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Size exclusion chromatography (SEC) isolation of affinity-selected ligands combined with reverse phase
liquid chromatographymass spectrometry (LC-MS) is an effective means for identifying members of
mixtures which form tightly bound noncovalent complexes with target proteins. A potential liability of the
approach is that the SEC isolation is carried out under nonequilibrium conditions favoring protein/ligand
complex dissociation. At long SEC isolation times and/or for complexes with fast off-rates the extent of
dissociation can jeopardize the ability to detect the affinity-selected components. Additionally, equilibrium
binding affinities cannot be exactly determined from the measured distribution of isolated ligands. We present
here an online SEC/LC-MS system for determining affinity-selected members of active mixtures which
reduces this liability. A kinetic model of the SEC isolation process is developed to determine the practical
limits for the application of the method and to extrapolate equilibrium binding affinities from the
nonequilibrium data. The utility of online SEC/LC-MS for identifying affinity-selected ligands and for
estimating binding affinities is demonstrated for a small molecule mixture of compounds with known binding
affinities and for a simple combinatorial mixture.

Introduction or separated from the unbound/inactive components based
on their size, usually using ultrafiltrati®r or size exclusion
chromatography (SEC);*? followed by denaturation of the
complex and detection of the active ligand by either
djltraviolet spectroscopy or mass spectrometry.

An online SEC strategy for isolating affinity-selected
components followed by reverse phase liquid chromatogra-
phy—mass spectrometric (LC-MS) detection of the selected

Combinatorial chemistry is utilized throughout the phar-
maceutical industry as a means to rapidly amplify chemical
diversity in the search for new therapeutic leads. The
accelerated pace at which new chemical entities are produce
by this approach has created many new challenges in
characterizing compounds and screening compounds for

activity. A commonly used strategy for increasing the rate . . :
at which new compounds can be screened for activity is to I|ganQS has.many of thg attributes needed to support an act|'ve
combinatorial leads discovery program. The approach is

assay mixtures of compounds and subsequently deconvolutesensitive ranid. ruaged. and easilv automated. The general
those mixtures which exhibit significant activity to find the » rapid, rugged, Y ! g

- . , validity and utility of the SEC isolation/LC-MS detection
active ligands. The deconvolution methods range from simple LT . .
. . . .~ approach for determining ligands which have been affinity-
discrete resynthesis/screening of all members of the active . : .
) . : . : selected from combinatorial mixtures has been demonstrated
mixture to fractionation of active mixtures followed by for & number of target proteifsl? However. this strate
screening and characterization of the active fractions to a get p ' ' 9y

wide range of affinity selection based strategies utilizing ZZCSIr:snselghiirtehnet I:;Z?zlaltlltiewgﬁrri]nhaSsEgoitsotizﬁgnatlﬁquiataerlé
either immobilized? or solution-phase?!? protein. The : 9 P

immobilized protein approaches have the potential liability telorllili(k))frilj?rf ci)%rgﬁilgz ;LOCrE ::aet :Leee rg\%::]sde ?;tg{i?; t(?ﬁe
that the affinity of the target protein may be changed by quitioriu T . .
. o . e . dissociation of the protein/ligand complex) is favored. This
immobilization. Solution-phase affinity selection approaches o9 . U
" : creates two problems. First, if the extent of dissociation is

take advantage of the ability of active compounds to form . . . .
. . . large during the SEC isolation, due to either a large off-rate
tightly bound noncovalent complexes with the target protein. : L

- , : for the complex or a long SEC isolation time, the recovery
The protein/ligand complexes are then either determined of the complex will be poor and the ability to detect the
directly using electrospray ionizatietf-ourier transform ion P P y

i 3 affinity-selected ligand may be compromised. Second, the
cyclotron resonance mass spectrometry (ESI-FTICRIS) distribution of ligands recovered by the SEC isolation is not

