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SUMMARY

The digestion of fibrinogen b, oo poin, as followdd G the pli-aial, casn b Gusiined
in terms of three distinct reaction classes: (a) .\ fast reaction involving the splitting
of 12 peptide bonds during which clottability is lost, (b) a slower reaction involiing
&0 peptide bonds, associated with the appearance of a slower sedimenting component
in the ultracentrifuge and indicating the prodiction of large fragments, and ') a
slow reaction which covers the remaining bhonds susceptible to trypsin and which
results in the fragmentation of the molecule into small peptides.

The digestion was also followed in the viscosimeter, ultracentrifuge and polari-
meter, and the liberation of n.n-protein nitrogen measured. The disappecarance of
clotting ability assoctated with the first phases of the reaction was studied. and
certain conclusions were drawn concerning the mechanisin of this inactivation
process.

INTRODUCTION

In investigations of the breakdown of proteins by endopeptidases. far more attention
has heen paid thus far to the isolation and ciiaracterization of low molecular weight
peptides than to the early alterations during digestion of the protein molecule. The
nature of suck alterations, however, wher monitored closely, often yield significant
clues as to the structure and sometimes the mechanism of biological activity of the
protein undergoing degradation!-2,

The general pattern of protein degradation is determined by the relative rates
of splitting of the neptide bonds ir the various segments of the swolecule®, Tud +
rates, in their turn, will be determined partly by the primary structure, but aiso to
a large extent by the secondary and tertiary structure of the polyvpeptide chains.
(Generally, the native configuration of a protein moiecuie is much more resistant to
proteclytic attack than the unfolded structure of its denatured form*-3. \We mayv
assume, however, that some proteins have parts that are loose, approximating the
random structurc of the denatured form, and parts which are tightly coiled in some
specific configrration. An endopeptidase, such as trypsin, will split rapidly through

Aubreviation: TAME, N-p-tolucnesulfonvi-c-arginine methyl ester.,
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the ioose parts and if the secondary and tertiary structure of the tight segments
remain stable, the enzyme might leave these fragments relatively intact®-11,

Sume proteins, like myosin!®, y-giobulin'?, and thyroglobulin't are split very
quickly into large fragments by endopeptidases with the production of very little
non-protein nitrogen and the fragments then are relatively resistunt to further
degradation. It appears that in such cases the protein molecule has narrow accessible
regions through which the enzyme cuts like a knife, thus separating the large frag-
ments. The mechanism of formation of the so-called “'cores’’, on the other hand, is
somewhat differentid-19. Here the parent protein molecule possesses a large segment
in which the peptide bonds are inaccessible to the proteolytic enzyme. This core
is “‘surrounded” by a number of digestible segments which the enzyme removes as
smaller or larger peptides. Therefore, the core appears late in digestion and is ac-
companied by a large amount of peptide material. On the basis of the above con-
siderations it can be expected that the fast fragmentation will yield products which
are more homogencous than the ‘'cores” and which retain most of their original
secondary and tertiary structure. These expectations are borne out by the fact that
such fragments often have the original or some modified form of the biological ac-
tivity of the parent molecule® 80 -23

The mechanism of protein fragmentation can be e¢lucidated only by following
closely the kinetics of peptide bond splitting {in the pH-stat), the formation of non-
protein nitrogen, and the appearance of fragments (in the ultracentrifuge). Kinetic
studies with other physiochemical (viscosity, optical rotation) or chemical methods
{end-group analysis) may also vield valuable clues to the reconstruction of the mole-
cular breakdown. These procedures can then be followed by the isolation and charac-
terization of the fragments produced with respect to size, shape, and biological
activity. With all these data at hand, a gross structural picture of the protein mole-
cule can often be constructed.

Such a multilateral approach to the enzymic degradation of proteins has been
applied to only a very few pruteins, In the present paper we wani to report the
application of these principles to the digestion of fibrinogen by trypsin. It will be
shown that trypsin splits fibrinogen very rapidly into fragments with concomitant
production of only small amounts of non-protein nitrogen. The reaction has been
followed by a number of techniques and the results will be discussed in terms of the
structure of the fibrinogen molecule. A preliminary account of this work has been
already published?!.

It may be mentioned here that several authors®-37 have investigated the frag-
mentation of fibrinogen by plasmin; however, the process appears to be more com-
plex than with trypsin and has not been studied as yet in sufficient detail.

MATERIALS

Bovine fibrinogen was purified from Armour’s Bovine Fraction I, Lot T4105
according to LAKI's method®®. The fibrinogen solutions were dialyzed extensively in

