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The binding of acetylsalicylic acid to human serum albumin has been 
studied by nuclear magnetic resonance methods. The results indicate that 
acetylsalicylic acid exchanges rapidly with at least one site on human 
serum albumin, and that the nuclear spin relaxation of the acetyl protons 
of bound acetylsalicylic acid is characterized by a correlation time of 
the magnitude expected for the rotational correlation time of a human 
serum albumin molecule. The calculated rotational correlation time of 
the ASP*HSA complex is 4 x 10-8 seconds. Limits are also set on the rate 
constants involved. 

The binding of small molecules such as salicylates, sulphonamides, 

and penicillin to serum albumin has been studied by equilibrium dialysis 

(l-3), ultrafiltration (4,5), spectrophotometric (h), gel filtration (7). 

and nuclear magnetic resonance (8-10) methods. The biological implications 

of this binding have been the subject of considerable discussion (11, 12). 

In this regard, recent studies have indicated that acetylsalicylic acid 

(ASA) acetylates human serum albumin (HSA) and a variety of other body 

constituents in vitro and in vivo (13-15). The present study was under- 

taken to elucidate the details of the hinding of ASA to HSA, which pre- 

cedes acetylation, by NMR methods. The pioneering NHR studies by 

Jardetsky and co-workers (8-10) exemplify the advantages of NMR methods 

in studying the interactions involved in intermolecular complexes. 

This communication presents the results of the measurements of the 

nuclear spin relaxation times, Tl and T2, and the chemical shift of the 

acetyl protons of ASA as a function of HSA concentration at two resonance 

frequencies. The results are interpreted in terms of the Swift and Connick 

equations for the exchange of nuclear spins between two environments (16); 

in this case ASA free in solution and ASA bound to HSA. The results 

indicate that ASA exchanges rapidly with at least one site on HSA, and 

that the relaxation of the acetyl protons of hound ASA is characterized 

by a correlation time of the magnitude expected for the rotational 
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correlation time of a HSA molecule. The results are used to calculate the 

rotational correlation time of the ASA.HSA complex and to set limits on 

the rate constants for the formation and lifetime of the ASA*HSA complex. 

Experimental. Acetylsalicylic acid was obtained from Aldrich, kept 

dry in a dessicator, and used without further purification. All ASA 

solutions ([ASA] E 1.7 x lo-*M) were freshly prepared before use. For 

linewidth measurements and measurements of T1 by the direct method, these 

solutions were made up in O.lM phosphate buffer, pH = 7.36. For the 

measurements of Tl and T2 by the T 1P method, the ASA was dissolved in D20 

(Bio Rad 99.88% lot #5811), which was then brought to pH (meter reading) = 

7.4 2 0.1 by the addition of small amounts of K3P04. 

Human serum albumin was obtained from Pierce Biochemicals, lot 114334, 

and used without further preparation for most measurements. No change in 

the measured relaxation times was observed if the HSA was first dialyzed 

against 0.l.M EDTA - O.lM phosphate buffer, pI1 = 6.6, to remove possible 

trace metal contaminants1 and then against O.lM phosphate buffer, 

pH = 7.4; or if the solutions were made 2.6 x 10s3 in EDTA. Solutions 

were made up by adding freshly prepared ASA solution to weighed amounts 

of HSA immediately before the spectra were recorded or relaxation times 

measured. The final concentration of HSA was in the range 0 - 5 x 10s4M 

based upon a molecular weight of 70,000. All measurements were made within 

15 mins. This time is much less than the time required for significant 

acetylation 124 hours at 37'C. (13)]. No change in the spectra was observed 

for periods as long as 1 hr. The ambient temperatures of the spectrometers 

were: HA-100, 33'C; A-60, 28'C; T-60, 35'C. Temperature studies were done 

using a Varian model V4341lV6057 temperature controller. Temperatures were 

determined from the chemical shift of a methanol sample placed in the probe 

before and after each measurement. 

Some T2's were determined from measured linewidths at 60 MHz and 100 MHz 

on Varian A-60 and HA-100 spectrometers. The contribution to the observed 

linewidths from magnetic field inhomogeneities was accounted for by subtracting 

the linewidth of internal tert-butanol (~0.4% v/v). External hexamethyl- 

disilazane was used as a lock signal on the HA-loo. Tl's and T2's were 

also measured by the T 
1P 

method at 100 MHz on a Varian HA-100 spectrometer 

while the spectrometer was locked on external benzene. Details of these 

1. Sarkar and Wigfield were unable to completely free convaerciaf HSA of 
Cu(II) contaminants by dialysis (17). However, the addition of 
3 x 10m4M Cu(I1) to an ASA-HSA solution produced only a small broaden- 
ing (~20%) of both the ASA and tert.-butanol protons. 3 x lo-4M Cu (II) 
represents a loo-fold excess over the maximum susuected contamination. 
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measurements are presented elsewhere (18,19). Tl's were also measured by 

the direct method (20) at 60 MHz on a Varian T-60 spectrometer. 