o whom corresondence should be addressed equal to the equilibrium distribution of protein/ligand
 DuPont pharmafeuticws Company. ' complexes. Cons_equenfcly, exact equilibrium binding af_finit_ies
*E.I. DuPont De Nemours & Company. cannot be determined directly from the measured distribution.
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Hegy et al. have found a good correlation between Elisa determined as previously described by Copeland €tEthe
measured affinities and the distribution of affinity-selected/ combinatorial mixture consisted of 36 amino acids with
SEC-isolated ligands for a series of cyclosporittest proprietary end groups synthesized on acid cleavable resin
appears that reasonable estimates of relative equilibrium(Wang) and dissolved to an overall concentration of 10 mM
binding affinities can be obtained for complexes with half- in DMSO. The matrix used for the affinity selection
lives that are long relative to the SEC isolation time. incubation was 100 mM Tris, 2 mM Cag£lL mM NaCl, at
However, it is certain that within the diversity of chemical pH 7.4. Two sets of affinity selection conditions were used
scaffolds of interest for pharmaceutical research there arein these investigations: “excess protein” conditions in which
many compounds for which this will not be the case. For the protein concentration was /M and the ligands were
these compounds the correlation between the measuregresent at .uM each and “protein limited” in which the
distribution of affinity-selected ligands and the equilibrium target protein was present atuM and the concentrations
binding affinities will be poor. A discussion on the nature of the ligands were greater than 4® each. The protein/
of the issue, the magnitude of the problem, and strategies toligand mixtures were incubated at room temperature for 1
minimize or eliminate the liabilities is clearly needed. h. The online SEC/LC-MS analysis sample size wagR0

In this article we present an approximate model for the thus the maximum quantity of protein/ligand complex used
nonequilibrium kinetics of complex dissociation during SEC per analysis (under either incubation conditions) was 20
isolation. This kinetic result is combined with equations PmMol.
describing equilibrium complex formation to illustrate and  The instrumental setup and sequence of events for the
investigate the limitations of the SEC isolation approach. online SEC/LC-MS analysis are outlined in Figure 1. The
Strategies for increasing SEC recovery efficiency and for procedure can be divided into three major phases: (1) the
extrapolating absolute and relative equilibrium binding protein/ligand complexes and unbound ligands are separated
affinities from the nonequilibrium data are proposed and by SEC, and the complexes are collected on the protein trap;
demonstrated. (2) the trapped material is desalted; (3) the LC gradient

An online SEC/LC-MS system utilizing BioSep silica denatures the trapped complexes and elutes the released
packed SEC guard (4.6 mm 30 mm) columns for the ligands into the LC-MS system. The detailed timeline for
isolation step is described. The BioSep SEC columns canan analysis (at a SEC flow rate of 4@./m) is given in
withstand pressures up to 1000 psi thus permitting the useTable 1.
of relatively high flow rates. The high flow rates combined  All liquid chromatographic components in Figure 1 are
with the short length of the columns enable relatively rapid HP1100 modules. The mass spectrometer is the Micromass
isolation of the complexes from the incubation mixture, Q-Tof Hybrid instrument operated in the positive electrospray
thereby reducing liabilities associated with complex dis- (ES) TOF-MS mode. The mass range acquired was-250
sociation during the isolation step. The analysis procedure550 Da in 1 s. The SEC column is a 4.6 mm30 mm
presented here was designed to validate the online SEC/LC+henomenex BioSep SEC-S2000 guard column. The SEC
MS approach for determining affinity-selected members of mobile phase is 10 mM potassium phosphate buffer with
mixtures, to investigate complex dissociation during SEC 2% acetonitrile at approximately pH 7.4; the trap desalting
isolation, and to test approaches for estimating equilibrium js done with 100% aqueous. The trap is a Michrom
binding affinities from the nonequilibrium data. The proce- Bioresources 1 mnx 10 mm Micro Protein Trap. The LC
dure is not optimized to achieve maximum throughput nor column 5 a 2 mmx 50 mm Zorbax XDB-C8 LC-MS
are the capabilities of the LC-MS system for identifying column. The gradient LC mobile phase A is 0.1% acetic acid
selected ligands fully exploited in this work. These topics in water and B is acetonitrile with 0.1% acetic acid.
will be featured in future reports.

Two small molecule libraries were used to validate the Results
online SEC/LC-MS approach and demonstrate the kinetic
models developed here: a mixture consisting of four diverse
compounds with known affinities for the target protein,
matrix metalloprotease (MMP3), and a small (36 member)
combinatorial mixture which exhibited activity in a high-
throughput MMP3 screen.

SEC Fractionation. Figure 2 shows the SEAUV chro-
matograms (Hewlett-Packard DAD, 19800 nm) obtained
separately for the target protein and the four ligands in the
test mixture. There is significant disparity in the retention
times of the four ligands which does not correlate to the
differences in the molecular weights. The differences in
retention time are probably due to nonspecific interactions
of the diverse structure scaffolds with the SEC packing. The

The target protein was recombinant human matrix met- MMP3 peak exhibits a significant tail, perhaps also due to
alloprotease (MMP3) obtained as previosly descrilfékhe nonspecific interactions of the protein with the packing. All
test mixture contained four proprietary compounds: two of of the ligands are at least partially resolved from the protein.
which are MMP3 active (YZ103 with a binding affinitip, The SN478 does overlap somewhat with the tail of the
of 1 nM and SN476 with a binding affinity of 33 nM) and protein peak. The cutoff time for collection of the proteina-
two of which are MMP3 inactive (SN474 and SN478, both cous fraction in the SEC/LC-MS analysis (Table 1) was
with dissociation constants much greater thanu®). The selected so as to collect as much of the proteinacous fraction
equilibrium dissociation constants for these compounds wereas possible while eliminating all unbound ligand from the