* Large fragments are also obtained by one-by-one removal of amino acids from the ends
of the polypeptide chains by exopeptidases. Their mechanism of formation, however, is entirely
different from those described above and discussion of them is omitted.
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the cold against 0.3 M KCl adjusted to pH 7.0 with KOH and clarified by centrifuga-
tion for 30 min at 13 00o rev./min in the Servall 8S 1 centrifuge. The purity of the
preparations, in terms of percentage of protein material clottable by thrombin,
determined by the method of Laki®®, ranged from g2 to g59;. Protein concentrations
were determined by absorbancy measurements in the Beckman DU spectrophoto-
meter at 280 mu. The specific absorption of fibrinogen at this wavelength, corrected
for turbidity, is 1.51 per rng/ml. The intrinsic viscosity of our preparation was 0.24 dlfg
a value in good agreement with those found in the bterature?®. Qur sedimentation
data were, however, somewhat different from those pablished by other workers#-31;
therefore, a study of the concentration dependence of the sedimentation coefficient
of fibrinogen was undertaken. Fig. 1 shows s, plotted against concentration in
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Fig. 1. Concentration dependence of sy, of fAbrinogen. Sedimentation at 59 780 rev.fmin, at
22", in o.26 M KCl, o0.133 M potassium phosphate buifer (pH 7.1). The equatior of the line.
calculated by the mothod of least squares 1s: sy = 3.14 1.53 - Cq

a26 M KCl, 0.133 M potassium phosphate bufter (pH 7.12). The concentration
dependence was found to be more pronounced than any reported by other workers,
and the 8.14 value of sy, .. though in the range of values found in the literature, is
slightly higher than the currently accepted value of 7.9 (see ref. 32).

The trypsin used was - crystallized, lyophilized preparation purchased from
Worthington Biachemic~; Co., Freehold, N_J., Lot TL725. It was dissolved in 0.005 ¥
HCI and its concentration estimated on the basis of its absorbancy at 280 mu using
a previously determined conversion factor: absorbancy of a 1.0 mg/ml solution at
280 my equal to 1.660 (see ref. 10). The concentration determined this way amounted
to 74-75%, of the concentration calculated on the basis of the weight of the moist
lyophilized enzyme powder. The activity of the enzyme was determined in the pH-
siat under the conditions recommended by EHRENPREIS AND SCHERAGA® (10 ml
0.0 M TAME in 0.15 M KCI (pH 8) at 25°), defining one unit equal to that amount
which would hydrolyze o.r umole of TAME/min. The activity of the enzyme re-
mained unchanged for weeks at 4° in the o.005 & HCl. 1 mg of enzyme (concen-
tration determined by absorbancy) had an activity of 2450 units and the specific
activity of the enzyme powder did not decrease over a period of one and one-half
vears of storage at —X5° In some experiments a trypsin preparation was used in

Biockim. Biophys. Acta, 67 (1563) 73-89
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which the chymntryptic activity was desuoyed preferentially by partial inhibition
of the enzyvine with diisopropyithiorophosphate (kindly supplied by Dr. W. J.
DRYER) .

Sovbean inhibitor, crystallized from ethano! and obtained from Worthington
Binchemical Co., was dissolved in distilled water by adjusting the pll to approx. 7
with dilute alkali. Thrombin was purified by RasMUssEN's method®* from Parke,
Davis Thrombin, Topical. Its activity was determined on TAME under the same
conditions used for trypsin and the activity expressed in the same way. The purified
enzyme had an activity of 290 units;mg.

All the other reagents used were commercial preparations of reagent grade.

METHODS
pH-stat ricus

A Tirator. Ivpe TTT 1a, from Radiometer Corp., Copenhagen, was used in
connection with a Titrigraph, Tvpe SBR 2b, from the same company. In most of
the determinations a ‘miniature pH electrode’”, Leeds and Northrup, cat. No. 124138,
was used. The glass electrode was coated with Beckman Desicote 18772 as described
in the Bockman Bulletin 262-C. The Titrigraph activated a Radiometer Syringe
Burette, T'vpe SBU 1a, equipped with an ""Agla" Micrometer Syringe from Burroughs
Welicome and Co. (Great Britain), of 0.5 ml delivered volume. The r=action was
carricd out in a beaker surrounded by a jacket through which water of 24.5° was
circulated, Stirming was achieved by a magnetic stirrer, and a vigorous current of
nitrogen. washod through 40%, NaOH and water, excluded CO, from the reaction
vessel. The ptl scale was standardiced with standard buffers of 6.86 and g.19 pH
befure and after cach serics of runs; no drift in the pH was cver observed.

A tvpical rut. was made as follows: 10 ml of fibrinogen solution in 0.3 M KCl
{15.3 mg/ml} was pipetted into the reaction vessel. After temperature equilibration
and with the stirrer and =itrogen stream on, the pH-stat was allowed to bring the
pH of the solution to the desired vi:iuc, In o few minutes a stable base line was ob-
tained {at all pH values used); 0.5 ml of trypsin solution (4940 units/ml} was added
with a blow-ont pipette and the reaction allowed to proceed for 20 min. 0,166 N
KOH solution was used as titrant, diluted from Fisher Certified Reagent, CO,-free
1N KhOH.