Results and Discussion. The linewidth of the acetyl resonance of 

ASA broadens dramatically as HSA is added to the solution. Typical spectra 

are presented in Fig. 1. The values of Tl and T2 at 60 Ml& and 100 MHz 

for the acetyl protons of ASA as a function of [HSA]o/[ASA]o are presented 

in Fig.2. The broadening at 60 MHz appears to be slightly larger than that 

at 100 MHz, but this only reflects the difference in ambient temperatures 

between the two spectrometers as can be seen from Fig.3. In Fig.3 the re- 

laxation times T1 and T2 at 100 MRz for the acetyl protons of ASA in the 

presence of HSA are presented as a function of temperature. The value of 

l/n T2(ASA'HSA) at 100 MHz and 33OC is 60 Hz. 

Fig. 1: Linewidth of the acetyl protons of acetylsalicylic acid at 100 MHz. 
A) 1.64 x 1O-2M ASA, B) 1.64 x 10-2 M ASA, 3.28 x 10-4 HSA. 
A forward and a reverse sweep are superimposed in A). 

The observed acetyl proton resonance of ASA as a function of HSA con- 

centration is small. The value of &(ASAaASA) - 6(ASA) - 0.17 ppm (upfield). 
The first conclusion is that ASA binds reversibly to HSA as evidenced 

by the fact that the acetyl proton resonance of ASA is dramatically broadened 
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as a function of HSA concentration. Since the broadening for all rates of 

exchange is proportional to P = [ASA*HSA]/[ASA]<<1(16), a limit on the dis- 

sociation constant for the reaction 

KD ASA + HSA -- > ASA.HSA ( (1) 

can be set (assuming a one-to-one complex) using a computer program designed 

to fit the observed linewidths as a function of initial concentrations of 

reactants with a KD and a bound linewidth (18,21). The fit is equally good 

for all values of KD $1 x 10-51; hence KD(max) - 1 x 10m3M. This KD(max) is 

approximately one order of magnitude less than the value of KD for penicillin 

binding to bovine serum albumin (9). 

I I I I 
0.4 0.8 1.2 1.6 

[HSAI, / [ASAI, x IO’ 

Fig. 2: Relaxation times for the acetyl protons of acetylsalicylic acid as 
a function of [HsA]~/[AsA]~: 

l/T2 at 60 MHz from linewidth 0; 
l/T2 at 100 MHz by Tl 
l/T2 at 100 NHz from P 

method 0; 
inewidth 0; 

l/T1 at 60 MHz by direct methodtl; 
and l/T1 at 100 MHz by Tip methodII . 

The second interesting feature is that the observed relaxation times 

l/T1 and l/T2 of the acetyl protons of ASA in the presence of HSA are not a 

function of resonance frequency. As discussed by Sykes, Schmidt and Stark 

(22), there are two limits of the general equations for the observed re- 

laxation times l/T1 and I./T2 in the presence of chemical exchange between 

two sites (16, 23, 24) which satisfy the conditions that l/T1 and l/T2 are 

not a function of resonance frequency and that l/T2 - l/T1> 0. The two 
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limits are 

1) the slow exchange limit 

l/T2 - l/T2(ASP) - P/T 

UT1 - l/T1(ASP) = P/T1(ASP'HSA) 

with 

WT1(ASP.HSA) 

(2) 

(3) 

(4) 

and 2) the fast exchange limit 

l/T2 - 1/T2(ASP) = P/T2(ASP*HSA) (5) 

l/T1 - l/T1(ASP) = P/Tl(ASP*HSA) (6) 

with 

1/T2(ASP*HSA) > l/T1(ASP.HSA) (7) 

where T is the lifetime of the ASP.HSA complex (l/r = k-l), T1(ASA) 

and T2(ASA) are the relaxation times of the acetyl protons of free 

ASA, T1(ASA'HSA) and T2(ASA.HSA) are the relaxation times of the 

acetyl protons of ASA bound to HSA, and A is the chemical shift of 

the acetyl protons of ASA bound to HSA. 