Experimental Section
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(A) (B) ()
Isocratic Isocratic Isocratic
SEC Pump SEC Pump SEC Pump
Autosampler <«— Autosampler <«—| Autosampler
SEC SEC SEC
Isocratic Isocratic Isocratic
Pump Pump Pump

A A
Waste Waste Waste

Gradient Gradient Gradient
LC Pump LC Pump LC Pump

B B

RPLC RPLC
Waste |Column Waste |Column Waste |Column
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Figure 1. Instrumental setup and sequence of events for online SEC/LC-MS analysis of affinity-selected ligands: (A) inject affinity-
selected mixture and trap proteinacous fraction, (B) desalt trap, (C) denature complex(es) and elute ligand(s) for LC-MS determination and
remove unbound ligands from SEC column.

Table 1
reference analysis column column
in Figure 1 time switch A gradient pump B switch B comment
1 0.00 pos 1 % B @ 100uL/min pos 2 inject sample
0.50 pos 1 begin trapping proteinacous fraction
2 1.25 pos 2 end trapping of proteinacous fraction, desalt trap,
send unbound ligands to waste
3 6.25 20 B @ 100uL/min pos 2 denature/elute trapped material into LC-MS
11.25 1006 B @ 100uL/min
21.25 1006 B @ 100uL/min end LC-MS analysis
21.35 26 B @ 100uL/min return to initial conditions
Receplor  SN478  SNa74  YZ103 SN476 affinity-selected ligands was established using the excess
Ty protein incubation of the four-component test mixture with
MMP3. Under these conditions the equilibrium concentra-
o 081 tions of the protein/ligand complexes for the two active
§ compounds (YZ103 and SN476) are essentially equal to the
5 06l initial concentrations of free compound, MM each. The
% equilibrium complex concentrations for the two inactive
Lé 0l compounds (SN474 and SN478) are estimated to be less than
s 0.01uM each.
ozl Two control experiments were employed to validate the
affinity selection results. The negative control consists of
the SEC/LC-MS analysis of the ligand mixture without
0 . ) ) . . . . 7 protein present: all of the ligands are unbound and should

be eliminated by the SEC fractionation. This control confirms
that the SEC fractionation excludes all unbound ligands and
validates that ligands observed in the analysis of the protein/
ligand incubation are due to affinity-selected ligands. The
trapped fraction. We estimate that more than 95% of the positive control entails analyzing the protein/ligand incuba-
proteinacous fraction is recovered under these conditions.tion without SEC fractionation: all ligands (both bound and
Determination of Affinity-Selected Ligands. The ability free) are conveyed to the protein trap for subsequent LC-
of the online SEC/LC-MS procedure to detect and identify MS analysis. This control validates that all components of

Time (minutes)

Figure 2. SEC-UV traces obtained separately for the receptor
and four test compounds at a flow rate of 0.4 mL/min.
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TOF MS ES+ TOF MS ES+
1004 14.37 457.20 100+ ® 14.46 347.20
Positive Control 1.25e3 Positive Control 1.74e3
o (No SEC Fractionation) o (No SEC Fractionation)
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1319 1374
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Figure 3. Selected ion traces for active compound YZ103,4M Figure 5. Selected ion traces for active compound SN476,4M
H]* atm/z457: (A) positive control, (B) affinity-selected sample, H]* atm/z347: (A) positive control, (B) affinity-selected sample,

(C) negative control. (C) negative control.
TOF MS ES+ . . .
mnqggsmve ot 1463 2% 20 (SN478 is .the Illgand least resolved from the p'rgteln by the
] o SEC Fractionation) ' SEQ fractionation; see Flgurg 2) The 'po'smve cgntrol
a0 confirms that SN478 is present in the protein/ligand mixture
0 e A A sn e H and that t_he ligand can _be detected by_the trap/LC-MS
1DD'§\I5f;’)inih/Setection 2%6.20 method, Elgure 4A_. No S|gna_l corresponding to SN_468 is
| (SECTTrapiLC-MS) ' observed in the affinity selection/SEC/LC-MS experiment,
Figure 4B. Similar results were obtained for the other inactive
0 AL AL AR A A A A as e sao NS compound in the mixture, SN474.
1007 \ehative Control 29620 Figure 5 shows the results for the second active ligand in
o, (No Receptor) the test mixture, SN476 ([M- H]"™ at m/z 347). Again the
. e positive and negative controls co_nfirm_ that the ligand can
1100 ' 1200 = 1300 = 1400 1500 1600 17.00 be detected and that the SEC isolation does remove all