Physicochemical and chemical studies of samples inhibited at varivus stages of the diges-
tion

The gereral procedure for abtaining samples inhibited at varivus times during
the digestion was the follnwing: 40 ml of fibrinogen of 17.8 mg/ml concentration in
0.3 M KC(Cl was mixed with 5 ml of 1 A7 potassium phosphate buffer (pH 7.12). The
mixture was placed in a water bath at 24.5° and 3 m! of trypsin solution of 1.56 mg
(3820 units)/ml concentration added. In the mixture the trypsin to fibrinogen weight
ratio was 1 to I52. At various time intervals g-ml samples were withdrawn and
mixed with 1 ml of soybean trypsin inhibitor solution of 1 1g/mi concentration.
For the zero time sample, a similar fibrinogen mixture, scaled down to § mi was
prepared, but with the inhibitor added first to the fibrinogen before the trypsin. The
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samples were kept at 4°, and no changes in their properties were observed over a
period of one week. They were analyzed in the ultracentrifuge. viscosimeter, and
polarimeter, and their non-protein nitrogen content was estimated. All measure-
ments were performed within three days of sample preparation. For a limited pur-
pose inhibited samples were also prepared by a somewhat Jifferent piocddure des-
cribed later,

Viscosity measurzments

An O=twald tyvpe viscosimeter was used with an outflow time of g3.1 see at
24.5" with a svluiluu oi 0.208 M KCl in 0.086 M phosphate bufier (pH 7.1). Vis-
cosities were calculated relative to the above solvent neglecting the slight density
and kinematic corrections.

Sedimentation studies

Sedimentation runs were made in the Spinco Model E nltracentrifuge at 50780
rev./min, emploving a standard 47 cell with a Kel-F centerpiece, and using the
Schlicren optical system. Temperature was maintained constant during each run
in the range 21° to z4° with the Rotary Temperature Indicator and Control Unit
supplied by the manufacturer. The photographic plates were measured in a Bausch
and Lomb Déidli Comparator, Cat. No. 33-12-11. The sedimentation coefficients
were converted to standard conditions of water at 20° with the use of the viscosities
and densities of the solvent at the various temperatures of the runs.

The relative concentrations ot the sedizmenting components were determined
from the areas under the Schlieren curves. These areas were measured by tracing the
curves projected by an Omega Type DDz photographic enlarger {found to be free
from distortions) on a thin cardboard. Strathmore paper, single ply, cutting them
out with scissors and weighing them on the analytical balance. The weight per unit
area of the cardboard and its constancy were determined by cutting out and weighing
squares of measured surfaces. The welght was constant to better than 19, and the
reproducibility of the areas under the curves was also of this vrder of precision.
Runs using only the solvent under every set of experimental conditions were made
to delineate the base linc under the areus. The acea measurements were made en the
patterns obtained after 80 min of centrifugation. The areas were corrected for radial
dilution, but no attempt was made to correct for the Johnston-Ogston effect.

Optical rotation measurements

Rotation measurements were performed with the Rudolph Precision uitraviolet
polarimeter, Madel 8o, equipped with the Rudonlph photoelectric polarimeter attach-
ment and an oscillating polanizer prism. The Rudolph, Model 610 xenon-arc lamp

was used as a light source. Readings werc made at 370 mu with the samples con-
tained in a 1-dm tube.

Non-protein nitrogen determinations

In preliminary experiments it was established that, with pative fibrinogen,
variation of the trichloroacetic acid concentration, incubation time, and temperature
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had little effect upon the absorbancy of the supernatant solttion, which was of the
order of 0.29; of the total. On the other hand, variation of the above conditions had
a pronounced effect on the amount of absorbing materials in the supcernatants of
tryptic digesis of fibrinogen. Increasing the trichloroacetic acid concentration from
5 to 15", decreased the absorbancy of the supernatants by about 409, and a further,
but smaller, decrease was vbtained by lowering the temperature to 0° and prolonging
the incubation. Thus a clear-cut separation of non-protein nitrogen and protein
nitrogen is not possible. Arbitrarily, for the non-protein nitrogen determinations,
the following conditions were chosen: 159%, final trichloroacetic acid concentration
and 35 min incubation time at n°. After incubation the samples were centrifuged in
the Servall Model SS 1 centrifuge for 20 min and the absorbancies of the super-
natants measured. Aliquots were then digested with H,S0, and CuSO,-KHSO,
catalyst; the ammonia was liberated in Conway dishes and estimated with Nessler's
reagent,

Reactivity loward thrombin

The clotting ability of fibrinogen at various stages of tryptic digestion was
tested with throwbin. Because of the rapidity with which trypsin destroys clotta-
bility, the digestion was run with a much lower trypsin concentration than that
described earlier. 4 ml of fibrinogen of 19.15 mgfml concentration was mixed with
o.5ml of 1 M poutassium phosphate buffer (pH 7.1). To the above mixture, held at
25° and stirred by a magnetic stirrer, was added o.5 ml of trypsin of 0.09I mg
(223 units)jml concentration, resulting in a trypsin to fibrinogen ratio of 1 : 1680.
At a timed interval, as short as 10 sec for some runs, 1.0 ml of ihibitor solution of
1.0 mgiml concentration was added {o the mixture. The procedure was rcpeated
with different digestion times to complete the sample series.

z-ml aliquots from each sample were pipetted into so-ml Servall centrifuge
tubes, each containing 8.0 ml of a solution of 0.3 M KCl and o0.025 M KH,PO,.
The resulting nixtwie had & pl of approximately 6.5 which is well within the range
i which fibrinogen forms a compressible cint 6.1 ml of thrombin solution of 30 units/
mt concentration was then added to each tube and the tubes were allowed to incubate
overnight at 4°. The tubes were spun down for 20 min in the Servall S5 1 centrifuge
in the cold and the supernatant solutions from which the clots separated well were
read at 280 myu in the Beckman DU spectrophotometer. The readings were corrected
for the amount of non-clottable material originally present in the fibrinogen solution.

