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STRATEGIES AND STORIES FOR THE SMALL-SCALE CRYSTALLIZATION
LABORATORY

Terese Bergfors
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Au to ma tion has made it pos si ble to gen er ate mas sive
amounts of crys tal li za tion data. How can ac a demic lab o ra -
to ries ben e fit from this to es tab lish a best-prac tice pro ce -
dure for small-scale through put fa cil i ties? 

The crys tal li za tion fa cil ity at Uppsala Uni ver sity pro -
cesses 800 SBS-for mat plates per year, of which 73% are
for the in-house struc tural bi ol ogy groups. Our au to ma tion
con sists of two crys tal li za tion ro bots (Mos quito, Oryx), a
desk top im ag ing sys tem (CrystalMation), and a liq uid-han -
dling ro bot (Scor pion). Most of our groups work on struc -
ture-based drug de sign, which means deal ing with (of ten
in sol u ble) com pounds in tended for cocrystallization or
soak ing. In this lec ture I will share ex pe ri ences from our
crystallization facility regarding:

• rec om men da tions for how many and which screens
to stock for ini tial screen ing

• ex am ples of false positives and neg a tives with UV
de tec tion of pro tein crys tals

• how to rec og nize leads worth op ti miz ing

• ma trix microseeding as a first-choice op ti mi za tion
method

• real-life hor ror sto ries and suc cesses
Our ex pe ri ences may be use ful for other small-scale fa -

cil i ties hop ing to gain the most crys tal li za tion in for ma tion
about their tar gets for the least amount of ma te ri als, time
and effort. 

Microseed ma trix screen ing for op ti mi za tion in pro tein
crys tal li za tion: what have we learned?, A. DArcy, T.
Bergfors, S. W. Cow an-Jacobs & M. Marsh  (2014). Acta
Cryst. F70, 1117-1126.
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When mol e cules pre vi ously in so lu tion form a crys tal line
phase, their en tropy is re duced. The crys tal li za tion driv ing
force must then come ei ther from the enthalpy of the
intermolecular in ter ac tions in the crys tal, or from a gain of
en tropy of the sol vent. There is in deed of ten an en tropy
gain upon crystallisation, since a large pro por tion of the
wa ter mol e cules pre vi ously form ing or dered hydration
shells around the macromolecules are ex cluded from the
crys tal. The im por tance of both entropic and enthalpic ef -
fects for crystallisation sug gests that changes in these pa -
ram e ters in the pre-crystallisation so lu tion, brought about
by the pre cip i tant and buffer, will be cru cial to the out -
come.

High-ac cu racy Dif fer en tial Scan ning Microcalorimetry 
was used to mea sure the ther mo dy namic pa ram e ters of
tem per a ture-driven un fold ing of two glob u lar pro teins,
lysozyme and ribonuclease A, in var i ous salt so lu tions. The 

salts were cate gor ised into those that were con du cive to
crystallisation of the pro tein and those that were not. Both

the Free En ergy (DG) of un fold ing at dif fer ent tem per a -
tures and salt con cen tra tions and its break down into
entropic and enthalpic con tri bu tions were ob tained. 

It was found that even fairly low -by crystallisation
stan dards- salt con cen tra tions had very large ef fects on
ther mo dy namic pa ram e ters. High con cen tra tions of salts
con du cive to crystallisation sta bi lised the na tive folded
forms of pro teins, whereas high con cen tra tions of salts that
did not crys tal lise them tended to de sta bi lise them. Con sid -

er ing the DH and TDS con tri bu tions to the DG of un fold ing
sep a rately, high con cen tra tions of crystallising salts were
found to enthalpically sta bi lise and entropically de sta bi lise
the pro tein, and vice-versa for the non-crystallising salts
(Fig. 1).