The situation 1/T2(ASA*HSA)> l/T1(ASA.HSA) could result if the 

relaxation of the bound ASA is dominated by an interaction with a long 

correlation time (25). This means that (~or~)~>> 1, where rc is the 

correlation time of the relaxation mechanism for the bound ASA and 

w. is the resonance frequency. Under these conditions (25, 26, 27) 

1/T2(ASA4SA) = 9/10(h2v4/r 6)., 0 c 

l/T1(ASA'HSA) = 6/5(h2y4/ro6)rc/(worc)2 

(8) 

where y is the gyromagnetic ratio for protons and r. is the internuclear 

distance between the protons. While l/T1(ASA'HSA) is still a function of 

resonance frequency, the magnitude of P/T1(ASA.HSA) is generally so small 

that the frequency dependence of the observed relaxation time l/Tl(equations 

3 and 6) is unobservable within experimental error. l/T1(ASA) and 1/T2(ASA) 

are equal and frequency independent. 

The slow and fast exchange limits are distinguished by their temperature 

dependences; in case (1) 

l/T2 - l/T1 = p(l/r - l/T1(ASA*HSA))z Pkel (10) 

which should increase with increasing temperature; in case (2) 

l/T2 - l/T1 - P(1/T2(ASA.HSA) - 1/T1(ASA4~SA))"P/T2(ASA*HSA)o~c (11) 
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which should decrease with increasing temperature. If the relaxation is 

dominated by intramolecular dipole-dipole interactions (28), rc will be 

the rotational correlation time of the ASA.HSA complex. Under the 

[HSAlo/ [AM0 experimental conditions used P = [IISAlo/[ASA] and is 
0 

temperature independent. 

Experimentally, the broadening l/T2 - l/T1 decreases with increasing 

temperature (see Fig. 3) indicating that the ASA exchanges rapidly with a 

site on HSA but when bound, the relaxation of the acetyl protons of ASA is 

dominated by an interaction with a long correlation time. Assuming that 

the relaxation is dominated by intramolecular dipole-dipole interactions 

between the three protons of the acetyl group (28), that the rotational 

motion of the macromecule is isotropic (29), that no internal rotations 

are present (30), a value for T c can be calculated from equations 8 and 11. 

Fig. 3: Relaxation times for acetyl protons of acetylsalicylic acid in the 
presence of human serllm albumin as a function of temperature at 
100 MHz; 

l/T2 0 ; l/TIB; IHSAI~/ [ASAI~ - (2.86fp.11) x 10-3. 

The calculated value of 'cc is 1.0 x 10-g sets. The assumption of no 

internal rotation is most probably in error, since the rotation of the 

acetyl protons of ASA around their three-fold axis would be expected to 

be much faster than the rotation of the ASA.IISA complex. The calculated 

rC is therefore too short by a factor of (3 cos2g-l/2), where B is the 

angle between the three-fold-axis and the internuclear vector (30). Hence 
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fC = 4 x 10 -8 6ecs (@=90'). This value of T= is comparable with the value 

of T= calculated for the aspartate transcarbamylase-succinate complex 

@.W. - 100,000) by NMR methods (T== 1.1 x 10q8 sets) (22), ~~ for aspartate 

aminotransferase (M.W. = 90,000) determined by flourescence depolarization 

methods (TV = 4.3 x 10 -8 sets) (22, 31): and TV for bovine serum albumin 

(2 - 20 x 1o-8 sets) (30). The ASA is therefore bound tightly to HSA SO 

that it experiences a rotational correlation time of the magnitude of that 

expected for the HSA molecule. 

The value of l/T1(ASA*HSA) may be calculated from (uorc)2 = 39 

= (2~) x 10 8 radians set -' 
WO 

and equation 9, yielding l/T1(ASA*HSA) -1 = 6 set . 
Hence, for P - 1.6 x 10m2, P/T1(ASA*HSA) = 0.1 and no frequency dependence 
of l/T 1 will be observed. The slope of l/T1 with [HSA] may be determined 

in part by the increasing viscosity of the solution. 

The other possible choice for the dominant relaxation mechanism is 

scalar and dipolar interactions with bound, non-dialyzable paramagnetic 

metal ions with long electron spin relaxation times (32, 33). k?ile no 

bound metal ions are thought to be present' and the smallness of the bound 

chemical shift argues against contact with paramagnetic metals as well as 

the fact that most electron spin relaxation times are shorter than 2 - 20 x 

1o-8 sets (32), this possibility is being investigated further. 

A limit on the value of kwl may be determined from the condition for 

the fast exchange limit, T/T~(ASA*HSA)<< 1. 

implies kql 2 10 -3 -1 
T2(ASA*HSA) = 5 x 10-3 set-l 

set . Combining this with KD(max) z 10-3M yields kl 

(mid f 106M-1 set-l. Taking kl(max) as the diffusion controlled limit 
yields lo6 M-lsec-1 5 kl 5 lOgMe see-l. 
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