Figure 4. Selected ion traces for inactive compound SN478, [M unbound ligand from the affinity-selected mixture, Figure
+ H]* atm/z296: (A) positive control, (B) affinity-selected sample,  5A,C. The SN476 is detected in the affinity selection/SEC/
(C) negative control. LC-MS experiment, Figure 5B, but the recovery is less than
20% (compared to the response in the positive control).
Under excess protein affinity selection conditions the equi-
librium concentration of SN476 is approximately equal to
that of the YZ103. The lower recovery of SN476 is due to

SEC/LC-MS analysis of the affinity selection mixture and greater dissociation of the complex during the SEC isolation

in the negative and positive controls. No YZ103 is observed step (se.e bglow). ) o )
in the negative control, Figure 3C, establishing that the SEC _ Protein/Ligand Complex Dissociation during SEC
fractionation does eliminate all unbound YZ103 from the Fractionation. Both of the active compounds (YZ103 and
trapped proteinacous fraction. Therefore, any YZ103 ob- SN476) exhlblt_ relatively low recovery in _the online SEC/
served in the analysis of the protein/ligand incubation must LC-MS analysis (compared to the positive control). The
be due to complexed (affinity-selected) ligand. The YZ103 losses are due to dissociation of the protein/ligand complexes
is observed in the positive control, Figure 3A. The integrated during the SEC fractionation. The SEC isolation was
area under the selected ion trace represents the instrumererformed as rapidly as was considered prudent without
response for the total quantity of YZ103 in the analyzed risking interference from unresolved free ligands; the SEC
volume of the incubation mixture (i.e., the response for the isolation time (the retention time for the void volume which
20 pmol of YZ103 in the 2Q:L sample analyzed). Figure contains the complexes) was approximately 43 s. The low
3B shows the response for YZ103 in the SEC/LC-MS fractional recoveries for these two compounds indicate that
analysis of the affinity-selected mixture. A significant losses due to dissociation can be significant and will likely
response at the correct mass and retention time for YZ103be problematic for some classes of compounds. Additionally,
is observed. The response is approximately 70% of that the distribution of the recovered ligands are not equal to the
expected for the total quantity of YZ103 in the incubation expected equilibrium distribution of the corresponding
mixture (the response observed in the positive control).  complexes. Therefore, exact equilibrium binding affinities
The selected ion traces observed for the inactive compoundcannot be obtained directly from the measured distribution
SN478 ([M + H]'™ at m/z 296) in the affinity selection  of ligands. For these reasons it is important to understand
analysis of the test mixture and the positive and negative the kinetics of complex dissociation during SEC isolation
controls are shown in Figure 4. The negative control, Figure and how this affects the observed distribution of affinity-
4C, confirms that SEC isolation has excluded all free SN478. selected components.

the mixture can be trapped and detected by LC-MS and will

serve as a calibration for determining binding affinities.
Figure 3 shows the selected ion traces for the4fMH] "

of the active ligand YZ103y/z 457, observed in the online
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For the reversible reaction of ligand, L, with protein, R, 0.4
to form the noncovalently bound complex, C 02 ]
Ki 0 ‘ T —t ; } 4 +
R+L<=C (1) 0. 40 60 80 100 120

-0.2 1-..

the equilibrium dissociation constant is 041

Ko = [R[LYIC] )

Ln(LL)

-0.6

-0.8 L
During SEC fractionation of the affinity-selected mixture
the complex (and unbound protein) elutes in the void or
exclusion volume while the unbound ligands are retained in 27
the inclusion volume of the SEC packing and elute later.  -1.4
Any free ligand generated by unimolecular dissociation of SEC Void Volume Time (s)
the complex (the reverse reaction in eq 1) during SEC Figure 6. Estimation of absolute binding affinity for YZ103: log
actionation is aso emoved ffom the Void volume by 3 18 T o Seperees o B e U il sl
'!"C'“S'F’” into th? SEC pac_kln_g. If th_e concentration of free timF:a. Data points represent ‘t)he average values for three measure-
ligand in the void volume is immediately reduced to zero, ments; error bars represent one standard deviation.
then the time-dependent concentration of protein/ligand
complex during SEC fractionation is for the ligand at its initial concentration (which is equivalent
_ to the total of the free and bound ligand as determined in
o[Clot= = Ki[C] the positive control). Equation 5 describes a straight line with
a slope equal to the negative of the off-rate for the complex