RESULTS
PH-stut stredses

The digestion reaction was followed in the pH-stat at 0.§-pH intervals over the
range of pH 7.0—9.5. The curves obtained were analyzed in the manner proposed by
LEoxis®®. It was immediatcly apparent that the prolonged digestion of fibrinogen
very likcly involves all the bonds in the molecule theoretically susceptible to trypsin,
divided into three, or passibly more distinct reaction rate classes. A Kinetic analysis
of exhaustive digestion did not seem feasible, for, obviously, complex kinetic curves
of this type are susceptible to mathematical description in terms of various combi-
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nations of simultsnueous first order reactions, nooe ot which may have any reflection
in reality. However, the first 20 30 min of the base uptake can be analvzed in terms
of only two distizaict first order reactions since, as will be shown, the slower reactions
have progressed insignificantly in this short time interval. These two reactions can ke
correlated, moreover, with certain well-defined physical alterations  thus lending
credence to the analysis as a true description of the digestive process. Because atten-
tion was focused upon these initial reactions, the digestion was followed in the pH-
stat for only 20 min.

The reaction curves are shown in Fig. 2. Reproducibility of the curves was ex-
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Fig. 2. Blase uptake during the digestion of Abrinogen at various pH values. Curves shown were

traced by the pHe-stat, while the points were calculated on the basis of the assumed reaction

mechanism, as explained in the text. The numbier on cach corve indicat»s the pH of the experi-

ment. Tn each experiment there woete 155 mg of Gbrinegen and 2470 units of trypsin in 10.3 ml
volume.

ccllent, of the order of v.2-0.4gmoles/150 mg of fbrinogen. The matheratical
analysis can be outtined as follows: For i first order reaction:

log drejlt - - lag Ak, L (1)

Thus a plot of log rate versus time should give a straight line with the slope equal
to &y (rate constant calculated with connnon decimat logarichms) and intescept
equal to log dgk., 3.¢., the Lotal number of bonds taking part in the reaction multi-
plied by the rate constant calculated with natural legarithms. Such a plot is shown
in Fig. 3. The projected straight line repre<cnts the slow reaction and from it was
calculated - k¢ The deviation from the straight tine in the initial phase correspor:ds
to the fast reaction. To ascertain its extent the slow reaction was recoastructed from
the calculated Ay, and %,,, and then subtracted from the experimental curve. The
resulting difference curve, corresponding to the fast reaction, ievels off at a value
corresponding to the extent of the fast reaction, 4,,. The log of the unreacted bonds
is plotted against time in the inset of Fig. 3. From the slope of the straight line thus
obtained, the rate constant, &,,,,. of the fast reaction was calculated. With the

Lrochim, Biophys. Acta, 67 {1g0L3) 73 -7
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Fig. 3. Analysis of the pH-stat curve obtained at pH 8.5: Logarithm of the rate of base uptake

plotted against time. Straight line corresponds to slow reaction; deviation from it is caused by

fast rcaction. Insert: plot of the fast reaction calculated from the difference of the slow and the
overall reaction. For details sce texe,

constants, A, and k4. the fast reaction was reconstructed; then the sum of the
two reactions was calculated and compared with the experimental curve. As shown
in Fig. 2, the agreement is cxcellent. Save for a short middle section where some of
the experimental curves are slightly flatter than the calculated ones, the calculated
points fall on the experimental line.

The A,’s and £,4’s found for the two reactions at various pH'’s are given in Table 1.

TABLE |

RATES AND BASE CONSUMPTIONS PER MOLE OF FIBRINOGEN IN THE SLOW ANT FAST REACTIONS
CALCULATED FROM THE pH-STAT CURVES

Rate constants arce calculated with decimal logarithins and time is expressed in minutes. The
bLase uptake is given as moles of base per 340 ovo g of fibrinogen. Fibrinogen concentration
was 14.92 mgfml; fibrinogen to trypsin ratio, 152 : 1.

" Fas! reaction Slom Mﬂc.ﬁon
P — . -
A Moles base k x rot Afolas base

7.0 0.1 45 2.5 7.5
75 ©.57 6.3 4.3 3z2.9
8.0 o.51 10.2 5.1 51.3
8.5 0.97 12.2 5.9 69.0
9.0 o.89 12.2 5.5 81.1
9.5 o.B6 12.5 3.9 Bo.s

The rate of the fast reaction is approximately ten times that of the slow, and the rates
of both the fast and slow reactions are increased 2-2.5-fold when the pH is increased
from 7.0 to 8.5, above 8.5 the rates decrease again. The magnitude of each 4, depends
upon the number of bonds split and their degree of titration. If the same set of pep-
tide bonds were split regardless of pH, the base uptake should follow the titration
curve of the amino groups liberated by the splitting. Conversely, it is an indication
that the same set of bonds is split at each pH when the base uptake follows a titration
curve. The maximum A, attained at pH higher than g.o for both reactions corres-
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ponds to the number of bonds split. It is seen from Table I that there are 12 bonds
split in the fast and 8o in the slow reaction per molecule of fibrinogen of 340 000
molecular weight,

In Fig. 4 the base uptakes by each reaction, expressed as fractions of the maxi-
mum are plotted against pH. The points fit the theoretical titration curves drawn on
this figure reasonably well. As indicated by these cusves, the groups liberated by the
fast reaction have a pX of 7.37 and those liberated by the slow reaction a pK of 7.67.

