in both the position 

and magnitude of the emission peak in response to 

microenvironmental polarity   alterations.   This   is   

somewhat  unfortunate, since information from Phe and Tyr 

residues is generally unavailable in such  fluorescence  

measurements.  Recent  advances  in  near-uv spectroscopy 

suggest that this technique should be reexamined in this  

regard.  In  particular,  the  ability  to  obtain  high-resolution 

derivative  spectra  potentially  provides  a  method  by which 

the environments of each of the three aromatic side chains 

might be monitored with sufficient accuracy and sensitivity 

that the small shifts commonly seen during protein 

conformational changes could be characterized.  

Second-derivative near-uv spectroscopy has proven 

useful in examining various aspects of protein structure (1), 

partly due to its unique ability to resolve spectral bands of 

each of the aromatic amino acids.  The  fact  that  second-

derivative  spectra  obey the Beer-Lambert law and broad non-

aromatic spectral features are effectively suppressed has 

permitted quantitative analysis of phenylalanine,  tyrosine,  and  
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tryptophan residues  in  native proteins (2-4). In a powerful 

demonstration of the utility of this approach, Levine and 

Federici (5), using a microprocessor-equipped, diode-array  

spectrophotometer,  demonstrated  that  the  content  of 

tryptophan,   tyrosine,   and   phenylalanine   residues   can   

be simultaneously quantitated  by multiple  linear  regression 

of the second-derivative  spectra  of  guanidine  hydrochloride-

unfolded proteins, employing second-derivative spectra of model 

amino acid derivatives as standards.  

Although the dependence of protein second-derivative 

spectra on conformation has been extensively utilized to 

investigate protein structure (e.g. 6-11), the first generally 

applicable  method was described by Ragone at at. (12). These 

investigators employed the ratio  between two second-

derivative peak to peak distances to evaluate the average 

polarity of the microenvironments of tyrosine residues. This 

method was used to estimate the average exposure of  tyrosine  

residues  to  solvent (e.g. 13-20).  Since  protein tryptophan 

side chains are usually less exposed than the more polar tyrosine 

residues and their spectral features are less sensitive to 

solvent polarity, development of similar methods for Trp 

residues has proven difficult. In the case of phenylalanine, 

however, it has been demonstrated that by determining the 

maximum of a fitted polynomial, the peak positions of Phe 

second-derivative spectra can be measured with sufficient 

accuracy (~0.02 nm) to monitor changes in the 
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microenvironments of these residues during protein 

conformational transitions (21,22). In this chapter we 

demonstrate that fitting a set of systematically shifted second-

derivative spectra of Trp and Tyr model compounds to the 

actual second-derivative spectra of proteins allows the 

deconvolution of Trp and Tyr spectral components. By 

comparison of spectral band positions with those  induced  by  

ethylene  glycol  in  model  compounds,  the intrinsic polarity 

of Trp, Tyr, and Phe protein microenvironments can  be probed  

and  the  average  solvent  accessibility  of  these aromatic side 

chains can be estimated.  

 

 

4.3 Materials and Methods 

 

Materials  

Aldolase from rabbit muscle (23), α-amylase (24) and 

apyrase from potato (Solarium  tuberosum),  azurin  from  

Pseudomonas aeuroginosa (25), catalase  from   bovine   liver

 (26),chymotrypsinogen A from bovine pancreas (27), 

glyceraldehyde-3-phosphate   dehydrogenase   from  chicken  

muscle (28), α-lactalbumin from bovine milk (29), lysozyme 

from chicken egg white (30), ovalbuminfrom chicken egg (31), 

pepsin from porcine stomach mucosa  (32), bovine apo-

transferrin  (33),  and trypsin inhibitor  from  soybean (34)  
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were  purchased  from Sigma (St. Louis, MO) and used without 

further purification. Aromatic amino acids and their derivatives 

as well as other chemicals were also purchased from Sigma. 

Humanized monoclonal antibodies IgG A and IgG B as well 

as recombinant tick anticoagulant  peptide (35,36) were 

produced by recombinant techniques within Merck & Co. and 

purified to greater than  99% apparent homogeneity. A 

buffer containing 6 mM sodium phosphate and 120 mM 

sodium chloride at pH 7.2 was used in all experiments.  

Spectrophotometry  

All data were collected at room temperature using a 

double-beam diode-array Hewlett-Packard 8450A 

spectrophotometer interfaced to a personal computer. 

Pathlengths of 5 and 10 mm were employed in double-and 

single-compartment quartz cuvets, respectively.  Spectral  

acquisition  times  were  typically 50 s, resulting in an 

average of 100 spectra. Concentrations of model compounds  

and  proteins  were  adjusted  so  the  maximum 

absorbance in the near-uv did not exceed 1. In ethylene 

glycol solvent  perturbation  experiments, 40 ul of 

concentrated  stock protein or amino acid solution was added 

to 400 u1 of buffer and the  mixture  was  titrated  with  

ethylene  glycol.  To  maintain  a constant  chromophore 

concentration,  an appropriate  amount  of concentrated protein 

or amino acid solution was added after each ethylene glycol 

addition using a Hamilton syringe equipped with a stepwise 
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dispensing device. The response of the peak positions of model  

aromatic  amino  acid  compounds  to  ethylene  glycol 

perturbation was found to be linear in the 0 to 80% range 

only. Therefore, ethylene glycol concentrations greater than 

80% were avoided. Spectral shifts expressed in units of 

nanometers per 100% ethylene glycol were calculated by 

extrapolation from the 0-50% linear range. The concern that 

ethylene glycol itself may perturb the  average exposure of 

aromatic amino acids through protein structural  alteration  

has  been  discussed  previously (37).  In principle, if any such 

conformational changes occurred, this should be manifested in a 

nonlinear spectral response to ethylene glycol concentration. In 

fact, employing 5% ethylene glycol concentration interval steps 

and multiple measurements, no systematic deviations from 

linearity were observed up to 50% ethylene glycol content for all 

proteins examined.  

The peak positions of N-acetyl-L-tryptophanamide (0.3 mM), 

N-acetyl-L-tyrosinamide (2 mM), and N-acetyl-L-phenylalanine 

ethyl ester (10 mM) were measured in an aqueous buffer before 

and after 10-fold  dilution,  which  spanned  the  range  of  

concentrations employed in this study. No shifts were detected 

implying lack of aggregation  of  these  amino  acids in  the  

concentration  range employed. 

Light Scattering  

To assess the aggregation state of the proteins, the 

intensities of scattered  light  from  protein  solutions  were  
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measured  using  a Malvern  4700 spectrometer  equipped  

with a 5-W argon laser operating at 488 nm. A power of 500 

mW and photomultiplier tube aperture of 300 um were used.  

For particles much smaller than the wavelength of the 

incident light,  the  angular  dependence of the scattered light  

intensity is negligible and for dilute solutions the excess 

Rayleigh ratio Rex  can be written as  

 

                    Rex = (4 π2no2/λo4No)(dn/dc)2cM                  (4.1) 

 

where  no  is  the  refractive  index  of  the  solvent, λo is  the 

wavelength of the light in vacuum (nm), No is Avogadro’s 

number, dn/dc  is  the  refractive  index  increment (ml/g),  

c  is  the concentration (mg/ml), and M is the molecular mass 

(38,39). The excess  Rayleigh  ratio  depends  on  the  

particular  experimental design, but it can be easily determined 

by comparing the sample scattering  intensity with the  

intensity scattered from a standard solvent of known Rayleigh 

ratio, such as toluene (Rex = 3.1 x 10E-5) (38).  After  

substitution  and  rearrangement  of  Eq. [4.1],  the following 

result is obtained:  

 

                   M = 1240 I/Io (dn/dc)2c                                  (4.2) 
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      We have analyzed dc/dc values of 21 globular proteins 

available from the literature (40). These values were determined 

at 436, 546, 578, and  589 nm in aqueous buffers at neutral 

pH a trend of decreasing dn/dc with increasing wavelength 

from 0.192 ± 0,003 at 436 nm to 0.185 ± 0,004 at 589 nm is 

observed. Linear regression yielded the equation dn/dc(λ, nm) 

= 0.2123 -λ*4.65 *10-5. Using this relationship, a value of 

0.190 at 488 nm was calculated, The small deviations between 

dn/dc values between this relatively large number of proteins 

suggest that the latter value can be considered a constant when 

employed to estimate the molecular weight of water-soluble, 

globular proteins. We routinely use this approach to assess the 

aggregation state of highly purified recombinant proteins 

observing typical error margins of less than 2%. Dollinger at 

al. (41) report similar accuracy using an equivalent method 

calibrated against well-characterized proteins rather than a 

standard solvent. 

     Using this method we found that most of the proteins 

employed in this study were in their native oligomerization 

state (monomer or tetramer)  as  reported in the  literature.  

The  exceptions  were α−amylase with an apparent molecular 

weight of approximately 530,000 (the  actual  Mw  of  the  

monomer   is 56,091)  and glyceraldehyde-3-phosphate 

dehydrogenase with an observed Mw of 539,000 (the Mw of 

the monomer is 35,762). The Mw of potato apyrase was found 

to be approximately 22,000 and assumed not to be aggregated.  
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Data Analysis  

Second-derivative spectra in the 250- to 300-nm range 

collected at 1-nm intervals were calculated employing a five-

data point, quadratic-cubic formula (42,43).  

Second-derivative data from 255 to 260 nm were analyzed 

using a BASIC program to calculate the position of the 

phenylalanine peak, as described previously (21). For the 

determination of peak positions of tryptophan and tyrosine, 

second-derivative spectra in the 270- to 300-nm range were 

fitted to a discrete set of four model tryptophan and five tyrosine 

spectra incrementally shifted at 1-nm intervals (Figure 1). 

These spectra are taken to represent the spectral properties of 

indole and phenol side chains in environments of increasing  

hydrophobicity (see  below).  Thus, the  spectra  of proteins 

are represented as mixed population distributions with the 

relative occupations of the five Tyr and four Trp states 

reflecting their respective polarity distributions, Initially, the 

intensity of all nine standard spectra was varied until the best 

least-squares fit was found. In the case of ethylene glycol 

titrations, the concentrations of fitted standards were varied with 

the only restriction that the Trp and Tyr content was held 

constant. In both unrestricted and fixed concentration  fits,  a  

standard  steepest  descent  approach  was employed.  
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4.4 Results 

 

 The normal (zero-order) and corresponding second-

derivative spectra of N-AcTrpNH2, and N-AcTyrNH2 in 

aqueous buffer are shown in Figure 1. The additional red-

shifted  derivative  spectra shown were  numerically   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.   Normal (zero-order)   spectra (top)   and   their 
corresponding second-derivative spectra (bottom) of 360 uM 
N-AcTrpNH2 (left) and 78 mM N-AcTyrNH2 (right) in aqueous 
buffer at 20 oC. The left-most spectra were experimentally 
obtained while the remaining spectra were generated by shifting 
this spectrum by 1-nm intervals and multiplication by a scalar. 
These 1-nm-interval second-derivative spectra were used to 
reconstruct the spectra of the mixtures of N-AcTyrNH2 and N-
AcTrpNH2, in the presence of various  ethylene  glycol 
concentrations.  The  intersection  of the second-derivative 
spectra with the abscissa near 286 nm (Tyr) and 288 nm (Trp) 
was used to monitor spectral positions.  
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created  from  the  original  measured spectra (the left-most 

spectra in Figure 1) through shifting by 1-nm steps and 

multiplication by an arbitrary scalar. The increase in the 

magnitudes of the red-shifted spectra was introduced to 

simulate the increase which actually occurs when Trp and Tyr 

are exposed to more apolar environments (e.g., by ethylene 

glycol addition). This choice of standard spectra which will 

be employed in the modeling of actual protein spectra is based 

on the work of Ragone and colleagues (12), who 

demonstrated that the relative magnitudes of the various 

peaks in the second-derivative spectra of Trp are  independent 

of environmentally induced  spectral shifts.  To access the 

potential extent of solute-induced spectral shifts and changes 

in peak magnitudes, both N-AcTrpNH2 and N-AcTyrNH2 were 

titrated with ethylene glycol, ethanol, and guanidine-HCI (not 

illustrated).  The  magnitude  of  the  induced  spectral  shifts  

in wavelength  varied  in  the  order  ethylene  glycol>  

ethanol> guanidine-HCl while increases in peak height varied 

in the order ethanol > ethylene glycol > guanidine-HCI. Thus, 

the relationship between the solute-induced wavelength shifts 

and peak intensity increases appeared to be dependent on the 

nature of the perturbing solute. Ethylene glycol was chosen as a 

spectral modifier for more extensive analysis because of its low 

chaotropic activity (12) and the linear response displayed by 

the aromatic amino acid spectral positions up to 80% (v/v) 
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solute concentration (see below, Figure 3). This agent causes a 

linear increase in the intensity of the second-derivative peaks 

of both Trp and Tyr with such changes occurring by factors of 1 

+ 0.15n and 1 + 0.08n, respectively (where n is the induced 

spectral shift in nanometers).  