4L

Solving the rate equation for the concentration of the

complex, [C], at timet gives and an intercept.equal to .the_; equilibrium .concentra_tion of
the complex relative to the initial concentration of the ligand,
In([CY/[C]ey = —Kit 3) [Cled[L] o (which is a fixed value for a given ligand/protein
pair and set of incubation conditions).
where [Clqis the initial or equilibrium concentration of the  Figure 6 illustrates the behavior described in eq 5 for the

complex. Ift is the retention time of the complex (whichis  MMP3/YZ103 complex. Excess protein affinity selection
equal to the void volume time) then [C] represents the conditions were used in order to eliminate complications due
concentration of the complex reaching the trap. Once the to competitive binding between YZ103 and SN476. The mass
complex is trapped, further dissociation is irrelevant since spectrometric response for the YZ103 released from isolated
ligand released after this point is retained by the trap. Since complex,L, was determined at two retention times by varying
a ratio of molar quantities for two species in a given volume the SEC flow rate. The response for the ligand at the initial
is equal to the ratio of concentrations of those species, theconcentrationl,, was determined by injecting the protein/
ratio in eq 3 may be defined as the ratio of molar quantities Jigand mixture directly onto the protein trap (the positive
in the analyzed volume. In this way eq 3 remains valid even control experiment) and measuring the total response for the
if the concentrations change due to dilution or diffusion |igand. A compound closely related to the ligand was injected
during the SEC isolation. directly onto the trap immediately after trapping the pro-

Of course, unbound ligand is neither instantly nor com- teinacous fraction from the SEC and prior to desalting the
pletely removed from the SEC exclusion volume. Conse- trap. The response from this compound served as an internal
quently, the ligand concentration in the exclusion volume is standard to compensate for fluctuations in the mass spec-
not absolutely zero nor is the dissociation time exactly equal trometric response factor. The data points in Figure 6
to the void volume time. Nonetheless, a useful, albeit represent the average values for three determinations, and
approximate expression is obtained by making these twothe error bars represent one standard deviation. The decrease
assumptions then multiplying [C]/[€]in eq 3 by [L}/[L]o in the fractional recovery of the complex, Iilo), with
(where [L} is the amount of ligand initially added to the increasing retention time in Figure 6 is consistent with
incubation mixture) and rearranging unimolecular dissociation of the complex during SEC isola-

tion.
I([CIL o) = ~Kt +In([Cled[L o) “) The equilibrium concentration of the protein/ligand com-

Because the molar quantity of complex is measured plex can be caIchaFed frqrn_ the initial incgbation copditi_ons
indirectly as the quantity of ligand released upon denaturation @"d the known binding affinity by expressing the equilibrium
of the complex, the mass spectrometric response factors forconcentrations of the protein and ligand in terms of the
the “complex” and the unbound ligand are the same. Thus €auilibrium concentration of the complex,
eq 4 can be written as = [Uo- [Cl., (63)

In(L/Ly) = —Kt + IN([C]./[L] o) (5)
° o [Rleq=[Rlo — [Cleq (6b)

whereL andL, are the mass spectrometric responses for the
ligand recovered from the trapped/denatured complex andsubstituting these expressions into eq 2, and finally solving
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Figure 7. (A) Three-dimensional plot of the fractional amount of
ligand recovered relative to the initial amount as a function of
binding affinity, Kp, and off-rateK;. (B) Contour plot of fractional
recovery. (C) Fractional recovery as a function of the SEC isolation
time.
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the quadratic equation:
[Cleq={([Rlo + [Llo + Kp) —
\/ (IRlo + [L1o + Kp)* — 4[RI[LI }/2 (7)

Taking the exponential of eq 5 gives an expression describing
the fraction of the complex recovered by the SEC fraction-
ation of the incubation mixture:

I‘/I‘O = [C]eq eiKrt/[L] 0 (8)
With egs 7 and 8 the effects of the principal parameters
influencing the affinity selection/SEC isolation procedure can
be explored. Figure 7A shows the fraction of ligand

Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 87

recovered by SEC fractionation (relative to the initial quantity
of ligand in the incubation) at varying values for the binding
affinity, Kp, and the off-rateK;. In this example the SEC
isolation time,t, is 43 s and the initial concentrations of
protein and ligand are 4 anduM, respectively. Under these
conditions, the fractional amount of ligand recovered is
nearly independent of binding affinity for values i§f less
than about uM. Between about 1 and 1M the fractional
recovery of ligand drops off precipitously. The exponential
dependence ol produces a rapid decrease in fractional
recovery with increasing. For a complex with an off-rate
of 3 x 1072 s71 (the estimated off-rate for SN474, see below),
nearly 80% of the complex is lost to dissociation during the
43 s SEC isolation.