[ L 70 ’ [ 4] i Q-Q 100

pM
Fig. 4. Maximal base uptake of the slow and of the fast reaction, calculated as indicatod in Fig. 3
and plotted against pH. The curves drawn are theoretical titration curves with their p/C's n-
dicated,

Thesc are reasonable values for a-amino groups®. They do not difier sutficiently,
however, to permit conclusions concerning the electrostatic viunily of ibhe groups
split in the two different reaction classes.

We have neglected in our analysis the reaction classes slower than the two
fastest ones. These have also contributed to the number of bonds broken in the
first 2o min, and our experimental 4, values must include the contribution from
these slower reactions. The 4, value for the slow reaction is much more aifected by
this error than the value for the fast reaction. An estimate of its magnitude can he
made by examining the curves obtained in prolonged runs. A precise kinetic analvsis
of these curves is impossible because the digestion is slow and considerable inactiva-
tion of the enzyme occurs during the process. However, an approximate evaluation
shows that a third reaction class is present in which about 250 bounds are split
at a rate some 70 times slower than those in the second class. The contribution
of ibe third class in the first 20 TIn of the reaction, caicuiated ifrom tie above
reaction constants, amounts to 7-8°%, of the total number of bonds split over
this period of timc. Cur 4, valucs for the sccond reaction class are, therciug,
overestimated by about 7-89%,. In all, these three reaction classes account for
approx. 939% of the total theoretically suscepiible bonds to trypsin in the fibri-
nogen molecule.

Over the 2o-min reaction period there was neither significant inactivation of
trypsin, nor inhibition by reaction products. By adding TAME or fresh fibrinogen
to the reaction mixture after 20 min, it was found that the rates obtained did not
differ by more than approx. 109, from the rates obtained with the same concentra-
tions of substrate and enzyme freshly combined.

Biochim Biophkys. Acta, 67 (1963) 73-89
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Sedimentation sludies

Samples for the ultracentrifuge runs were obtained from two serjally inhibited
digestions: one using the usual ratio of fibrinogen to trypsin of 152 to 1 which con-
veniently allowed for the following of the changes associated with the slow reaction,
and a second with a four-fold reduced trypsin concentration for the study of the
fast reaction. Fig. 5 shows the patterns obtained with the lower trypsin concentra-
tion. It is apparent that the sedimentation coeflicient of fibrinogen changes but little

A

O min Imin 2min S min K avin
Fig. 5 Sedimentation patterns of fibrinogen digests. Tine of digestion in minutes is indicated
under cach frame. Fibninogen concentration, 7.50 mg/ml: trypsin to fibrinogen ratio, 1 : 6Go8,
Solvent: o.26 A1 Kl in 0.035 )M potassium phosphate bufier (pH 7.1). Patterns obtained after
22 min centrifugation at 59 780 rev. finin at 23°%. 55,0 of faster peak: 1 min, 9.85; 2 min, 9.43;
5 min, 9.80; 10 min, 9.49.

-‘1
b\j .
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during the fast rcaction, The priuciple change is from a hyvpersharp boundary t¢
one spreading fairly rapidly. Also, a smali pzak appears on the fast side of the main
peak which disappears again toward the end cf the reaction.

As shown in Fig. 6 much more pronocunced changes are observed with more
advanced digestion. After the change of the hypersharp into the spreading boundary
{occurring in ihe Arst 2-3 min) a new, slower moving boundary appears which in-
creases in size at the expense of the original peak. This transformation seems to be

U

i ; I

l J\J J ]

Q min 295 min 4 min o min
| !

9 min 13 mn 249 min 40 min

Fig. 6. Sedimentation patterns of fibrinogen digested with trypsin at an enzyme to protein
ratio of 1 : 152. Time of digestion in minutes 18 indicated under each frame. Fibrinogen concen-
tration, 12.36 rag fml.Patterns obtained after 8o min centrifugaticn at 59 780 rev,/min and 22°.

Solvent: 0.2t M KCl in 0,09 M potassium phaaphate buffer (pH 7.1).
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nearly complete after 24 min of digestion. On the z4-min digestion pattern onc can
also sec a barely visible, still siower peak, which becomes more apparent after 4o min
of digestion.’

The sedimentation coefficients of the various components are listed in Table 11.
A moderate increase in the sy . of the original peak is noticeable as the digestion
proceeds, probably because of diminishing interaction of the particles. The sy, Of
the slow component, on the other hand, alivi a slight initial drop {(which may be a

reflection of minor molecular transformations still going o.: at this stage) remains
cssentially constant.