     To test the ability of these model spectra combined with a 

fitting algorithm  to  characterize  the  polarity  of  aromatic  

side  chain environments, double-compartment cells were used 

to simulate the natural  heterogeneity  of  the  environments  of  

Trp  and  Tyr  in proteins. Equally, uv-absorbing amounts of 

N-AcTrpNH2 and N-AcTyrNH2 were placed  in  80% ethy-

lene  glycol  in  the  back compartment to represent buried 

residues. To simulate the behavior of solvent-exposed Trp 

residues, an equal amount of N-AcTrpNH2 was placed in an 

aqueous buffer in the front compartment and titrated with 

ethylene glycol. After each addition, near-uv spectra were 

collected, second-derivatives were calculated, and the 

potential contributions from standard spectra (Figs. 1C and 1D) 

were varied  until  their  sum  best  resembled  the  second-

derivative spectrum of the actual sample. The resulting 

concentration of each standard at each titration step is shown 

in Figure 2A. As expected, the distribution of tyrosine standard 

spectra remains essentially unchanged, while the tryptophan 

spectra initially manifest a wide distribution  which  gradually  

evolves  into  a  more  homogenous population of spectra 

primarily composed of red-shifted species (spectra 3 and  4). 
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Small amounts (<2%) of the unshifted Trp standard (spectra 

1) corresponding to N-TrpNH2 in aqueous buffer are retained in 

the final fitted distribution reflecting the error introduced by the 

use o the discrete 1-nm spacing of the standards. Similar 

results were obtained in an analogous experiment in which Tyr  

microenvironments  were  varied (Figure 2B).   In   each 

minimization  the  total  second-derivative  protein  spectrum  

was generated  by  addition  of  all  the  standards  according  

to  their optimal best-fitted amounts. With knowledge of the 

complete distributions shown in Figure 2, reconstruction of 

individual tryptophan and tyrosine spectra was performed. 

This provides information about the spectral properties of each 

residue without interference from the other. The positions of 

the  intersection  of  these  second-derivative  spectra  with  the 

wavelength axis near 286 nm for Tyr (ascending line, see Figure 

1D) and near 288 nm for tryptophan (descending line, see 

Figure  1C) were chosen as measures of Trp and Tyr spectral 

positions. This permitted concise presentation of the average 

Trp and Tyr peak shifts during solvent perturbation 

experiments (Figure 3).     The only significant  deviations  

from  linearity  are  seen  in  the  Tyr  experiments  at  low  

ethylene  glycol  concentrations  reflecting  the increased 

spectral heterogeneity seen under these conditions (Figure 2B) 

and to a lesser extent at the highest perturbant concentrations as 

a consequence of small experimental or fitting errors.  
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Figure 2. The concentrations of each of the standard 
spectra (see Figs 1C and 1D) used to obtain the best least-
squares fit at each step of an ethylene glycol titration of (A) N-
AcTrpNH2 solution or (B) N-AcTyrNH2 placed in the front 
compartment of a double-sector cell.  To simulate residues 
in apolar protein interiors, the back compartment contained 
equally uv-absorbing amounts of N-AcTrpNH2 and 
NAcTyrNH2 in 80% ethylene glycol. The ethylene glycol  
added  to  the  front  compartment  contained  equimolar 
amounts of the appropriate model amino acid.  
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Figure 3. Positions of the second-derivative spectral Trp 
and Tyr components during ethylene glycol titrations 
reconstructed from the data in Figure 2. The intersections of 
second-derivative spectra with the wavelength axis were 
used as a measure of spectral positions.   Squares,  N-
AcTrpNH2;  circles,  N-AcTyrNH2;  open symbols, titration of 
N-AcTrpNH2; solid symbols, titration of N-AcTyrNH2.  

 

 In  preliminary  studies  with  actual  protein  solutions,  it  

was determined that red shifting all of the standard spectra 

by 1 nm prior to fitting produced the best results, presumably 

due to the fact that the protein peak positions are more red-

shifted than the spectra of model compounds in ethylene 

glycol. The second-derivative spectra of a typical  protein 

(IgG) in aqueous buffer and  50% ethylene glycol are shown 

in Figure 4A. Even prior to deconvolution it  can be seen that 
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there is an ethylene glycol-induced shift in the 280- to 288-nm 

region while the negative peak centered at about 292 nm 

remains relatively unchanged. This suggests that the 

environment of Tyr but not Trp residues in this protein is altered 

by the presence of the perturbant (see also Figs. 1C and 1D). 

This is confirmed by deconvolution since only the resolved 

Tyr spectra differ  between  0 and  50% ethylene glycol (Figs.  

4B and  4C). Spectral shifts  for  aromatic  residues  as  a  

function of ethylene glycol concentration are shown in Figure 

5. The observed dispersion of experimental data again probably 

has its origin in the use of discretely rather than continuously 

shifted model spectra.  

 To examine the relationship between the micro-

environments of the aromatic side chains  in proteins and  

their  near-uv spectral properties, a series of Trp, Tyr, and Phe 

derivatives as well as 16 proteins were analyzed by the 

methods described above. In Figs. 6A-6C, the positions of the 

second-derivative peaks for Trp, Tyr, and Phe for these 

substances obtained by deconvolution of their native spectra 

are plotted versus the spectral shift induced by the equivalent 

of 100% ethylene glycol obtained by extrapolation of linear 

data between 0 and 50% perturbant. The latter number is 

taken as a measure of the solvent accessibility of the aromatic 

side chains. One might naively predict a linear relationship 

between these two quantities. Thus, the proteins might be 

expected to fall on a line drawn between totally exposed 
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chromophores (points 1-5) and proteins in which the relevant 

side chain was completely buried in a highly apolar 

environment. For example, the single Trp of azurin (point 9) is 

known to be completely surrounded by apolar residues and 

could therefore serve as such a reference point (25).  

      Inspection of Figs.  6A-6C, however, immediately 

reveals that this simple relationship does not exist, with most 

of the proteins blue-shifted from such a hypothetical line. The 

distance from this diagonal can be taken as a measure of the 

average deviation of the particular population of residues from 

ideal behavior. 

 One possible explanation  for  these  shifts  could  be  the  

presence  of  nearby charged or polar amino acid side chains, 

which would increase local polarity. Several other 

observations are worth noting. First, there  is  significant  

dispersion  in  the  values  for  simple  model aromatic 

compounds (points 1-5), suggesting that despite the 

presumably  complete  exposure  of  these  side  chains,  

local microenvironmental  effects  upon  spectra  are  still  

significant. Second, there are significant solute-induced spectral 

shifts seen for all three aromatic side chains with a range of 

0.7, 0.7, and 0.5 nm seen for Trp, Tyr, and Phe, respectively. 
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Figure 4. (A) Second-derivative uv spectra of IgG A in 
aqueous buffer (open circles)  and  50% ethylene glycol  (solid  
circles). Reconstructed spectra based on B and C below are 
shown by dashed and solid lines, respectively.  (B) 
Reconstructed tyrosine spectrum  using  the  subset  of  the  
total  standard  distribution obtained  from A in aqueous 
buffer  (dashed  line)  and  in 50% ethylene  glycol (solid  line).
 (C)  The reconstructed  tryptophan spectra obtained as in B; the 
two spectra overlap.  
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Figure 5. The spectral positions of the Trp, Tyr, and Phe 
reconstructed spectra of IgG A (see Figs. 1 and 4) upon 
titration with ethylene glycol (solid circles). Each data point 
is an average of three  measurements,  The  shifts  observed  
upon titration  of  N-AcTrpNH2, N-AcTyrNH2, and N-acetyl-
phenylalanine ethyl ester are shown as open circles. Solid lines 
represent least-squares fits to the data.  
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 As expected, a somewhat tighter distribution is seen for the 

model compounds. Significantly, all four proteins exhibiting 

Trp exposure larger than 20% possess structural features 

which can be used to rationalize this observation: the active 

site of lysozyme (#14) contains partially exposed indole side 

chains. The conformation of pepsin (#18) is altered at neutral 

pH. In fact, the apparent tryptophan exposure of pepsin 

dropped below 10% when measured at pH 2.2 (not shown), a 

more native condition for this protein. Tick anticoagulant 

peptide (#19) and trypsin inhibitor (#21) are both relatively small 

peptides and as such lack the structural  bulk  of  most  globular  

proteins.  The majority of the remaining proteins, as 

expected, manifest only marginal indole-solvent accessibility. 

The observed wide range of blue shifts away from the 

hypothetical diagonal is consistent with Trp sensitivity to 

local electrostatic effects and the natural heterogeneity of 

Trp environments in multi-Trp containing proteins. In contrast 

to tryptophan, few tyrosine side chains are unresponsive to 

solvent perturbation. In addition, much larger shifts more widely 

distributed from the diagonal are observed, presumably 

reflecting greater variability in the polarity of the 

microenvironments of these residues. Like tryptophan, the 

proteins with substantially exposed phenylalanine side chains 

do not fall into the category of compact, globular proteins; in 

addition to pepsin (#18), chymotrypsinogen A (#11) is expected 

to be destabilized at neutral pH, while catalase (#10) contains 
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significant cavities and trypsin inhibitor (#21) is relatively 

small. The remaining proteins manifest only marginal Phe-

solvent  accessibility  and,  in  contrast  to  Trp  and  Tyr  side 

chains, only small blue shifts.  
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Figure 6. (please see the previous page) (A) Plot of 
spectral shifts  of the  reconstructed Trp spectra versus initial 
peak position determined by deconvolution of the second-
derivative spectrum of samples titrated with ethylene glycol 
from 0% to  50% in 5% steps, Three measurements were 
performed at each concentration and each was an average of 
100 spectra  acquired  over  a 50-s  acquisition  time  The  
standard deviations of the spectral shift  values  obtained  
from the linear regression fits to the ethylene glycol 
perturbation plots are less than the size  of the  digits  
indicating  the  particular  sample. 1, Tryptophan; 2, L-
tryptophanamide; 3, L-tryptophan ethyl ester; 4, N-
acetyltryptophanamide (N-AcTrpNH2); 5, tryptophan-alanine; 
6, aldolase; 7,  β-amylase; 8, apyrase; 9, azurin; 10, catalase; 
11, chymotrypsinogen   A; 12,   glyceraldehyde-3-phosphate   
dehydrogenase; 13, α-lactalbumin; 14, lysozyme; 15, IgG A; 16, 
IgG B; 17, ovalbumin; 18, pepsin; 19, tick anticoagulant 
peptide; 20, transferrin; 21, trypsin inhibitor, (B) Plot of the 
extent of ethylene glycol-induced  shifts  in  reconstructed  
tyrosine  spectra  versus initial  peak  positions,  the  numbers  
are  identical to  those  in A except tyrosine substitutes for 
tryptophan in the model compounds Some proteins are omitted 
due to unfavorable Tyr/Trp absorbance ratios at 280 nm 
(<1:3). (C) Plot of the extent of the ethylene glycol-induced 
shifts in the second-derivative spectra for the 257 to 259-nm 
Phe-negative peak versus initial spectral position in aqueous 
buffer. In this case, phenylalanine replaces tryptophan in the 
model compounds (#1-5) Some proteins are omitted due to 
unfavorable Phe/(Tyr + Trp) absorbance ratios at 260 nm (<1:5).  