A contour plot of this same information, Figure 7B, is
more helpful for determining the useful limits of the affinity
selection/SEC/LC-MS analysis under a specific set of
experimental conditions. For example, if we (somewhat
arbitrarily) define the criterion for definitively establishing
an active component as one for which the measured response
in the SEC/LC-MS analysis is at least 10% of that in the
positive control, then those ligands which will be “detected”
by the affinity selection/SEC/LC-MS analysis are those with
combinations ofKp and K, encompassed within the 10%
recovery contour in Figure 7B. Note that a compound with
a 30uM binding affinity will be detected if it has an off-
rate of only 5x 103 s? (t;, = 138 s) whie a 1 nM
compound will not be detected if it has a large off-rate of 6
x 1072571 (ty, = 11.5 s). Clearly, it will be important to be
aware of these relationships when applying this method and
interpreting the data.

These relationships can also be used to help develop
conditions appropriate for the known characteristics of the
target protein and ligands being screened. Figure 7C shows
the time-dependent dissociation profiles calculated with eq
8 for ligands with 1 nM binding affinities and differing off-
rates. Again, with the detection criterion set as 10% recovery
(relative to the positive control) we find that the ligand with
an off-rate of 1x 1072 s (t1, = 69 s) is easily detectable
even with SEC isolation times of more than 3 min. On the
other hand, to detect the ligand with an off-rate of 20
102 s! (3 = 7 s) requires an SEC isolation time of less
than 25 s.

Estimating Absolute Kp Values and Off-Rates. The
slope and intercept of the line exhibited in Figure 6-a826
x 1072 s1and—0.00317, respectively. From eq 5, the off-
rate is equal to the negative of the slope of this line; therefore,
K for the MMP3/YZ103 complex is approximatelyx1 102
s (ty2 = 69 s). Also from eq 5, the interceft, of this line
is equal to In([C}{[L] o); thus, the equilibrium concentration
of complex can be estimated from the intercept by

[Cleg=1[LIo €’ 9)
Substituting in the appropriate values toand [L], yields
an estimated equilibrium concentration for the MMP3/YZ103
complex of 0.997uM. The equilibrium concentrations of
free ligand and protein in the affinity selection mixture can
be calculated from the estimated value ofd{ising egs 6a
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and 6b. Inserting these values and{@hto eq 2 yields an 45
extrapolated estimate of the equilibrium binding affinkp,

of 9 nM. The value of the dissociation constant determined
previously in an equilibrium measurement was 1 nM.

The equilibrium protein and complex concentrations
calculated with egs 6a and 6b are small values obtained by
taking differences between relatively large values (for
example, [L}g=1uM — 0.997uM = 0.003uM), thus the
relative uncertainties in these estimated concentrations are
large. Taking the product of these estimated values to
calculateKp, eq 2, further magnifies the resultant uncertain-
ties. Thus, relatively small errors in the extrapolated intercept  ©
of Figure 6 will lead to relatively large uncertainties in the ’

estimated value oKp. The data in Figure 6 represent the Figure 8. Estimation of relative binding affinities, YZ103 relative

average values fF” three measurements; t.he. em?r barﬁo SN476: log of the ratio of responses for the two affinity-selected
represent approximately one standard deviation in the jigands vs SEC void volume time. Data points represent the average
measured values. The standard deviation in the measuredalues for three measurements; error bars represent one standard

response ratiog,/L, is approximately 8% which translates ~deviation.
to an uncertainty in the extrapolated value forlLlh() of
about 0.17. Propagating this uncertainty through eqgs 9, 6a,
and 6b, and then eq 2 ultimately leads to an uncertainty in
Kp of approximately+500 nM.

The off-rate for the MMP3/YZ103 complex is calculated

N
o

N
3

In[Lyz103/Lsnaze]

o

05

10 20 30 40 50 60 70 80 90 100
SEC Void Volume Time (s)

are approximately equal or the initial concentration of the
protein is much less than the initial concentrations of the
ligands (so that the equilibrium concentration of ligand is
approximately equal to the initial concentration), then eq 12

directly from the slope of the line represented in Figure 6. reduces to

The uncertainty in the calculated value is directly propor- Kp1/Kpa = [Coled[Cileq (13)
tional to the uncertainty in the measured slope. For these

data the estimated off-rate and uncertainty aré 0.2 x The concentrations of both complexes will decrease