TABLE §L

RELATIVE CONCENTRATIONS AND SEDIMENTATION COETFFICIENTS OF THE COMPONENTS
OF DIGESTLED SAMPLES DETERMINED IN ULTRACENTRIFUGAL RUNS

Fibrinogen concentration was rz. 30 mg/mt. Trypsin to fibrinogen ratio, 1 1152 (pH 7.11. Temp. 24.57

Tive oof Fibrinagen Pragment | Lrugmen? 1§ Avea depeit

d;t':'::‘:n Kelarreo N i Kelatire . Belutis e . ) (u:::’-l-‘l':-la—:inn
cancedralion e emeeniraion Ciid concentration i )
[+ 100 0,2 . -— — O
1.0 9b 0.00 -- - - — - 4
2.5 a3 61t 3 ) o
4.0 B2 0O.45 ¥ - 7
6.0 O8 3.50 s 5£.79 - 7
9.0 3t O.47 ' 5.48 - 3
13.0 32 6.60 5t 3.08 s - 17
18.0 11 082 ©0 5.12 - — 20
24.0 7 6.70 74 RN 6 — 13

40.0 o . [} 440 ] 3.73 2

The relative areas under the curves, corrected for radial dilution, are also given
in Table I1. By the end of 40 min of digestion the total area has decreased by about
20%, which corresponds approximately to the non-protein nitrogen determined at
this stage with trichloroacetic acid precipitation, The decrease in the area of the
fast peak follows fairly closely an apparent first order reaction scheme but seems to
have an initial lag period approximately equal to the duration of the fast reaction.
From a plot of log of remaining fast component wersus time, a rate constant of
5.0-10~t/min can be calculated.

Viscosily studies

The digestion of fibrinogen is accompanied by a viscosity drop whbich appears
to follow the disappearance of the fibrinogen in the ultracentrifuge. As is frequently
observed with elongated particles, the logarithm of the relative viscosity of fibrinogen
is a linear function of the concentration. Therefore, in analyzing the viscosity change,
the logarithm of the relative viscosity was used instead of the viscosity itself. Because
the viscosity continues to decrease slowlyv even after the completion of the reaction
as seen in the ultracentrifuge, it is difficult to choose an end point corresponding to
this completion. Guided by the ultracentrifuge patterns one can ta%e the viscosity
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of the 4o0-min digest as that corresponding to the end of the reaction {although the

pattern already shows slight secondary changes). The fraction of unreacted fibrinogen
will then be given by®:

. = OB N2 — log 7

€5 = iognu < Tog 7 e

Fig. 7 shows the usual fust order plot of this quantity, and from it a rate con-

stant of 5.5 10"%min was obtained. Alternatively, one can use the dlogy reifdt versus

time plot to obtain the rate constant and the end point. A plot of this kind shows a

fairly good adherence to first order kinetics and a rate constant of 5.0-10-%/min,

which is in good agreement with the value obtained by the simpler calculation. The

oat L 1
o L+] =
MU TES

Fig. 7. First order plot of the viscusity chang ., as defined in text, against time. Trypsin to fi-
brinogen rati-,, t : 152 {pH 7.1},

viscosity change followed first order kinetics very closely when the observations were
limited to the first 40 min of the reaction. After this period of time there was a very
slow change in viscosity corresponding to the complete digestion of the fibrinogen”.

Optical rotation changes

T - — 3 e P - M "
Tue polarimetric mcacurements of the digest camnlec at 3720 myr demanstrated

that, as the reaction proceeded, the optical rotation decreased from an initial lae-
vorotatory value. A log rate versus time plot showed a good fit to a first order kinetic
curve with no evidence of a faster reaction. The maximum rotational change cal-
culated from this plet is 6.3° and the rate constant is 7.8 - 10-3/min.

* With some trypsin preparations that contained a higher than usual chymotrypain con-
tamination, the straight line of the logarithmic plot gave an extrapolated zoro time viscosity
value below the one obtained with a trypsin-free blank, suggesting the presence of a fast initial
reaction. This apparent fast reaction was probably caused, however, by the incomplete inhibition
of the chymotrypain impurity by the soybecan inhibitor, because it was absent when chyniotrypain.
fIce trypsin preparations were used.

Biockim. Biophys. Acta, 67 (1963) 73-89
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Non-protein nitrogen deterntinations

Fig. 8 shows the amount of non-protein nitrogen produced during digestion as
determined by absorbancy measurements at 280 mye and by nitrogen determinations
of the trichloroacetic acid supernatants. It is seen that the fraction of nitrogen liber-
ated is. approximately twice as high as the fraction of the total ultraviolet absorption
associated with the non-protein nitrogen. Apparently the low molecular weight
products have a lower eontent of aromatic amino acids than the parent fibrinogen,
The log rate versus time piot inditated the presence of a fast and a slow reaction with

L

PERCENT OF TOTAL NOR £,q,

=]

WNCTES

Fig. 8. Amount of nitrogen (@—€@) and of the absorbancy at 280 mye ( O -- Q). both expressed

as percentages of the total, in supermatants of trichloroacetic acid precipitates of digested samples

plotted against time of digestion. Trypsin to fibrincgen rztio, 1 : 152, Fibrinogen concentratiorn,
12.36 mg/ml (pH 7.1).

the rate constants: 0.6/min and 5.9 1073/min, respectively, with o0.929%, of the
total nitrogen being liberated in the fast and 13.39; in the slow reaction.