 

 

4.5 Discussion 

 

 Incorporation of aromatic amino acids into proteins produces 

red shifts  and  increases  in  the  molar  absorptivity  of  their  
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near-uv spectra (44). This is at least partially a direct 

consequence of the decrease in the dielectric constant of the 

aromatic side chains in tertiary structure-induced local 

microenvironments. This significantly complicates prediction 

of the near-uv spectral properties of proteins based on the 

spectra of their constituent amino acids. The average molar 

absorptivities of aromatic amino acids in actual proteins, 

however, have been obtained through statistical analysis of a 

large set of experimentally determined protein extinction 

coefficients. The resulting extinction coefficient values of 5540 

and 1480 M-1 cm-1 at 280 nm for tryptophan and tyrosine 

residues, respectively, permit surprisingly accurate  calculation  

of protein extinction coefficients (45). Comparison of these 

values to those for N-AcTrpNH2 and N-AcTyrNH2 in dilute 

salt solutions, 5390 and 1185 M-1 cm-1 at 280 nm, respectively 

(46), suggests a much greater   sensitivity   of   tyrosine   

residues   to   their   protein microenvironments. Indeed, in 

this work we observed a 40% and 20% absorptivity increase 

in the zero-order spectra of Tyr model compounds upon 

perturbation by 80% ethanol and ethylene glycol, respectively, 

while Trp absorptivity increased only approximately 10% in 

both cases. The opposite was true in second-derivative 

spectra:  Trp  compounds responded with approximately  50% 

and 30% peak  magnitude  increases  upon  perturbation  with 

80% ethanol and ethylene glycol, respectively. The analogous 

increases for tyrosine second-derivative peaks were only 
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approximately 30% and 15%, respectively (not illustrated), 

Inspection of the zero-order spectra reveals this to be the result 

of a more enhanced sharpening of the  Trp  peaks compared 

to Tyr when they are exposed to increasing amounts of 

organic solvent. Like the zero-order peak intensity sensitivity 

to the polarity of the solvent, however, the phenol groups 

manifest a greater shift than Trp when spectra of solvent-

exposed and buried side chains are compared. Unlike Trp and 

Phe residues, which in the majority of proteins appear to be 

extensively solvent occluded, the hydroxyl group of Tyr tends 

to result  in  a  portion  of  these  residues  being  present  on  

protein surfaces, but these results suggest that the ring  itself 

must still often be on the average in a substantially apolar 

environment.  

As seen in Figure 6, the shift between solvent-exposed and 

buried side chains was approximately 5 nm for Tyr, 4 nm for 

Trp, and 2 nm for Phe. By comparison, shifts per 100% 

ethylene glycol perturbation were approximately 3.2 nm for 

tyrosine, 2.1 nm for tryptophan, and 1.4 nm for phenylalanine 

side chains (Figure 5). These values represent the shifts 

expected for fully solvent-exposed side chains.  Smaller 

values are obtained  for proteins  in solvent perturbation 

experiments. Fractions of residues exposed to the solvent can be 

simply estimated by dividing the observed shift (per  100% 

ethylene glycol) by the corresponding value of fully solvent-

exposed  model compound.  We  note that  the  shifts  of 
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tyrosine spectral bands in the presence of Trp residues obtained 

in the fitting process are somewhat lower than expected in the 0-

50% ethylene   glycol range (see Figure 3). For more accurate 

determinations  of the  solvent  exposure  of Tyr  as  well as 

Trp residues, a mixture of model compounds simulating the 

Trp/Tyr ratio in the protein studied should be employed to 

obtain the shifts expected for fully solvent-exposed residues. 

These values should then be used to calculate the average 

fraction of solvent -exposed residues.  

One of the interesting observations of this work is that 

only a few proteins manifest the spectra that would be expected 

if spectral properties were simply controlled by the bulk 

polarity of protein interiors and relative solvent accessibility. 

This suggests that the aromatic amino acid peak positions in the 

spectra of native proteins acquired in aqueous buffer frequently 

reflect specific electrostatic effects from neighboring residues or 

the polar amide backbone.  

 The ability to simultaneously resolve all three aromatic 

spectral components does add a potentially powerful tool 

for studying protein  conformational changes and  ligand  

interactions.  In this case, the precise interpretation of peak 

positions is less important than the ability to detect the 

participation of a particular class of aromatic residues in the 

phenomenon of interest. For example, we have  used  this  

method  to  establish  the  involvement  of  both tryptophan 

and tyrosine residues in the binding interface between an 
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FK506 analog and an FK506-binding protein  (unpublished 

data). Furthermore, abrupt changes in the microenvironments 

of the  individual  aromatic  amino  acids  occurring  upon  

protein unfolding should allow the detection of potential 

intermediates through nonidentity of the unfolding profiles for 

the three aromatic residues. Using this approach, differences in 

the rate of exposure of tyrosine and phenylalanine residues 

were observed in superoxide dismutase, where the absence of 

tryptophan considerably simplified analysis (22).  

 The fluorescence spectra of most proteins are dominated by 

Trp emission (47). Fluorescence emission spectral shifts upon 

burial of indole side chains in protein interiors may be as 

large as 40 nm. Tyrosine interference may be excluded by 

excitation above 295 nm, allowing Trp peak positions to be 

accurately determined. Contributions to total protein 

fluorescence spectra from individual tryptophan   residues    

vary   greatly    depending    on   the microenvironment of 

the individual side chains, with both static and   dynamic   

quenching   processes   further   complicating interpretation.  

Nevertheless, Trp  fluorescence  peak  position  is usefully 

employed as a measure of the average degree of Trp solvent 

exposure and consequently as a sensitive probe of protein 

conformation. The Trp fluorescence peak positions of the 

proteins  employed  in  this  work  were  therefore  measured 

(322—337 nm) but, in most cases, no correlation with 

average solvent exposure as determined by ethylene glycol 
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perturbation was found (not illustrated). The four proteins 

which demonstrated the  largest  Trp  exposure  in  solvent  

perturbation  experiments (lysozyme,  pepsin,  tick  

anticoagulant  peptide,  and  trypsin inhibitor),   however,   

manifested   relatively   red-shifted   Trp fluorescence 

maxima between 342 and 346 nm. For comparison, peak 

maxima of various Trp derivatives all fell between 352 and 

355 nm. Thus, it does appear that extreme cases of Trp 

exposure can be recognized in the fluorescence spectra of 

aqueous protein solutions.   Nevertheless,  analogous  to  the  

peak  shift/solute perturbation situation in uv spectroscopy 

described above, relative solvent   exposure  appears  better   

accessed   in   fluorescence experiments by solute-induced 

quenching studies.  

In  summary, direct  deconvolution of the  near-uv spectra  

of proteins,  based  on  recent  progress  in  instrumentation  

and computational ability,  may offer  some  unique 

advantages. The microenvironments  of  all  three  aromatic  

amino  acids  can  be simultaneously   and   precisely   

monitored,   with   both   the measurement and data analysis  

invoked by a single  computer command. When combined 

with solvent perturbation experiments, this approach can 

potentially examine the relative dependence of spectral  band  

positions  on  solvent  accessibility  and  the  local, average 

microenvironment of each aromatic residue type. This 

information may be especially useful in many situations in 
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which ligand  binding  and  conformational  transitions  

cause  unique spectral changes in one or more of these three 

distinct signals.  
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5.   Determination  of  Average  Values  of  the  

Extinction Coefficients of Tryptophan and Tyrosine in 

Proteins 

Wyznaczenie średnich wartości współczynników 

absorbcji tryptofanu i tyrozyny w białkach  

 

5.1 Sumary 

Spectroscopic  measurement  of protein concentration 

requires knowledge of the value of the relevant extinction 

coefficients. If the  amino  acid  composition  of a  protein  is  

known,  however, extinction coefficients can be calculated 

approximately, provided that  the  values  of  the  molar  

absorptivities  for  tryptophan  and tyrosine residues in the 

protein are known. We have applied a matrix linear  

regression  procedure  and  a  mapping  of  average absolute 

deviations between experimental and calculated values to find 

molar extinction coefficients (εM, 1cm, 280 nm) of 5540 M-1 cm-
1 for tryptophan and 1480 M-1 cm-1 for tyrosine residues in an 

"average" protein, as defined by a set of experimentally 

determined extinction coefficients for more than 30 proteins. 

Use of these values  provides  a  significant  improvement  in  

extinction coefficient estimation over that obtained with the 

commonly used values obtained from solutions of model 

compounds in guanidine-HCl. The consistency of these results 
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when compared to the large deviations  often  observed  

between  experimentally  determined extinction  coefficients  

suggests  that  this  method  may  offer acceptable accuracy in 

the initial estimation of molar absorptivities of globular proteins.  

 

Streszczenie 

 

Pomiar stężenia białka przy użyciu spektroskopii 

absorbcyjnej w nadfiolecie wymaga znajomości współczynnika 

absorbcji danego białka.  Jeśli  struktura  pierwszorzędowa jest 

znana, współczynnik absorbcji  danego  białka  moze  być  

oszacowany  na  podstawie znajomości współczynników 

absorbcji składowych aminokwasów aromatycznych tryptofanu i 

tyrozyny, zakladajac że te ostatnie są znane z wystarczajacą 

dokladnością. Regresja liniowa połączona z rachunkiem  

macierzowym  oraz  analiza  średnich  odchyleń pomiędzy 

danymi eksperymentalnymi i obliczonymi na podstawie wartości  

modelowych  zostały  zastosowane  do  wyznaczenia molarnych  

współczynników  absorbcji (εM, 1 cm, 280 nm). Wyniosły one 

5540 M-1cm-1 dla reszt tryptofanu i 1480 M-1cm-1 dla reszt 

tyrozyny w "przeciętnym" białku, charakteryzującym się 

średnimi  parametrami  z  zestawu  ponad 30  białek  uprzednio 

opisanych w literaturze. Zastosowanie tych wartości jest 

istotnym postępem  w  szacowaniu  współczynników  absorbcji  

białek  w porównaniu  do  dotychczasowo  używanych  
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współczynników otrzymanych   na   podstawie   pomiarów   w   

chlorowodorku guanidyny. Zwiekszona dokładność i precyzja w 

porownaniu do dużych  rozbieżności  pomiędzy  wartościami  

współczynnikow oznaczonych uprzednio  przez  różne  

laboratoria  sugeruje,  że  ta metoda może zapewnic 

wystarczajacą dokladność, szczególnie w początkowych fazach 

prac badawczych nad danym białkiem.  

 

5.2 Introduction.  

 Determination of the concentration of an aqueous protein 

sample is most simply performed by measuring its absorbance 

in the near-ultraviolet region. This requires, however, the 

knowledge of the protein’s  specific  extinction  coefficient  at  

a  given  wavelength, which, in turn, must be determined by 

some other method of assessment of the concentration. Dry 

weight determinations are often considered the preferred 

method (1), but nitrogen determinations (2,3), spectral 

methods (4,5), and amino acid analysis as well as Bradford 

(6) and Lowry (7) colorimetric techniques are also employed.  

Unfortunately,  results obtained  in different  laboratories 

frequently vary by as much as 10% (see, e.g, Table 1: 

alcohol dehydrogenase,  insulin,  human  serum  albumin,  

trypsin).  In addition, a relatively large amount of potentially 

scarce purified protein must be employed. With the 

development of molecular cloning techniques, knowledge of 
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primary structure often becomes available at an early stage in 

the investigation of a protein. This suggests that calculation 

of a native, folded protein’s extinction coefficient  based  on  

the  known  sequence  might  provide  an attractive alternative 

to experimental methods. Wetlaufer (1), in his classic  review  on  

the  ultraviolet  spectroscopy  of  proteins  and amino acids 

more than 30 years ago, first pointed out the utility of the 

calculation  method  and used the extinction coefficients  of 

the aromatic amino acids and cystine in water to estimate the 

molar absorptivities of several proteins. Since the more relevant 

values of derivatives with blocked amino- and carboxyl-groups 

in less polar solvents were not yet known at the time, the 

differences between calculated and observed absorptivities 

frequently differed by more than 10%. Recently, Gill and von 

Hippel (8) demonstrated that the use of the extinction 

coefficients of N-acetyl-L-tryptophanamide (5690 M’ cm-1), 

Gly-L-Tyr-Gly (1280 M-1 cm-1), and cystine (120 M-1 cm-1) in 

6 M guanidine-HCl at 280 nm decreases the average error  to 

about 5% in such estimates. This error must partially reflect  

the  fact  that  the  extinction  coefficients  of  the  aromatic 

amino acids are environmentally sensitive and are therefore 

not precisely modeled by values measured in guanidine-HCl 

solution (which do work well for estimating  extinction  

coefficients  of unfolded proteins). We have therefore 

obtained estimates of the average extinction coefficients of 

tryptophan and tyrosine as they exist in native proteins from a 



 86

matrix deconvolution analysis of over 50 experimentally 

determined extinction coefficients (from 32 proteins). It is 

found that the value for tyrosine is approximately 15% greater 

than that previously assumed (1480 vs. 1280 M-1 cm-1) while 

that for tryptophan  is  in  reasonably  good agreement (5540 vs. 

5690 M-1 cm-1). The use of these new values significantly 

improves estimates of protein extinction coefficients when 

back-compared to the original data base and enhances our 

ability to calculate the extinction coefficients of proteins from 

their amino acid compositions and sequences.  