102s™* (ty2 = 694 11 s). However, this calculation contains  exponentially due to dissociation during SEC isolation. The
a systematic error arising from the assumption that the ratio of binding affinities expressed in terms of the measured
unbound ligand is immediately and completely removed from mass spectrometric responses for the recovered complex
the proteinacous fraction during SEC isolation and therefore becomes
the dissociation time, is equal to the SEC retention time.
In reality the concentration of unbound ligand is gradually Kpy/Kpp & (Ll ~ Kt (14)
reduced to nearly zero over a finite time. Therefore, the
effective dissociation time is necessarily less than the SECand, a linear relationship can be produced by taking the log
retention time, and the actual off-rate is necessarily faster of eq 14 and rearranging
than the calculated value. The off-rate of the MMP3/YZ103
complex has not been determined in an equilibrium measure-
ment so we cannot estimate the magnitude of the error at
this time but anticipate that the magnitude of the error will
be relatively small.

Estimating Relative Kp Values.For a mixture of two (or
more) ligands reacting reversibly with a protein

In(Ly/Ly) ~ (Kiy = Kt + In(Kpi/Kpy) (15)

A plot of the log of the ratio of the responses for the two
ligands vs the retention time will give a straight line with a
slope equal to the difference in the off-rates of the two
ligands and an intercept equal to the log of the ratio of the
Kp values. Figure 8 illustrates this relationship for the

R+L,+L,+..=C,+C,+ ... (10) complexes of MMP3 with YZ103 and SN476 (equilibrium
dissociation constants of 1 and 33 nM, respectively) formed

the equilibrium binding affinity Ko, for any ligand in the  under protein-limited affinity selection conditions. (Under
mixture, L, is these conditions the initial concentration of the protein is
_ significantly less than those of the ligands so that the
Koi = [RIL VCileq (11) equilibrium concentrations of the ligands are approximately

By rewriting the equilibrium concentration of ligand, JL equal to the initial concentrations and the approximate

as the difference between the initial ligand concentration and reIaEionship d?scribed in eq 13 is valid.) Using SN476 as
the final complex concentration, eq 6a, the ratio of binding "€ ‘reference’, the value df, for YZ103 estimated from

affinities for any pair of ligands in the mixture will be the intercept of the ratio of responses for the two ligands is
1.6 nM.
Kp1/Kpz = ([Coled[Cilegd([L 1]o — [Caleg/([L 2o — [Caleg) The data in Figure 8 are again the average values for three
(12) measurements with the error bars representing approximately

one standard deviation. The uncertainty in the value of In-
If the initial concentrations of the ligands are approximately (L/Lo) extrapolated to time zero in Figure 8 is approximately
equal and either the binding affinities for the two ligands 1.0. This is significantly larger than the uncertainty in the
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intercept for the estimation of the absolute binding affinity,
Figure 6. But because the relative binding affinity is
calculated directly from the intercept, the error is not
magnified as it was in the absolute estimationkgf The

100

%

Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 89

uncertainty limits for the relative determination Kf, for
YZ103 are 0.6-4.6 nM. The principal advantage in deter-
mining relative affinities is that the experimental uncertainties
are not magnified as in the determination of absolute

100

%

affinities. A possible disadvantage of the relative method is
that it may have a more limited dynamic range. Because the 100
ratio of measured responsésiL, is inversely proportional
to the ratio of binding affinitiesp1/Kpz, the binding affinity

%

0

TOF MS ES+
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14.26
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14.35 L‘
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ratio for reference and unknown ligands must, to first

1000
approximation, be less than the dynamic range of the massrigure 9. Selected ion traces for an active member of a combi-

Time

12.00 14,00 16.00 18.00 20.00

spectrometric measurement. The linear response range of th@atorial mixture, [M+ H]* at m/z 427: (A) positive control, (B)
method reported here was estimated to be approximately aaffinity-selected sample, (C) negative control.

factor of 50. Thus, using SN476 (with a binding affinity of
33 nM) as the reference limits the determination of unknown 100
binding affinities to ligands with dissociation constants
between about 0.7 nM and 1L.64.

If the off-rates for two protein/ligand complexes are
approximately equal, then the exponential term in eq 14 100
approaches unity and the expression reduces to

0

%

0
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408.20
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Positive Control

13.86

(No SEC Fractionation)
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TOF MS ES+
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451e3

(B)
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(SEC/LC-MS)

Kp1/Kpz ~ [Lo/[L ] (16)

100

For the YZ103/SN476 pair the off-rates (as estimated from

" TOF MS ES+
408.20
4.51e3

(©)
Negative Control

(No Receptor)
o

the slopes of Irl{/Ly) vs retention time plots for the two

ligands) differ by about a factor of 3: ¥ 1072 s for =
i 2 o1 )

YZ103 vs approximately 3« 10 s™ for SN476. At the Figure 10. Selected ion traces for an inactive member of a

shorter SEC isolation time represented in Figure 8 (void combinatorial mixture, [M+ H]* atm/z408: (A) positive control,
volume time= 43 s) the exponential term in eq 14 is about (B) affinity-selected sample, (C) negative control.