Clottabslsty with thrombin

Clotting was completely absent in the sample digested for 1 min with the usual
I : 152 trypsin to fibrinogen ratio. Therefore, as indicated in METHODS, the trypsin
concentration was reduced approximately 10-fold to a trypsin to fibrinogen ratio of
I : 1665. The series of inhibited mixtures was then tested vvith thrombin. Soybcan
trypsin inhibitor d.es not interfere with the action of ihrombin3®,

When the amount of fibrinagen clottable by thrombin was plotted against time
of digestion with trypsin a straight line was obtained suggesting zero order kinetics
for the inactivation process. However, the data also fit reasonably well a first order
plot over more than 509, of the inactivation. In making a choice between the two
kinetics the points toward the end of the reaction would be of decisive importance,
but obviously these are also the least accurat. ones. Incomplete clotting because of
the low fibrinogen concentration, inhibition by the inactivated molecules?®, ur over-
correction for the originally present unclottable inaterial, would all tend to increase
the amouat of apparently unclottable material found, thus shifting the reaction
towards an apparent zero order kinetics. For the sake of more ready comparison

Bs’od;m. Biophys. Acta, 67 (1963) 73-89
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Frgo g Logarithm of amount of clottable fibrinogen plotted against digestion time. Trypsin to

tibrinogen ritio, 1 . 16035, Fibrinogen concentration 15.5, mgim! (pl 7.1}

with the rest of the kinetic data, we have described the process by a first order plot

of the data (Fig. 9). The rate constant found was o0.3g/min at a trypsin concentration
of 22.3 nnitsfiml.

DISCUSSION
The seqjuence of events during the carly phase of the digestion of fibrinogen by tryp-
sin can be described as follows: There is a fast reaction involving the splitting of
12 peptide bonds per molecule of fibrinogen of 340 coo molecular weight, accompanied
by very little apparent change in the gross structure of the molecule; viscosity and
sedimentation coefficient decrease slightly, there is greater spreading of the main

boundary during sedimentation, and a faster but smaller boundary appears, which
disappears before the end of the reaction. However, these subtle changes are coupled

TABLE 11}
SUMMARY OF THE KINETIC CONSTANTsS AT pH 7°

Fibrinogen concentration was 12.36 mg/ml; fibrinogen to trypsin ratio, 152 : 1.

Merhod of obscreation Fast ':m“o. s'o:. ;‘:‘::u"
pli-stat o0.38 2.0
Sedimentation Absent 5.6
Viscosity Abscat 5.5
Optical rotation Absent 7.8
Nen-protein nitrogen formation 0.6 5.9
Clottability with thrombin 4.3 —

* Altbough, the kinetic constants lixted in this Table were obtained un-ter slightly varying
cenditions (pH-stat runs in 0.3 M KCL all the other iz 5.3 M KC] plus o.1r ¥ phoasphate bufier),
thew comparability was justifyed by the small cffect of phosphate ions observed in pH-atat
runs performed in the presence ard in absenco of 0.1 M phosphate. These uxpesments were run
at pH 8.4 where the buffering effect of phosphat~ iona is negligible.

Bivchim, Biophys. .1cla, 67 (1963) 73--89
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with a dramatic loss of clottability. Parallel to this reaction a slower reaction proceeds
that involves the splitting of 8o peptide bonds per molecule of fibrinogen and con-
siderable molecular alteration. This reaction is associated with the appearance in the
ultracentrifuge pattern of a peak sedimenting more slowly than the native fibrinogen,
production of non-protcin nitrogen, a pronounced decrease in the viscosity, and a
slight decrease in the optical rotation. To facilitate comparison of the kinetic data.
all the constants of the various measurements of the reaction are assembled in
Table III. )

Focusing attention upon the molecular changes effected by the slow reaction, it
is seen that the rate of accumulation of the slower sedimenting matcerial, as well as
the rates of the viscosity and optical rotation changes are about twice as fast as the
slow reaction in the pH-stat. One can argue that there is a small number of specific
bonds, buried in the group of 8o, the breaking of which causes these char—-c and
whose rate of splitting is twice that of the whole group. Alternatively, one cad . .
the pro-aositicn that the splitting of only half of the bonds, taken randomly, is suffi-
cient to cause the above mentioned effects, thus leading again to a two-fold increase
of reaction rate over that observed in the pH-stat.

The results cannot be unambiguously interpreted. However, regardless of the
specific breakdown process, the decreases in sedimentation rate and viscosity appear
to be too large to be attributable to a change in frictional resistance alone, and
suggest rather a fragmentation of the molecule. The amount of non-protein nitrcgen
formed during this process is small, indicating that the cnzyme removes a small
number of peptide segments 1rom the molecule, thereby setting tree large fragments.
Significantly, there is no increase in laevorotation during this phase of the digestion:
on the contrary, a slight decrease occurs. This demonstrates that unfolding of the
secondary structure of the protein does not take place®.