 

5.3 Materials and Methods 

 

Carbonic anhydrase from bovine erythrocytes, 3X 

crystallized β-lactoglobulin from bovine milk, α-lactalbumin 

from bovine milk, 3x crystallized chicken egg lysozyme, 

ribonuclease A from bovine pancreases, trypsin and trypsin 

inhibitor from bovine pancreases, alcohol  dehydrogenase  

from  yeast,  bovine  serum albumin, 2x crystallized papain 

from papaya, human transferrin, and oxidized glutathione were 

purchased from Sigma. Crystalline human serum albumin was 

obtained from Calbiochem. Bovine α−A2-crystallin and α-B2-

crystallin were purified as described by van Kleef et al. (9), 

Bovine γII-crystallin was purified according to Bjork (10) as 

modified by Thomson et al. (11). All crystallins were obtained 

from lenses of animals  2-3 years old. A buffer containing  
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50 mM sodium phosphate and 0.02% sodium azide (pH 7.0) 

was used in all  spectroscopic  determinations.  Spectra  were 

obtained  with a diode-array,    dual-beam   uv/vis   

Hewlett—Packard 8450A spectrophotometer as described 

(12). Standard, unmasked 0.3-ml quartz cuvettes were 

employed and a spectral acquisition time of 10 s was used. 

Spectra were transferred as ASCII files through an RS-232C  

interface  to  an  IBM  PC,  where  a  LOTUS 1-2-3 

spreadsheet program was used to calculate absorbance ratios 

and estimate light-scattering contributions to the spectra. Expe-

rimentally   determined   molar   extinction   coefficients, 

wavelengths of maximum absorbance, molecular weights, and 

the number of tryptophan,  tyrosine,  and  cysteine  residues  

for  the proteins employed in this study are listed in Table 1. 

Throughout this work, molar extinction coefficients are given 

in units of M-1 cm-1. 

 

5.4 Results and Discussion  

The absorption spectrum of a protein is the sum of the 

spectra of all  constituent  chromophores  in  their  individual  

environments. Most of the absorption of proteins in the range 

from 250 to 300 nm originates from tryptophan and tyrosine 

residues. Phenylalanine absorbs weakly below 275 nm and 

cystine has a broad, weak absorbance in the near-uv region 

(1). Although model compounds for the chromophoric amino 

acid side chains are available and their molar absorptivities 



 88

have been established (13), their use in the calculation  of  

protein  extinction  coefficients  requires  careful 

consideration of the influence that their immediate protein 

environment might have on their spectra. In particular, changes 

in the polarity of the microenvironments of these chromophores 

result in shifts  and  changes  in  molar  absorptivity  of  

spectral  bands. Unfortunately, the overlap of the spectral 

bands of tryptophan and tyrosine residues does not permit the 

accurate evaluation of molar absorptivities of these side chains 

in a given protein. The use of statistical  methods,  however, 

allows one to extract such values from a  set  of  protein  

spectra. Thus, we have employed the experimentally  

determined  values  of 81  protein  extinction coefficients and 

corresponding sequence data for 32 proteins (see Table 1) to 

this end.  

 

Evaluation of Non-aromatic Contributions to Near-uv 

Spextra of Proteins  

  Using an extinction coefficient for cystine in water of 110 

(16) and comparison of spectra of equimolar solutions of 

GSSG in water and 100% ethylene glycol,  the  extinction  

coefficient  of cystine  in  the  latter  solvent  was  estimated  

to  be 134.  The corresponding value in 100% ethanol is 135 

(16). Since most of the cystine residues in proteins are buried in 

the hydrophobic core, we chose to use the value of 134 as the 

molar absorptivity of this compound at 280 nm in 
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extracellular proteins. It was also assumed that  the  Cys  

residues  exist  in  a  reduced  state  in  intracellular proteins 

and therefore no correction was applied to these proteins. Since 

the molar absorptivity of cystine at 280 nm is only about 

2~4% of that o tryptophan at the same wavelength, 

discrepancies due to exceptions from this general rule should  

not  exceed  a fraction of a percent in most cases.  

 For proteins readily available (see Materials and Methods), 

the apparent  optical  density  from  light  scattering  at 280 nm 

was determined from a linear plot of log wavelength vs. log 

optical density from 320 to 350 nm (a region in which only 

scatter is assumed to produce optical density). This relationship 

then permits calculation of the light scatter component at any 

wavelength (15). It was found that the apparent light 

scattering contribution was especially significant  for α-A2 

and α-B2 crystallins  (5 and  7%, respectively), which are 

multimeric proteins of molecular weight in the range of 

600,000—1,000,000 Da (17). For the remainder of the proteins, 

the light-scatter component did not exceed 2%, except for serum 

albumins, where it was approximately 3%.  

 An observed elevated baseline (4%) of the trypsin 

inhibitor uv spectrum was probably due to an unknown 

impurity rather than light  scattering,  since  a  quasielastic  

light-scattering  analysis revealed a hydrodynamic radius of 

approximately 20 A, the value expected for this small  

monomeric globular protein. Since the values  of 
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experimental extinction  coefficients  in Table 1 were directly 

taken from either the Handbook of Biochemistry (16) or Gill  

and  von Hippel’s work (8),  and  both  contain  no  explicit 

information in this  regard,  we limited  ourselves to  

performing light-scattering correction only for the  α-

crystallins. Taking into consideration the modest correction 

(5-7%) for these very large proteins and the linear 

dependence of the intensity of scattered light on the 

molecular weight of solutes, in most cases potential errors 

should be negligible.  

  Most extinction coefficients of proteins are determined at  

280 nm.  In  some  instances  in  the  literature,  however,  

maximum absorbances   are   reported   at   neighboring   

wavelengths. Measurement of the spectra of several such 

proteins allowed us to calculate the corresponding values at 280 

nm by utilizing the ratio of absorbances at 280 nm and the 

experimental wavelength (see Table  1). The values of the 

molar absorptivities at  280 nm of cystine and any light-

scattering component obtained as described above were simply 

subtracted from the experimentally determined values of the 

protein extinction coefficients at 280 nm prior to further analysis.  

 

 For any protein, on the  basis  of the  Beer-Lambert  law,  

the extinction coefficient at any wavelength can be written as  

 

E= Σi=1 to k (ai*mi) ± R  
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where ai is the  experimentally observed  normalized  residue 

extinction  coefficient  of  the  i-th  residue,  mi  is  the  number  

of residues of each type in the protein, and R is the error 

associated with the determination. For a protein void of 

prosthetic groups, between 270 and 300 nm, k has a maximal 

value of 3 because only tryptophan,  tyrosine  and  cystine  

contribute  significantly to  the absorbance in this region.  

 Having a set of n proteins, we wish to choose the 

coefficients aj to minimize the sum of squares (S) of the 

differences between the observed extinction coefficients of 

proteins (Ei) and corresponding values calculated employing 

various values of aj:  

 

S = Σ i=1 to n [Ei- Σ j=1 to k (ajmij)]2  

With the assumption that the variances of Ei are given, the 

above expression leads to the matrix equation (14):  

 

M = (NTφ-1N)NTφ-1E  

where M is a k x l array containing the least-squares estimates 

of extinction coefficients of k chromophores, N is a k x n 

matrix containing the numbers of residues of type 1…. k,     in 

each of n proteins, φ is an nxn square diagonal matrix 

containing variances of the  determination of Ei,  i=1,... .,  n,  

and  E  is  an  nx1  array containing experimentally determined 
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extinction coefficients for n proteins. Superscripts T and -1 

denote transposition and inversion matrix operations, 

respectively.  

  Matrix  φ  is  introduced  to  improve  the  reliability  of  

the operation,  since  the  variance  of  the  value  at  each  data  

point determines the extent to which that data point 

contributes to the final result (14). In this application the 

role of the matrix φ is merely to ensure that all experimental 

extinction coefficients have the  same significance,  regardless  

of  absolute  value.  Thus, the values of the variances were 

arbitrarily set to 5% of the value of each experimentally 

determined extinction coefficient,  

  The  matrix  deconvolution  method  described  above,  

when applied simultaneously to all 81 values in Table 1, yielded 

average extinction coefficients at 280 nm of 5560 for 

tryptophan and 1460 for tyrosine residues,  

 

Mapping  the  Values  of  the  Average  Deviation  

Between Experimental and Calculated Extinction Coefficients 

of Proteins as a Function of the Assumed Molar Absorptivities of 

Tryptophan and Tyrosine  

 

 To further  examine  the  credibility  of  the  values  

calculated above, we define the average deviation of 

experimental extinction coefficients from calculated ones as  
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Avg dev = (100/n) Σ i=1 to  n abs[Ei- Σ j=1 to k (ajmij)]  

where abs denotes absolute value, Ei the experimental 

extinction coefficient of the ith protein, k the number of residues 

of jth type in the i-th protein, and aj the extinction coefficient of 

the k-th residue. The average deviation, as defined here, will 

have a considerably positive  value (reflecting  discrepancies  

between individual data points) since the absolute values of 

individual deviations are being averaged.  

Table 2. Molar Absorptivities  of Tryptophan  and  

Tyrosine  Residues Found in the Mapping of Average 

Deviations.  

 

Proteins Trp Tyr 

All entries 5520 1490 

1-27 5810 1490 

28-54 5540 1490 

55-81 5350 1500 

Average 5500 1493 

 

Note: All values are in units of M-1 cm-1.  

 

After correction for light scattering and cystine 

absorbance, we calculated values of the above average 

deviation from 1200 to 1540 M�� cm�� for tyrosine and from 
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5400 to 5800 M�� cm�� for tryptophan for each combination of 

the above at intervals of 10. Values of 5520 M-1cm-1 for 

tryptophan and 1490 M-1cm-1 for tyrosine were found to 

produce the minimal average deviation, The value for 

tryptophan residues is essentially identical (less than 1% 

difference)  to  that  obtained  from the  least-squares 

deconvolution procedure, while the results for tyrosine differed 

by only 2% between the two methods.  

      To further test the consistency of these results, we 

arbitrarily divided  the  proteins  into  three  groups  of 27  

each (taken consecutively from Table 1) and performed a 

search for the minimal average deviation within each of these 

groups. Since the proteins in Table 1 are listed in alphabetical 

order, assignment of these entries into three groups in a 

consecutive manner ensures random, unbiased selection. The 

results for tyrosine are essentially  identical (Table  2), while 

the values for the tryptophan extinction coefficient are 

somewhat lower than expected in the third group. Examination 

of the proteins in this group (Table 1, proteins 25 to 32, entries 

55 to 81), however, reveals that most of them contain relatively 

less tryptophan than the proteins in the first two groups, 

making this result more vulnerable to experimental  

deviations  in  the  data.  Nevertheless, the standard 

deviation for these determinations was still 2.0% for 

tryptophan and only 0.3% for tyrosine, confirming that the 
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values found in the global search represent accurate averages 

of the extinction coefficients of tryptophan and tyrosine 

residues in proteins. A least-squares  matrix calculation 

applied to these three groups yielded  similar  results.  By  

averaging  the  results  of  the  two methods of calculations, we 

obtain molar extinction coefficients at 280 nm of 5540 M�� cm�� 

or tryptophan and 1480 M�� cm�� for tyrosine residues.  

The above values were then used to recalculate the 

extinction coefficients  of  the  same  proteins.  These  values  

of  calculated extinction  coefficients  are  reported  in  Table 

1.  Significant deviations  between experimental extinction 

coefficients and the calculated  values  are  evident  for  

several  proteins.  However, deviations of comparable 

magnitude between experimental values for one protein have 

been found in many cases. For example, extreme values of 

34,500 and 41,300 are found for trypsin with a range  of  

intermediate  values.  The  average  deviation  between 

experimental and calculated values for all of the data, 

however, was only 0.2%. In contrast, if values for N-AcTrpNH2 

(5690 at 280 nm) and Gly-L-Tyr-Gly (1280 at  280 nm) in  6 

M guanidine-HCl were used, the average deviation between 

experimental and calculated extinction coefficients was -4.0%, 

suggesting that one or both extinction coefficients for model 

tryptophan and/or tyrosine residues  in  guanidine-HCl  are  

not  representative  of  these chromophores in proteins. In 
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fact, it was the observation that the deviations  between  

experimental  and  calculated  values  are correlated with the 

relative Tyr content (using the Tyr extinction coefficient of 

1280 M-1cm-1 at 280 nm) that originally prompted us to seek a 

more accurate value.  

 

 

 

 

 

 

 

 

 

Figure 1. The absolute average deviations between 
experimental and calculated extinction coefficients determined 
separately for each protein of Table 1 with at least  four 
independent  experimental determinations   plotted   versus   
the   corresponding   standard deviations of the experimental 
values for each of these proteins.  