2, thus we expect the binding affinity estimated form this the separation of the proteinacous fraction from the free
single point to deviate from the extrapolated estimate by |iprary.
about a factor of 2. The relative binding affinity for Y2103 Figures 9 and 10 show the results for an active library
estimated from eq 16 using theJl[L ;] ratio measured at  member with [M+ H]* atmVz 427 and an inactive member,
43 s retention time is 1.1 nM. Fortuitously, the systematic [M + H]* atm/z 408. Neither component is observed in the
errors in measuring the response ratio have led to anpegative control, Figures 9C and 10C, confirming that the
estimated binding affinity nearer to the accepted value than ynpound components will not interfer with the analysis of
that obtained with the extrapolation. the affinity-selected sample. None of the 36 components were
Analysis of Combinatorial Mixtures. To demonstrate the  detected in the negative control. Figures 9A and 10A show
utility of this approach in a combinatorial leads discovery that both components are observed in the positive control.
application, a 36-member combinatorial mixture was exam- All 36 library members were observed in the positive control.
ined. The specific protocol for an analysis, of course, dependsin the SEC/LC-MS analysis of the affinity-selected sample
on the nature of the mixture being analyzed and the them/z 427 component is observed, Figure 9B, andrtite
information desired. In this example we have the relatively 408 component is not detected, Figure 10B. Qualitatively,
simple situation of a small, well-characterized mixture of the analysis of the affinity-selected sample has established
small molecules with minimal molecular weight redundancy that them/z 427 component is tightly bound to MMP3 while
which is known to be active for MMP3. We need to identify the m/z 408 component is not.
the library members with the highest binding affinities and  Four active members were determined in the affinity
estimate their relative dissociation constants. The protocol selection analysis of the mixture. Table 2 summarizes the
was (1) incubate mixture with MMP3 under protein limited data and the estimated relative binding affinities. Discrete
conditions; (2) perform the online SEC/LC-MS analysis to resynthesis and conventional screening of the active com-
determine the identities of the “active” components from their ponents confirmed the rank order of the relative binding
molecular weights; and (3) perform the positive control (the affinities determined by affinity selection/SEC/LC-MS. A
total quantity of each ligand analyzed was approximately limited number of the components not identified as active
10 pmol, no target protein present) to determine the responseby the affinity selection/SEC/LC-MS analysis were resyn-
factors for calculating relative dissociation constants. For this thesized as discretes and screened to confirm the negative
demonstration the negative control was also run to confirm result.

Time

12.00 14.00 16.00 18.00
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Table 2
integrated responses
negative positive affinity-selected fractional relative dissociation
m/z LC-MS RT2 control control (Lg)° (L)e recovery [/Lo) constant
331.2 8.10 0 210.9 135.6 0.643 0.73
365.2 8.19 0 205.3 87.3 0.425 0.48
427.2 8.56 0 99.8 87.6 0.878 1.00
466.3 8.10 0 230.5 34.8 0.151 0.17

aRetention time in minutes. Area under selected ion trace for [M H]*, arbitrary units.

Conclusions SEC isolation process. The principal drawback in determin-

Online SEC/LC-MS analysis of affinity-selected ligands ing absolute binding affinities is that the calculation magnifies
is an effective means for determining the members of €TOrS in the measured distributions. Uncertainties on the

mixtures which form tightly bound noncovalent complexes ©Order of 500 nM were encountered in the determination
with target proteins. Affinity-selected ligands can be deter- 1 @ligand with a binding affinity of 1 nM. The uncertaines

mined and relative binding affinities estimated using 20 pmol €ncountered in estimating relative equilibrium binding af-
(or less) of the target protein. finities were smaller, on the order o2 nM in the

Measured SEC recovery efficiencies for ligands known determination of the binding affinity of the same 1 nM ligand.

to form tight noncovalent complexes with the target protein N the case of protein/ligand complexes with slow off-rates
were relatively low and depended on the SEC isolation time ©F N€arly equal off-rates, it may be possible to rank relative
(as governed by the flow rate). A kinetic analysis indicated Pinding affinities of detected components without using an
that the decrease in recovery efficiency is consistent with &Xtrapolation (i.e., from a single time point).

unimolecular dissociation of the complex during SEC isola-  acknowledgment. The authors acknowledge Stephen
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