Cencerning the significance of the fast reaction, it seems (uite probable that
loss of clottability, which we shall call inactivation, and this early molecular break-
down are connected. However, this relationship is not readily apparent in the data
and a more thorough discussion is necessary to establish 1t. In the fast reaction, as
mentioned carlier, 12 peptide bonds are split. These should include the 4 bonds
susceptible to thrombin, because at the end of this reaction no fturther splitting by
thrombin is demonstrable in the pH-stat. Since their splitting causes clotting, these
4 bonds obviously are not connected with the inactivation. Therefore. inactivation
must be associated somehow with the splitting of the remaining 8 bonds in this
group. Also the rate of inactivation is some 10 times faster than the overall rate of
<plitting of the bonds in the fast reartion.

With the above factors in mind, two simple alternative hypotheses may be
offered : (a) Inactivation follows the splitting of any bond from this group of 8 bonds
and there is no distinction as to rate among the members of the group. This will
result in an 8 times faster rate of inactivation than the overall rate of splitting of

* A similar conclusion waa rcached from a spectroscopic investigation of the process, A
large fraction of the tyrosine residucs in native fibrinogen has an abnormal ultraviolet spec-
troscopic titvation®.48, \We found by ditferential spectroscopy. that there ia no change in the titra-
+'on characteristics of these groups when the fibrinogen moiecuie 13 fragmented by trypsin. This
&nding indicates that the secondary and tertiary structure of the protein must be largely cuu-
scrverd; it also demonstrates that no base uptake in the pH-stat can be attributed to aormaliza-
tion of tyrosine residues.

Biachim. Biophys. Acta, 67 {1533) 73-89
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the peptide bonds. {b) Inactivation is caused by the splitting of a single specific
group which is split at a rate 1o times faster than the overall splitting ratc. T'he
specific group is buried in the fast reaction because our methods of analysis are not
sensitive enough to discover its presence. Unfortunately the two mechanisms have
identical mathematical forms, thereby preventing any attempt to establish one or
the other as the more likely mechanism by testing them against the kinetic data.

With either of the two mechanisms there will be some molecules in which only
the bonds susceptible to thrombin are split, and these will be able to polymerize.
Indeed, inspecting Fig. 4 one can sec that there is a substantial build-up of faster
sedimenting material on the ultracentrifuge pa‘terns, which then disappears com-
pictely in the later stages. Its maximum area, reached after two to three minutes
digestion, is approx. 339, of the total.

The proportion of polymerizable molecules at any time could be calcuiated if
the reaction rates and the number of splits necessary for inactivation and for poly-
merization were known. But only the number of splits invoived in each can be
estimated with confidence. Thus, the number of bonds broken in the inactivation reac-
tion probably cannot be larger than one, because the pH-stat shows the splitting of
only 4 bonds in the period necessary for complete inactivation. Two of these bonds
are from the slow reaction group and at least one is of the non-inactivating kind
(attacked by thrombin) of the fast reaction. Thus, it is fairly certain that the splitting
of only one bond renders the inolecule incapable of polymerizing. By the same
reasoning, one bond must be responsible for the polymerizing reaction also, since this
reaction takes place also within the period when the initial 4 bonds are broken.
Therefore, at least for the restricted kind of polymerization leading only to the appear-
ance of the faster sedimenting material and very likely distinct from the poly-
merization brought about by thrombin, the splitting of only one peptide bond scems
to he sufficient.

Putting aside the question of whether the rates of the inactivation and poly-
merization reactions are higher because of the presence of one specific group of higher
susceptibility to trypsia, or because of the identical effect of any single split taken
at random in a larger group, the accmulation of heavy material during this reaction
can be used to cstimate the ratio of the apparent rates of the two processes. Assum-
ing that both rcactions obey first order kinetics and run independently side-by-side,
the fraction which was non-inactivated would be given by e-% and the fraction of

this rendered polymerizable by {1 — e~%f). Therefcre, the polymerizable fraction
at any time would be;

a = eht{1 - ekt {3

AL
&y -t A
— —— | K —
Emax, (k, iy . (! A+ k.) {4)

The experimental value of 0.33 for amax. gives, according to Eqn. 4, a ratio
of 0.65 for k,/#; thus, the reaction producing polymerizable molecules appears to
be slightly faster than the inactivation one.

It is instructive to compare the data on the digestion of fibrinogen presented in
this paper with those previously reported for myosin® under similar conditions. Both
proteins show a fast and a slow reaction in the pH-stat, but with the same trypsin

and

Biockim. Biophys. Acta, 67 (1963} 73-89
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to protein ratio the rate of the slow reaction of the tibrinogen digestion is the same
as that of the fast reaction of the aiyuosiic digestion. The pumber of peptide bonds
split is also comparable: 16 in myosin and 23 in fibrinogen for an arbitrary molecular
weight of 100 cuo. Fibrinogen, as inentioned earlier, has a large number of bonds
split at an even slower rate than those in the slow reaction studied herein, and these
are the counterpart of the slow reaction of myosin,
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