 

       For each protein  with at  least  four  different  

experimentally determined  extinction  coefficients,  we  

tested  the  results  for correlation between the standard 

deviation in experimental values and the average of the 

absolute values of the deviations between calculated and 

experimental extinction coefficients (Figure 1). Both these 
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measures are highly correlated (R = 0.94) and the straight 

line produced by a least-squares fit intercepts the Y scale at a 

point less  than 0.3% from the zero point  on the X scale. 

This is consistent with the assumption that the values of the 

experimental extinction coefficients deviate randomly from 

real values. If they deviate systematically, the data points 

should fall off of the diagonal, suggesting that the experimental 

extinction coefficients used were incorrect.  Furthermore, if  

the  standard  deviation  of  the experimental values for a 

protein was 2% or less, the difference between experimental 

and calculated values was, on average, at most about 2%. 

This was true for several very well-characterized proteins, 

including α-lactoglobulin, α-lactalbumin, lysozyme, 

ribonuclease, and  bovine  serum  albumin.  We  also  note  

that lysozyme and α-lactalbumin have a high tryptophan 

content, while ribonuclease and bovine serum albumin are rich 

in tyrosine. Thus, the  above  values  of  extinction  

coefficients  for  both  of  these residues, calculated on the 

basis of 32 proteins of widely varying tryptophan to tyrosine 

ratios, seem to represent both internally and externally 

consistent numbers. Note that proteins frequently have 

absorption maxima (Amax) that differ slightly from 280 nm. If 

one wishes to use one of these wavelengths (most commonly 

276—282 nm), the extinction coefficient can first be 

calculated at 280 nm and then multiplied  by the  ratio  

Amax/A280  (obtained  from the spectrum of the protein) to 
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estimate the new value at Amax. In a preliminary study of five 

recombinant proteins, we have found that calculated extinction 

coefficients using this method agree within 2% with  the  

values  obtained  experimentally  using  replicate quantitative 

amino acid analysis. Significant error will be expected in  

certain  situations,  however.  For  example,  if  the  absorption 

spectrum of a protein is dominated by disulfides and 

contains contributions  from  few  aromatic  residues,  larger  

differences between  calculated  and  measured  extinction  

coefficients  are expected to occur. Furthermore, if a 

protein’s near-uv spectrum results  primarily  from  one  or  

a  few  tyrosine  residues,  the environmental sensitivity of 

this side chain reduces the utility of the average protein 

tyrosine values employed in this method. A good example of 

this problem is found with insulin (Table 1), in which the  

presence  of  exposed  tyrosine  residues  and  several 

disulfides produces calculated extinction coefficients which 

differ significantly  from  experimental  values.  We  also  note  

that  for insulin,  the  average  deviation  from calculated value  

(>10%) is much larger than the standard deviation  between 

experimental values (<4%). Analysis of the uv spectrum of 

insulin reveals that it is approximately 2 nm blue-shifted 

compared to ribonuclease A, confirming the assumption that an 

atypical solvent exposure of Tyr residues  is  responsible  for  

this  anomaly.  Additional  caveats concerning the use of this 

general approach are discussed in Gill and von Hippel (8).  
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Immediate Determination of Protein Concentration from 

Near-uv Spectra.  

Knowledge  of  the  extinction  coefficients  of  

tryptophanyl, tyrosyl,  and  cystinyl  residues  in  proteins  

permits  immediate calculation of the molar concentration of a 

protein sample, from its A280 value,  provided that appropriate 

corrections for  non-protein spectral components and light 

scattering are made. The use of linear regression of log optical 

density vs. log wavelength (15) can be  simplified  using  a  

two-wavelength  approximation.  A more intensive graphical 

linear extrapolation method is often employed for this  purpose 

but this simplification,  which does not greatly compromise 

the accuracy of the  estimation  of the  non-protein optical  

density  correction,  enhances  the  ease  of  use  of  this 

approach. Briefly, the usual log-log relationship, log A =slope x 

log λ + intercept, λ =320, 321…350, is applied to only 320 

and 350 nm to determine the slope and intercept which are then 

used to calculate  the  non-protein  contribution  at 280 nm. 

With such aprocedure, we obtain: 

 

Ac,280=10 (2.5 log A320 - 1.5 log A350)  
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where Ac,280, A320, and A350 are the optical density values at 280, 

320, and 350 nm, respectively. This formula yields essentially 

the same results as linear regression of the complete range 320 

to 350 nm, provided that the noise levels do not exceed about 

10%, and the baseline is properly corrected, viz. there is 

vertical offset that may originate from non-ideal cell alignment 

or cell contamination.  

By combining the values of molar extinction 

coefficients of natural protein chromophores determined in 

this study with the above equation, we obtain the formula for 

calculation of the molar concentration C of a protein sample,  

              A280- 10 (2.5 log A 320 -1.5 log A350) 

C= ----------------------------------------------- 

          5540 TRP + 1480 TYR + 134 S-S  

 

 

where log denotes the decimal logarithm, A280, A320, and A350 

are the optical density  (apparent absorbance) readings with a  

1-cm path length at the indicated wavelengths, and TRP, TYR, 

and S-S, are the numbers of tryptophan, tyrosine, and cystine 

residues in the protein molecule.  

 

5.5  Concluding remarks  

 In  summary,  by  statistical  analysis  of  a  large  

number  of experimental extinction coefficients, we found 
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estimated values of molar absorptivities of tryptophan and 

tyrosine residues at 280 nm of 5540 and 1480 M-1cm-1,  

respectively.  The  finding  that essentially  the  same  values  

of  the  extinction  coefficients  are obtained from three 

independent, randomly selected subsets of a literature data 

base provides strong evidence for the validity of the derived 

values. The availability of these values should permit a more 

precise calculation of the extinction coefficients of globular 

proteins in their native state and should be advantageous 

when only a limited amount of protein which one wishes to 

retain for experimental purposes is available. Such situations 

are often the case in the early stages of many investigations. 

Even if traditional methods of  concentration  determination  

are  applied  to  obtain experimental   extinction   

coefficients,   the   results   of   such measurements  usually  

contain  significant  error,  often  of  the magnitude produced 

by the calculation method. Thus, the use of a calculated protein 

extinction coefficient based on the residue extinction  

coefficients  of  this  work  may currently  be  considered 

acceptable for estimation of the concentration of newly 

isolated protein samples.  
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6.    Second derivative spectra as probes of protein 

structure 

 Widma  różniczkowe  drugiego  stopnia  jako  

mierniki struktury białek  

6.1 Summary 

The  precise  wavelength  reproducibility  of  diode-

array  uv spectrophotometers opens new opportunities for the 

utilization of this  ubiquitous  method for the monitoring of 

protein structural transitions.  We demonstrate that  the  second  

derivative  spectral shifts as small as 0.01 nm can be reliably 

detected to allow precise thermodynamic analysis. Since the 

changes in the aggregation state are simultaneously detected by 

zero-order analysis, this approach offers  an  advantage  of  

simplicity,  precision,  and  low  sample requirement.  

Streszczenie 

Odtwarzalność  widm  w  nadfiolecie  uzyskiwana  

poprzez użycie spektrofotometrów z detektorami diodowymi 

otwiera nowe możliwości zastosowania spektroskopii 

różniczkowej (najczęściej drugiej pochodnej) do analizy 

wpływu zmian strukturalnych białek na reszty 

aromatycznych aminokwasów. Wykazano że przesunięcia 
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widm w nadfiolecie rzędu 0.01 nm są wykrywalne i mogą 

być wykorzystane do  precyzyjnych analiz  parametrów termo-

dynamicznych. Jako że zmiany asocjacji (powstawania lub 

rozpadania sie zlepków)  sa  równocześnie  wykrywane  

przez spektroskopię rzędu zerowego (normalne widma), to 

podejście ma walory prostoty, precyzji i niskiego zużycia 

próbek.  

 

 

6.2 Introduction 

The spectral shifts induced by changes in the polarity of 

the microenvironments of aromatic amino acid chains 

demonstrate that in well defined native state with fixed 

neighboring residues the uv spectrum of a protein should be 

unique. Structural changes of significant magnitude could 

potentially result in the perturbation of these native 

microenvironments and produce corresponding shifts in spectral 

components.   In fact, this principle was employed in the early  

years  of  protein  science  to  study protein  conformational 

transitions,  as  most of the biophysical methods that are in 

use today were not yet in existence (1-3). As a consequence of 

the high reproducibility  and  sensitivity  of  contemporary  

diode-array spectrophotometers  and  powerful  computational  

abilities,  such shifts can be quantified to an accuracy and 

precision approaching 0.01 nm. This is about 1/500 of the 
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total shift expected for the incorporation of the free amino 

acids into a totally apolar protein core (4).   Despite the 

general availability of instrument offering higher resolution, 

such as differential scanning calorimetry (DSC), Fourier-

transform  infrared  spectroscopy (FTIR),  or  nuclear 

magnetic  resonance (NMR), a rapid  and  readily available  

uv determination may be useful in the context of 

biopharmaceutical development.  

 

6.3. Materials and methods  

Chicken egg lysozyme was purchased from Sigma (St. 

Louis, MO). Hewlett-Packard 8452 diode-array 

spectrophotometer was used. The instrument's software was 

used to calculate derivative spectra.  These  spectra  were  

transferred  to  a  Microsoft  Excel workbook where the 

positions of the intersects were calculated.  

6.4 Results and Discussion 

A convenient way of measuring uv band positions is 

the calculation of the intersect of the second derivative spectra 

with the abscissa (X-axis) (Figure 1). Since the second derivative 

spectra "oscillate� around the X=0 line,  such  intersects  are  

independent  of  protein  concentration. Removal of light 

scattering  components  or  baseline  drifts  by calculation of 
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second derivatives helps to ensure that these factors do not 

affect the analysis.  Figure 2 shows changes of the values of 

such intersects during the thermal unfolding of lysozyme. The 

position of the intersect at 20 deg C is a characteristic value for 

the native state, i.e. changes of  this  value  indicate  alteration  

of  the  tertiary  or  secondary structure  of  a  protein  or  an  

interaction  with  a  ligand.  The increasing values of the 

intersect between 20 deg C and 60 deg C (red shift) reflect in 

part the degree of solvent exposure, since the dielectric 

constant (and thus the polarity) of water decreases with 

increased temperature.  

 

 

 

 

 

 

 

 

Figure. 1. Second derivative spectrum of lysozyme, 
calculated using  Savitzky-Golay  algorithm (5),   using  a 5  
data  point calculation window size (with 2 nm bandwith), 
and a 3-rd degree fitting polynomial. Hewlett-Packard 8452 uv 
spectrophotomer was used to acquire the spectra. See the legend 
of Figure2 for details of intersect calculation. 

-0.6
-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4

270 280 290 300 310

wavelength (nm)

dA
2/

dl
2 

(E
-1

)

A

B

λ



 108

 

 
 

 

 

 

 
 

 

 

  

Figure  2.    The  position  of  X-axis  intersect  of the  
second derivative  spectra  of  lysozyme  as  a  function  of  
temperature. Intersect position = λ + i *A/(A+B), where A, B = 
2nd derivative values before and after intercept, respectively (see 
Figure 1), λ = wavelength before intersect, i = data point 
interval (2 nm). The data is analyzed using the following 
equations: ∆G(T)= -RT ln K, where K=[folded]/[unfolded], 
where R=1.98  cal  mol-1  K-1 (gas  constant), T is absolute 
temperature (oK).  Enthalpy change and heat capacity change is 
estimated by fitting to the following equation: ∆G(T)=∆Hm(1-
T/Tm)-∆Cp[(Tm-T)+T*ln (T/Tm)], where ∆Hm = enthalpy 
change, ∆Cp = apparent heat capacity change, Tm  = 
midpoint temperature of unfolding. 

 
At unfolding temperatures, progressive exposure of 

aromatic amino acid chains to the aqueous environment results 

in a decrease of the intersect position. Fitting the Gibbs-

Helmholtz equation to data in the transition region supports a 

two-state mechanism of unfolding and yields transition 
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midpoint as well as estimates of the entalphy of unfolding, 

provided that the transition is reversible. It is interesting to 

note that the precision of these determinations is 

approximately 0.01 nm, while the data acquisition 

wavelength interval is 2 nm. This results from the extreme 

accuracy of the determination of absorbance values at each 

data point before and after  the  axis  intersect (which are  

being  employed  in  the interpolation to determine the 

position). As a more extensive data base correlating changes of 

second derivative intersects with changes in far-UV CD and 

FTIR spectra is being gathered (6), the derivative measurement 

has the potential to detect tertiary structure changes prior to  

spectral  alterations  detected by these more secondary structure-

sensitive techniques.  
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7.     Second-Derivative Absorption Spectroscopy 

Analysis of DNA and Protein Mixtures 

        Analiza   mieszanek   DNA  i   białek   za   

pomocą spektroskopii widm różniczkowych drugiego 

stopnia  

 

7.1 Summary 

 

 We have employed near-uv second-derivative spectra of 

DNA, N-acetyl-L-tryptophanamide,  N-acetyl-L-tyrosinamide,  

N-acetyl-L-phenylalanine ethyl ester,  and phenol in a matrix 

least-squares multicomponent  analysis  algorithm  to  detect  

the  presence  of tryptophan,  tyrosine,  phenylalanine,  

and/or  phenol  in  DNA preparations. With this method, each 

of these compounds can be detected in a DNA sample 

(absorbance, 0.1) at absorbance levels of less than 0.002. In 

practice, the presence of proteins can be detected at 

absorbance levels of less than 0.003. Using second-derivative 

spectra of proteins, contents of mixtures of proteins and DNA 

can be determined with less than 1% error. Mixtures of DNA 

and RNA can also be quantitatively analyzed with an error 

of approximately 2%. This technique can be easily implemented 

with computer-controlled  spectrophotometers equipped  with 

standard spectral analysis software. With pre-recorded standard 

spectra, the time of analysis does not exceed a few seconds.  
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Streszczenie  

 Widma absorbcyjne  drugiego  rzędu  w  nadfiolecie  

kwasów nukleinowych   oraz   zwiazków   modelowych   

aminokwasów aromatycznych tryptofanu, tyrozyny,  

fenyloalaniny i  fenolu zostały użyte w analizie 

wieloskładnikowej przy użyciu rachunku macierzowego    do    

jednoczesnego oznaczenia stężenia aromatycznych  

aminokwasów  w  mieszankach  dwu-  i trzy-składnikowych z 

kwasami deoksynukleinowymi (DNA). Używajac tej metody 

każdy z powyższych związkow może być wykryty w próbce 

zawierającej kwasy nukleinowe (absorbancja - 0.1) przy ich 

absorbancji na poziomie około 0.002. W praktyce obecność 

białek może być wykryta na poziomie ich absorbancji około 

0.003. Używając  widma  białek  jako  składników  analizy,  

zawartość mieszanek białek i DNA może byc oznaczona z 

dokładnością do 1%. Stężenia  składnikow  w  mieszankach  

DNA i RNA moga  być oznaczone z dokładnoscią do 2%. 

Niniejsza metoda może być łatwo wdrożona używajac 

aparatury pomiarowej   posiadającej detektory diodowe i 

sterowanej przez komputer z użyciem oprogramowania 

dołączonego  przez  producenta.  Jako  że  widma  

referencyjne  i ustalone  algorytmy  są  przechowywane  w  

pamięci  komputera, typowa analiza wymaga tylko kilku 

sekund.  
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7.2 Introduction.  

Near-uv derivative spectroscopy has been successfully 

utilized to resolve overlapping spectral bands of tryptophan, 

tyrosine, and phenylalanine  residues  in  proteins (1-4).  It  

has  also  been demonstrated that compounds possessing strong 

second- or higher-order derivative signals, such as the detergent 

Triton X-100 (5) and paraquat  (6), can be quantitatively 

analyzed in the presence of proteins.  Second-derivative  

spectroscopy combined  with  matrix linear regression has also 

proved useful in the analysis of protein mixtures (7). Due to 

the very strong overlap of protein and DNA absorbance bands 

in the near-uv region, the ratio of absorbances at two fixed 

wavelengths, usually 260 and 280 nm, is commonly used to 

detect the presence of proteins in DNA preparations and vice 

versa. This simple method is not effective for the detection of 

the common DNA extraction reagent, phenol, which has a 

260/280-nm ratio very similar to that of DNA. The capabilities 

of modern, microprocessor-controlled spectrophotometers  

permit  the  potential application of more rapid and accurate 

methods. Acquired signals are readily digitized  and  

mathematically  manipulated  within seconds by various 

spectral analysis software. In this work we examine the 

possibility of utilizing second-derivative spectra of mixtures 

of DNA and proteins and/or phenol in a least-squares matrix  

linear  regression  algorithm to  precisely  determine  their 

relative content. We find that multicomponent analysis of 
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second-derivative spectra of such mixtures permits sensitive 

detection of the presence of proteins and/or phenol with little 

associated user effort, given the availability of a few simple 

computer routines. In addition,  we  find  that  mixtures  of  

DNA  and  RNA  can  be quantitatively analyzed in a similar 

fashion.  

 

 

7.3 Materials and methods  

Highly polymerized DNA from calf thymus, transfer RNA 

type X from baker ’s yeast, α-lactoglobulin from bovine milk, 

ribonuclease A from bovine pancreas,  human serum 

albumin,  salmon and herring  sperm  DNA,  

polydeoxyguanidylic-deoxycytydilic  acid (poly(dG-dC) -    

poly(dG-dC)),   polydeoxyadenylic-deoxythymi-dylic   acid

 (poly(dA-dT) - poly(dA-dT)),   N-acetyl-L-tryptophan-amide

 (N-acTrpNH2),  N-acetyl-L-tyrosinamide (NacTyrNH2),   and   

N-acetyl-L-phenylalanine   ethyl   ester (N-acPheOet)  were 

purchased  from Sigma.  Dextran T  2000 was obtained  from  

Pharmacia  Fine  Chemicals. α-Crystallin  was purified  from  

calf  lens  as  described  previously (8).  All  other chemicals, at 

least reagent grade, were purchased from Sigma and were used 

as received. A buffer of  50 mM Tris-HCI, pH  8.0, 

containing 1 mM EDTA was used throughout. Molar 

extinction coefficients  l cm, Amax of 5690 for N-acTrpNH2, 
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1420 for N-acTyrNH2, and 197 for N-acPheOet (9) were 

employed. The molar extinction coefficient of phenol was 

found to be 1700. Extinction coefficients  E1%  1cm  of 8.0 for 

 α-crystallin, 6.0 for  human serum albumin, 20.9 for α-

lactoglobulin, and 6.95 for ribonuclease A were employed (9). 

The aromatic amino acid compositions of the studied proteins 

were obtained from the National Biomedical Research 

Foundation (NBRF) data base using the PRONUC program 

(Biosym Technologies).  

 

Spectral Analysis  

 Spectra  were  measured  with  a  double-beam,  diode-

array Hewlett—Packard 8450A uv/vis spectrophotometer (10). 

Standard, unmasked,  0.3-ml,  1-cm pathlength quartz cuvettes  

were used throughout.  Spectral  acquisition  time  was 10 s.  

Standard  data processing routines of the instrument’s 

microprocessor were used to calculate derivative spectra and 

perform matrix linear regression analysis.  The  running time 

of the pre-programmed sequence of commands performing 

complete spectral analysis was about 3s. Although the details 

of the algorithm employed by this instrument are not available, 

we obtained essentially the same results using a five data point 

span derivative calculation according to Savitzky and Golay 

and Steiner et al. (11,12), combined with a standard matrix 

linear regression procedure (13) employing a least-squares fit   
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of  the  experimental  mixture  spectrum  to  spectra  of  pure 

components (standards). Since the HP spectrophotometer 

employs an array of diodes as its detector, absorbance values 

at all wavelengths are acquired simultaneously with the 

spectrum acquisition time of about 0.5 s. Thus, longer 

measurements yield an average of a number of spectra. This 

permits calculation of the  standard deviation of measurement 

for each data point. Such information is readily utilized to 

weight the matrix linear regression against error levels 

throughout  the  spectrum (13),  further  improving  the 

accuracy of the quantitative analysis. Moreover, independence 

of standard spectra, relative fit error, and relative standard 

deviations for each analyzed component are estimated (14) and 

displayed on the  CRT  screen  of  the  instrument  along  with  

the  estimated concentrations of the constituent components. 

Since 51 data points (250 to 300 nm range, 1-nm spectral 

bandwidth) were used to determine the concentration of at 

most five components, such a procedure can be also considered 

a multicomponent analysis for an overdetermined system (14).  
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Figure  1.   Normal  (left)  and  second-derivative  (right)  
near-uv spectra  of  solutions  of  polydeoxyguanidylic-
deoxycytydilic acid (GC)  and  of  polydeoxyadenylic-
deoxythymidylic  acid (AT),  their  equimolar  mixture (OC-
AT),  and  a  highly polymerized DNA from calf thymus in 
50 mM Tris, pH 8, 1 mM EDTA, buffer. A seven data point 
smoothing procedure (11,12) was applied to the second 
derivative spectra.  

 

 

7.4. Results  

 

     Normal (zero-order) and second-derivative spectra of 

solutions of poly(dG-dC)  poly(dG-dC)  and  poly(dAdT)  

poly(dA-dT),  their equimolar mixtures, and a highly 

polymerized DNA from calf thymus are shown in Figure 1. 
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Although the zero-order data do not seem to contain 

significant  fine  structure,  the  second-derivative spectra 

exhibit well-defined, highly reproducible features. In the calf 

thymus DNA second-derivative spectrum between 240 and 

300 nm, five positive peaks at approximately 258, 268, 277, 

287, and 296 nm, and five negative peaks at 253, 259, 271, 

282, and 290 nm are found. The equimolar mixture of 

synthetic, double-stranded polynucleotides containing 

exclusively either AT or GC simulates quite well the second-

derivative spectrum of the DNA sample. The most significant 

differences appear to occur with peaks centered near 253 and 

271 nm, which vary in magnitude. As such discrepancies could  

distort  the  results  of  multicomponent analysis, only actual 

DNA samples were used as standards for the spectral analysis 

in further studies. Generally, a requirement for accurate 

results in a linear regression analysis is that the standard 

component spectra not resemble each other, i.e. they are not 

linearly dependent. We have measured both the zero-order 

and the second-derivative spectra of model compounds for the 

aromatic amino acids and phenol (Figure 2), The zero-order 

spectrum of N-acTrpNH2 has the most pronounced fine structure 

in the region from 280 to 295 nm, resulting in well-defined 

second derivative peaks. The chemical similarity of tyrosine 

and phenol results in the expected similar features of both zero -

order and second- derivative spectra, although they are shifted 

about 7 nm with respect to each other. This displacement is 
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sufficient to consider these spectra as independent in terms of 

utility in multicomponent analysis. N-acPheOet has the weakest 

absorption, with a molar extinction coefficient at 258 nm of 

only about 195. Well-defined fine structure, however, produces 

characteristic derivative peaks in the range from 245 to 270 nm, 

Comparison of the position of second-derivative peaks on the 

wavelength scale of all these compounds leads to the 

conclusion that their spectra are not linearly dependent and a 

linear regression method should be capable of resolving 

relevant spectra into components based on these constituents.  

Since the described method would be applied primarily to the 

analysis of actual DNA and protein mixtures, spectral shifts of 

all three aromatic amino acids due to the frequently decreased 

polarity of their microenvironments in proteins must also be 

considered. Matrix deconvolution of spectra of 15 globular 

proteins reveals that the average positions of the spectra of 

tryptophan and tyrosine residues in proteins can be 

approximated by the corresponding spectra of N-acTrpNH2 

and NacTyrNH2 in 100% ethylene glycol (19). Therefore, we 

used second-derivative spectra of these model compounds 

measured in 100% ethylene glycol as standards for 

multicomponent analysis. N-acPheOet manifests less than a 1-

nm red shift upon transfer  from aqueous buffer  to 100% 

ethylene glycol. Although preliminary experiments indicate that 

the position of the major phenylalanine second-derivative 

peak near 258 nm can be as high as 258.65 nm (19), the use 
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of the spectrum of N-acPheOet in 100% ethylene glycol with 

the corresponding peak position at about 258.20 nm was 

found to be sufficient to obtain accurate results.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Zero-order (left)  and  second-derivative (right)  
near-uv spectra of N-acTrp-NH2 (TRP), N-acTyrNH2, (TYR), N-
acPheOet (PHE), and phenol. The measurements were made 
with solutions of absorbance approx 1.0 and the spectra were 
normalized to 1 mM concentration. The zero-order spectrum of 
N-acPheOet was also magnified 10-fold for clarity (dotted line).  

 

  Having  defined  standard  derivative  spectra  for  

individual components of protein/DNA/phenol mixtures, we 

first examined changes in the magnitudes of peaks of both zero-

order and second-derivative  spectra  of  mixtures  of  DNA  

in  the  presence  of increasing amounts of phenol (Figure 3).  
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Figure 3. (Left) Normal (zero-order) spectra of mixtures of 
calf thymus DNA with phenol in 50 mM Tris, 1 mM EDTA, pH 
8, buffer Highest line, DNA only; lowest line, phenol only. 
DNA:phenol ratios  at Amax are indicated. (Right) Second 
derivatives of the corresponding spectra of DNA:phenol 
mixtures from the left panel.  

 
In solutions in which the contribution of phenol to the total 

absorbance is as small as 0.001 (DNA:phenol absorbance ratio, 

100:1) significant changes in the second-derivative spectrum 

of DNA are observed. Positive peaks near 267 nm and 

particularly near 277 nm are decreased due to the 

superimposition of the phenol negative second-derivative 

peaks near 268 and 276 nm. Such changes are quantified by 

a matrix linear  regression  analysis  to  yield  the  
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concentrations  of  the corresponding components. Further 

addition of phenol results in a gradual increase in the 

magnitude of the negative peaks near 268 and 276 nm, while 

the general shape of the spectrum, as well as the presence of 

minor positive peaks near  258,  287, and  296 nm, should 

allow determination of DNA content. One can recognize 

visually  the  presence  of  phenol  in  zero-order  spectra at  

an absorbance ratio of about 10:1, while the second- derivative 

pattern permits such recognition at the much lower ratio of 100:1.  

 The insensitivity of the second-derivative spectrum to  

broad spectral features contributes significantly to the marked 

increase in accuracy of multicomponent analysis over that 

obtained with the use of zero-order spectra. As a direct 

consequence of this, artifactual contributions such as light 

scattering and absorbance by buffer components  and  trace,  

non-aromatic  impurities  are minimized, and only the 

absorbance of chromophores with distinct spectral transitions is 

detected.  

To probe the ability of this method to resolve spectra of 

mixtures of DNA and phenol with proteins, we titrated a DNA 

solution of absorbance 0.1 with a stock solution of phenol, 

performing linear regression analysis using the standard 

derivative spectra indicated in Figure 4a. Although only phenol 

was experimentally introduced, the reference spectra of 

tryptophan, tyrosyl, and phenylalanyl side chains were 

included in the analysis. The lowest detectable level of phenol  
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Figure 4. Results of multicomponent analysis (a) and 
260/230- and 260/280-nm absorbance ratios (b) of a DNA 
solution (absorbance at  260 nm, 0.1) containing increasing 
amounts of phenol: (filled squares) - tryptophan, (open circles) 
- tyrosine, (open squares) - phenylalanine, (filled  circles) -  
phenol, (open diamonds) - ratio 260/230 nm, (filled diamonds) -
ratio 260/280 nm.  

 

occurred at a 100:2 DNA:phenol absorbance ratio. This linear 

regression analysis yielded the correct concentration of DNA in 

all of the samples with less than 2% error (not shown). 

Absence of all three protein aromatic amino acid 

chromophores was confirmed since the estimated amounts 

were zero within the experimental error (Figure 4a). Traditional 

methods for the detection of phenol contamination (the ratios of 

the absorbances at 260 and 230 nm and 260 and 280 nm of the  
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FIGURE 5. Results of multicomponent analysis (a) and 
260/230- and 260/280-nm absorbance ratios (b) of mixtures of 
DNA (absorbance at 260 nm, 0.1) with α-crystallin: (open 
circles) tryptophan, (open squares)  tyrosine, (filled  squares)  
phenylalanine, (filled  circles) phenol, (open triangles) ratio 
260/230 nm, (filled triangles) ratio 260/280 am. Absorbance 
ratios 260/230 am (crosses) and 260/280 am (x signs) of 
mixtures of DNA (absorbance at 260 nm, 0.1) and Dextran T 
2000 solution are also shown. The optical density of the 
Dextran component was varied from 0 to 0.1 at 280 nm. 

 

 

zero-order spectra) failed to detect the presence of phenol 

even at fairly high concentrations (Figure 4b). Mixtures  of  

DNA  (absorbance,  0.1)  with  α-crystallin were prepared to 
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test the ability of the method to detect the presence of protein  

in  DNA preparations.  Use  of  this  multimeric  protein 

provides a very rigorous test for this method since each of its 

three aromatic amino acids contributes significantly to the total 

protein absorbance and the chromophoric microenvironments of 

α-crystallin  are  known  to  be  heterogeneous (15,16).  This  

results  in extensive  canceling  of  its  tyrosine  second-

derivative  spectra between 270 and 285 nm. Well-defined 

tyrosine peaks at this range are restored upon unfolding in 6 M 

guanidine-HCl (7). Again, the concentration of DNA in these 

mixtures was established with an error  less  than 2%. As 

shown in Figure 5a, the tryptophan and tyrosine 

components were detected at absorbance levels of ap-

proximately 0.001 (DNA:amino acid absorbance ratio, 100:1), 

while  the  phenylalanine  component  was  detectable  at  

an absorbance of about 0.0005 (DNA:amino acid absorbance 

ratio, 200:1). α-Crystallin could be detected at absorbance 

values as low as 0.0025 (DNA:protein absorbance ratio, 40:1). 

No phenol could be detected within experimental error. Zero-

order absorbance ratios of these mixtures at 260/230 and 

260/280 nm are shown in Figure 5b. It   initially   appears   that   

these   measures  provide  an  equal opportunity for  protein 

detection, since they decrease steadily as the concentration of 

the protein is increased, In this case, however, quantitative 

protein determination appears to be questionable, since the  

ratios  do  not  change  linearly  with  protein concentration. 



 125

Moreover, changes in the values of these ratios maybe caused 

by non-protein spectral components.  

 

 

 

 

 

 

 

 

 

FIGURE 6. Relative standard deviation of the 
determinations of tryptophan (open  circles),  tyrosine (filled  
circles),  phenylalanine (open squares) (in α-crystallin), and 
phenol (filled triangles) in a DNA solution (absorbance at 260 
nm, 0.1) as a function of the absorbance at Amax, of each 
component.  

 

 

To illustrate such an effect, we prepared mixtures of a 

DNA stock solution (final absorbance value of 0.1) with a 

solution of Dextran T 2000, a polysaccharide of molecular 

weight ~2000 kDa (Figure 5b). Marked decreases in both the 

260/230- and the 260/280nm ratios were observed upon 

addition of this light scattering polymer. In  contrast,  linear  

regression  analysis  of  second derivative spectra found the 

expected amount of DNA and absence of both aromatic amino 

acids and phenol within less than  2% experimental error (not 
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shown). We have repeated all the above experiments using 

solutions of final  DNA absorbance of 0.01 and 0.5. The 

minimal levels of detection for both phenol and the aromatic 

amino acids did not significantly alter. We also tested 

mixtures of DNA and several other  proteins.  The  small  

amounts  of  phenylalanine  in α-lactoglobulin did not allow 

sensitive detection of this aromatic amino acid in this 

instance. In contrast, the high levels of tryptophan  absorbance  

allowed  detection  of α-lactoglobulin  at  an absorbance of 

0.002. Similar results were obtained with human serum 

albumin and ribonuclease A (tyrosine and phenylalanine 

detected).  

      The matrix linear regression method  also  permits  the 

concurrent determination of the relative standard deviation, 

which is  an estimate of the standard error occurring in the 

fit of each component (14). We found that if a particular 

component was not present, the relative standard deviation was 

well in excess of 100% (frequently reaching values of 1000%), 

providing a direct clue to its absence. On the other hand, the 

presence of a component caused the  value  of  the  

corresponding  relative  standard  deviation  to immediately 

drop below 100%. Figure 6 illustrates the dependence of 

relative standard deviations of several components on the 

absorbance of each chromophore in solutions of DNA 

(absorbance 0.1) containing α-crystallin (as a source of 

aromatic side chains) and  phenol.  As  expected,  the  relative  
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standard  deviation  for tryptophan  and  tyrosine  appears  to  

be  higher  than  that  for phenylalanine residues. For the 

former, standard spectra of model compounds taken in an 

arbitrary chosen solvent were fitted to a spectrum. Some 

precision is lost since the environmental heterogeneity of 

these side chains produces variability in their spectral 

properties. In the case of phenylalanine, however, the spectrum 

is relatively insensitive to solvent polarity and the majority of 

phenyl side  chains  in  proteins  are  buried (17),  producing  a  

relatively homogeneous  population.  Furthermore,  

phenylalanine  has  the strongest derivative signal per zero-

order absorbance at Amax (Figure 2). The situation with phenol 

is ideal, since the same compound was used for the spectral 

standard. Nevertheless, we observe that all four  

chromophores can be detected at levels of absorbance down 

to about 0.002. To validate the results of experiments in 

which the relative standard deviation is of the order of 50-

70% (absorbance   levels 0001),   multiple measurements   

are recommended.  

    We have also investigated the utility of this approach when 

the spectrum of the protein component  is known.  Mixtures 

of α-lactoglobulin and DNA (absorbance at  Amax of each, 

1.0) were prepared and analyzed by multi-component analysis 

using second-derivative spectra of pure DNA and α-lacto-

globulin as standards (Figure 7a). Average standard deviations 

from true values were about 0.9% for α-lactoglobulin and 0.4% 
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for DNA. Corresponding changes in the value of the 260/280-

nm ratio were not linear and produced  considerably  greater  

noise  levels (Figure 7b).  Similar results were obtained for 

mixtures of α-lactoglobulin and RNA, α-crystallin and DNA, α-

crystallin and RNA, human serum albumin and DNA, human 

serum albumin and RNA, and ribonuclease and DNA.  

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 7. Results of multicomponent analysis (a) and 

absorbance ratio 260/280 nm (b) of mixtures of α-
lactoglobulin (filled circles, solution A; absorbance at 280 
nm, 1.0) and DNA (open circles, solution  B;  absorbance  at 
260 nm,  1.0) The second-derivative spectra of pure DNA and 
α-lactoglobulin solutions were used as standards.  

 
When mixtures of protein and RNA were analyzed, the 

second-derivative spectrum of tRNA from baker’s yeast was 

used as a standard (Figure 8).  The  general  shape  of  the  

second-derivative spectrum of RNA resembles that of 
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DNA, although the well defined positive peaks between 268 

and 282 nm are not present. All of these macromolecules were 

quantified with an error level of less than 1%.  

The marked differences between the second-derivative 

spectra of DNA (Figure 1) and RNA (Figure 8) prompted us 

to examine the utility of the matrix approach in the analysis of 

mixtures of DNA and RNA. Solutions of absorbance 1.0 were 

used and the linear regression  routine  was  employed  to  fit  

the  standard  second-derivative spectra of pure DNA and 

RNA to the spectra of mixtures. The results (not shown) had 

noise levels comparable to those for protein/DNA and 

protein/RNA mixtures. The average  standard  deviations   from  

 

FIGURE 8. Zero-order (top) and second-derivative 
(bottom) spectra of transfer RNA from baker’s yeast in 50 mM 
Tris, 1 mM EDTA, pH 8, buffer.  
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actual values were 1.4% for DNA and 1.7% for RNA. Values 

of the 260/280-nm ratio as a function of solute concentration, 

however, exhibited considerable noise and were nonlinear, 

precluding straightforward quantitative analysis.  

 

 

7.5  Discussion  

Since the  sugar  phosphate  backbones of DNA and 

RNA produce little contribution to their absorbance spectra 

above 200 nm, their uv spectra originate almost entirely from 

the purine and pyrimidine bases. Unlike protein aromatic 

chromophores, purines and pyrimidines have very low 

symmetry and many unbonded electrons. Several different π-

>π* and n->π* transitions occur for each base in the spectral 

region from 200 to 300 nm (18), and this leads to complex and 

highly individual second-derivative spectra for both DNA and 

RNA. The second-derivative spectra of DNA appear to be 

partially dependent on the presence of secondary structure, 

since well-defined negative second-derivative peaks near 271 

and 282 nm in the spectrum of native DNA are not present in 

derivative spectra from DNA samples denatured by alkali nor 

in any of the spectra of the individual bases (not shown). 

However, the size of DNA molecules does not appear to affect 

the results of multicomponent analysis, since second-

derivative spectra of two DNA samples, one dissolved by 
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gentle stirring and the other sonicated for 5 h after 

dissolution, were identical. As expected, samples  of  DNA  

from  salmon  and  herring  yielded  second-derivative spectra 

identical to those from calf thymus. In the case of DNA 

samples from lower organisms, however, which frequently have 

an A+T/G+C ratio differing significantly from 0.5 (18), care 

should be taken to ensure that the spectral standard is 

obtained from a sample with a similar base composition. A 

mixture of DNA from different species can be prepared to satisfy 

this requirement.  

 For most  computer-equipped  spectrophotometers,  

standard spectra of components can be conveniently stored 

on floppy or system discs and retrieved as needed. The 

analysis of a DNA sample can then be invoked by a few 

keystrokes and completed within seconds. The simplicity 

and excellent sensitivity of this technique could  prove  

useful  in  both  DNA  purification and handling. The method 

is also nondestructive and requires only small amounts of 

sample.  

  In all the above studies, we simultaneously performed 

linear regression analysis using normal (zero-order) spectra as 

well. Error levels were in excess of 2% in all cases. The 

results of these analyses also tended to produce systematic 

deviations from true values.  This  is  not  surprising  since  the  

zero-order,  unlike  the second- or higher-order derivative 

spectra are very sensitive to changes in the spectral 
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background.  

  The large differences between the second-derivative 

spectra of the   individual   purine   and   pyrimidine   bases,   

their   high reproducibility, and the profound differences 

between the spectra of  native  and  denatured  DNA suggest  

that  second-derivative spectroscopy  may  also  prove  

useful  in  the  analysis  of polynucleotide   structural   

changes.   Moreover,   preliminary experiments 

demonstrated that the second-derivative spectra of DNA 

samples are also very sensitive to the polarity of the solvent.  
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8.  Derivative absorbance spectroscopy and phase 

diagrams as tools for comprehensive protein 

characterization 

     

Spektroskopia różniczkowa w bliskim nadfiolecie i 

wykresy fazowe jako narzędzia do kompleksowej 

charakteryzacji  białek   

 

8.1  Abstract 

 

 Ubiquitous ultraviolet absorption spectroscopy, despite the 

availability of various more sophisticated techniques, remains 

an indispensable tool that gives the first insight into the 

concentration and aggregation state of protein samples. High 

degree of reproducibility afforded by diode-array 

spectrophotometers, combined with powerful vendor-supplied 

algorithms, presents an opportunity to improve the scope of 

information acquired in the pharmaceutical development 

practice. In this chapter, techniques to uncover the intrinsic 

structural properties of the proteins, and their behavior under 

wide variety of conditions, through second derivative 

spectroscopy combined with advanced computational 

treatments are presented.  
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Streszczenie 

 

Szeroko stosowana spektroskopia w nadfiolecie, pomimo 

dostępności różnych bardziej zaawansowanych technik, 

pozostaje niezastąpionym narzędziem, które daje pierwsze 

dane dotyczące koncentracji i stopnia agregacji próbek 

białkowych. Wysoki stopień rozdzielczości zapewniany przez 

spektrofotometry z matrycą diod, połączony z siłą algorytmów 

przygotowanych przez producentów, stwarza okazję do 

powiększenia zakresu informacji zbieranych praktyce 

wdrażania produktów farmaceutycznych. W tym rozdziale są 

opisane techniki do określania własności struktur białkowych i 

ich zachowania się pod wpływem szerokiego zakresu 

środowisk, poprzez zastosowanie widm różniczkowych 

drugiego stopnia wraz z zaawansowanymi technikami 

obliczeniowymi.  

 

8.2 Introduction 

 

 The high resolution offered by derivative spectroscopy 

creates an opportunity to combine the information about the 

microenvironments of aromatic amino acids to characterize 

global behavior of the protein of interest.  In the practice of 

pharmaceutical development, the scope of variables is often 

quite diverse. For example, the effect of temperature, pH and 

the presence of various excipients that protect the protein from 
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various stresses (e.g. exposure to solid and gas surfaces, 

freezing and thawing, mechanical shear) is often difficult to 

present in an interpretable manner. One way to achieve concise 

picture of the variable combinations that are of particular 

interest (either most stable, or inversely, least stable) is to 

create "phase diagrams". The goal of a "phase diagram" is to 

visualize substantially uniform and coherent regions that 

describe the studied system's stability. Obviously, the need for 

such an approach has been encountered in many scientific 

disciplines in the past, most notably physics. Naturally, its 

indispensable tool, mathematics, is the first to be applied to this 

problem of therapeutic protein development as well. 

 

8.3 Data Acquisition 

 

In principle, data from wide variety of methods can be 

used. Biophysical measurements that might be used for this 

purpose include techniques such as circular dichroism (CD), 

fluorescence (steady-state, anisotropy and lifetime 

measurements), Fourier infrared and Raman analyses, as well 

as differential scanning calorimetry (DSC) and hydrodynamic 

techniques. While these methods offer high resolution, they are 

not often readily available, in terms of hardware as well as 

expertise, and often come at a price of complex sample 

preparation and data reduction procedures. The availability of 

dependable uv absorption spectroscopy makes it worthwhile to 
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consider it as means of investigations of global protein 

behavior, as the near uv-absorbing aromatic amino are 

numerous and scattered throughout the typical protein 

structure, both in the interior and the solvent- or interface-

exposed surface.  

  More than 20 years ago, it was shown that significant 

structural information lies within ultraviolet protein absorbance 

spectra (1-3). The near uv region of protein spectra contained 

partially overlapped constituent peaks of phenylalanine (245-

270 nm), tyrosine (265-285 nm) and tryptophan (265-300 nm) 

residues (2). Their peak positions, resolved with derivative 

spectroscopy, were used to quantitatively characterize the 

microenvironments that they encounter both in the protein 

interior and surrounding medium (3,4).  Since diode-array 

spectrophotometers increase the precision with which these 

derivative peaks can be measured to the order of 0.01 nm (3,5), 

the second derivative spectroscopy can be used to build the 

high resolution phase diagrams of a protein of interest. 

 

8.4 Data Analysis 

 

The combination of experimental parameters that are 

investigated (e.g. pH, temperature) is used as a coordinate that 

defines the numerical values of each axis of a diagram. The set 

of peak positions (x,y,z…) produced by the derivative analysis 

of the near-UV spectra defines the value associated with each 
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parameter coordinate.  These experimental data sets acquired at 

each coordinate represent unit vectors which when combined 

create a single vector of n dimensions of that coordinate V= 

vK=(x,y,x…). Using mathematical software capable of 

performing vector analysis, a complete set of unit vectors that 

constitutes the phase space is defined, leading to the definition 

of the so called density matrix, with its eigenvalues and 

eigenvectors. The eigenvalues describe the "weight" of each 

data point in the density matrix and allows elimination of 

marginal contributors, further reducing the number of 

dimensions and permitting simple intuitive visualization. More 

detailed description of this approach can be found in 

mathematical literature (6). The phase regions are defined by 

studying the eigenvectors and demonstrating the coherence 

over a parameter region. A phase boundary is an abrupt change 

in the orientation of vectors as the parameters are varied. 

 Typical results of a second derivative analysis of a 

therapeutic protein, a bovine granulocyte colony stimulating 

factor (bGCSF) is shown in Figure 1 (7). Bovine GCSF is a 

member of the four helix bundle family of protein that has 

veterinary therapeutic potential (8), whereas its human analog 

is already an important drug (9). Peaks 1-3 arise from Phe, 

peak 4 from Tyr, peak 5 from both Tyr and Trp, and peak 6 

from Trp. It is apparent that quasi-linear, temperature-

dependent increases in wavelength are observed for most peaks 

at lower temperatures (before transitions). The continuous 
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nature of these shifts suggests that the shifts are not the result 

of protein structural alterations but rather reflect an intrinsic 

protein response of the spectra of the aromatic amino acids side 

chains to the temperature. 

  

 

 
 

Figure 1. Derivative absorbance studies of bGCSF as a 
function of temperature at pH 4. The wavelength positions of 
six negative peaks were followed as a function of 
temperature: 1(A), Phe; 2(B), Phe; 3(C), Phe; 4(D), Tyr; 5(E), 
Tyr/Trp; and 6(F), Trp. Protein concentration was 5 
micromolar in 10 mM citrate buffer. Spectra were collected at 
2.5°C intervals, with a 5-min temperature equilibration period 
included before data collection. All errors are reported as 
standard error (n = 3).  Reprinted from Kueltzo and 
Middaugh, 2003.  
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Figure 2. Temperature-pH phase diagram of bGCSF based on 
second-derivative absorbance data. Six distinct phases are 
observed: (1) pH 2-3, T 10°-55°C; (2) pH 2-3, T 55°-90°C; (3) pH 
4, T 10°-60°C; (4) pH 4, T 60°-90°C; (5) pH 5-7, T 10°-50°C; and 
(6) pH 5-7, T 50°-90°C. Blocks of continuous shade represent 
single phases, conditions under which the raw data-derived vectors 
behave similarly. The shades were arbitrarily chosen. Reprinted 
from Kueltzo and Middaugh, 2003.  
 

A bGCSF phase diagram was constructed from derivative 

absorbance data such as shown in Figure 4 using the matrix 

approach outlined above (Figure 2). Each solid block indicates 

conditions where under which the data vectors were parallel, 

defining a structural phase. From this diagram it appears that 

cGCSF adopts at least six primary phases. The properties of the 

phases can be established be reference to other biophysical 

measurements  (10), and are listed in Table 1. 
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Table 1. bGCSF phase characterization. Reprinted from 

Kueltzo and Middaugh, 2003.  

 

 
It should be noted that that previously determined 

midpoints of CD and DSC transitions generally correspond to 

the temperature borders between the phases. These results 

support the suggestion that derivative absorbance analysis does 

in fact detect the majority of physical perturbations detected by 

other spectroscopic and calorimetric methods. 

 One interesting feature observed is the noted temperature 

dependence of aromatic amino acid peak positions outside the 

transition regions. The interactions with the 

microenvironments, that may include dipolar (i.e., dielectric 

effects), dispersive (i.e., van der Waals forces), and short-range 

specific interactions (i.e., hydrogen bonding), have all been 

shown to contribute to spectral interactions (11). The known 

temperature dependence of such interactions suggests that 

thermal alterations of solvent physical properties and their 
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effects on solute electronic spectra could potentially be a 

source of the peak shifts observed. Association and 

dissociation of macromolecules often has an effect on their 

electronic spectra (11). Thus the derivative spectroscopy opens 

an avenue for the examination of protein dynamics, as seen by 

the solvent-dependent perturbations of aromatic amino acid 

microenvironments. 

  Temperature-dependent alterations of the solvent 

dielectric constant are expected, therefore, to influence spectral 

shifts. The decrease of the magnitude of these shifts in 

comparison to a model compounds shown in Figure 3 reflect 

the degree of solvation of the buried aromatic amino acids 

chains (12).  The acrylamide fluorescence quenching of azurin, 

shown in the inset of Figure 6, shows similar extent of 

protection from the solvent as in the UV derivative analysis, 

indicating that near-UV spectroscopy may offer similar 

precision to established spectroscopic methods. 

 The structural dynamic of proteins can further be studied 

by the introduction of small salt cations (Li+, Na+, and Cs+) of 

varying sizes that differentially diffuse into protein interiors 

and alter the positions of the UV absorbance bands of aromatic 

amino acids (13). The observed shifts depend on a number of 

factors, solvent accessibility, degree of protein core 

penetration, ion size, and local cation-π interactions.  

Unlike fluorescence studies of proteins, which rely entirely 

of Trp residues, all three aromatic amino acids are surveyed by 
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this technique. Therefore, a more complete picture of the 

protein structure and behavior can be obtained, in part due to 

simplicity of the measurements that simultaneously capture 

peak positions of the three aromatic amino acid chains. 

 

 
 
Figure 3. Temperature dependent derivative absorbance 

peak shifts of the tryptophan residue of model proteins over the 
temperature range of 10-35 °C (n=3). Inset shows acrylamide 
quenching of the fluorescence of proteins containing single 
tryptophan residues. Model compounds used were N-acetyl-L-
tryptophan ethyl ester ( ), Melittin ( ), Rnase-T1 ( ), Azurin 
( ), and Protein A ( ). Reprinted from Esfandiary, Hunjan, 
Lushington, Joshi and Middaugh, 2009. 
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8.8 Concluding remarks 

 

        UV spectrophotometers that are available in essentially 

every research and development laboratory dealing with 

therapeutic proteins are in daily use, yet their potential is 

seldom fully realized. While the instruments are typically used 

to obtain rough estimates, with acceptable errors often in the 

range of 5%, the intrinsic noise levels are typically less than 

0.0001 units of absorbance, equivalent to 0.01% of typical 

measurement value. 

       The inherent precision of uv spectroscopy, when 

combined with the computational power of personal computers 

that drive the instruments and process the data, gives an 

opportunity to not only increase the precision of routine 

analyses but also obtain detailed information about the 

behavior of studied protein under a wide range of conditions. 

With such unrealized potential, the users' attitude toward 

gaining an expertise in this particular field is critical. We hope 

that this communication will help those who strive to increase 

the quality of development process, for the benefit of patients 

who will ultimately use the product. 
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