Ó Krystalografická spoleènost

92 ICCBM-16  -  Lectures Ma te ri als Struc ture, vol. 23, no. 2 (2016)



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 23,  no. 2 (2016)       93

These ob ser va tions sug gest an ex pla na tion, in terms of
pro tein sta bil ity and en tropy of hydration, of why some
salts are good crystallisation agents for a given pro tein and
oth ers are not. This in turn pro vides the o ret i cal in sight into
the pro cess of pro tein crystallisation, pos si bly sug gest ing
ways of pre dict ing and con trol ling it.
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GLYCEROL ALTERS SUBSTRATE BINDING IN PTPLP:IP COMPLEXES 

Lisza M. Bruder, Ste ven C. Mosimann 
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Pro tein ty ro sine phosphatase-like myo-inositol phospha -
tases (PTPLPs or phytases) fol low an or dered, se quen tial
dephosphorylation path way that uti lizes the abun dant
myo-inositol-1,2,3,4,5,6 hexakisphos phate (InsP6 or
phytate; ap prox i mate charge of -6 to -9 at phys i o log i cal
pH) to pro duce less phosphorylated myo-inositol phos -
phates (IPs) con tain ing be tween one and five phosphoryl
groups [1]. Ul ti mately, we aim to en gi neer PTPLPs by ra -
tio nal de sign to ma nip u late the sub strate spec i fic ity and
pro duce al ter nate IP prod ucts [2]. The en gi neered PTPLPs
can then be used for large-scale pro duc tion of IPs. To ra tio -
nally de sign an en zyme, clear un der stand ing of how the
struc ture af fects func tion is re quired. There fore, the goal is
to un der stand PTPLP sub strate spec i fic ity at atomic res o lu -
tion in or der to iden tify and un der stand the struc tural de ter -
mi nants that gov ern sub strate spec i fic ity. To this end,
mul ti ple crys tal struc tures of dif fer ent IP lig ands in com -
plex with IPases are nec es sary. This work fo cuses on two
PTPLPs which have high ac tiv ity to wards InsP6 and di ver -
gent hy dro ly sis path ways: Phytase A from Mitsuokella
multacida (PhyAmm; a tan dem re peat) and Selenomonas
ruminantium (PhyAsr) [1, 3]. 

Glyc erol is com monly used to pro tect pro teins while
stored frozen, for sta bi liz ing and en hanc ing pro tein sol u -
bil ity, in cryocrystallography, and is also used dur ing pro -
tein crys tal li za tion [4-5]. PhyAmm can be crys tal lized in
the pres ence or ab sence of glyc erol at con cen tra tions suit -
able for cryoprotection. The pres ence of glyc erol dur ing
crys tal li za tion pro duces larger crys tals with in creased sta -
bil ity than those grown in the ab sence of glyc erol. How -
ever, when soaked or co-crys tal lized with the highly- 
charged IP sub strates, the re sult ing struc tures have the IPs

bound to the ac tive site in a cat a lyt i cally in com pe tent man -
ner, with in or ganic phos phate bound to the phos -
phate-bind ing loop (P-loop) and the IP bound above the
in or ganic phos phate. When the con cen tra tion of glyc erol is 
de creased be fore the PhyAmm crys tal is soaked with an IP
the struc ture re sults in the IP bound in a cat a lyt i cally com -
pe tent man ner. In the case of PhyAsr, glyc erol is used
strictly as a cryoprotectant. When PhyAsr is soaked with an 
IP so lu tion which con tains glyc erol, the IP binds to PhyAsr
in a man ner in con sis tent with the known path way or in a
cat a lyt i cally in com pe tent man ner. When PhyAsr is first
soaked with the IP and then glycerol added as the
cryosolvent, an alternate substrate binding mode is
observed. 

This work dem on strates that glyc erol can have a sig nif -
i cant ef fect on pro tein-sub strate in ter ac tions when in volv -
ing high-charge den sity sub strates. In the case of PhyAmm, 
the sub strate is in ca pa ble of bind ing the P-loop, while the
PhyAsr sub strate binds the P-loop with al ter nate binding
modes. 

1. A. A. Puhl, R. J. Gruninger, R. Greiner, T. W. Janzen, S.
C. Mosimann and L. B. Selinger, Pro tein Sci., 16, (2007)
1368-1378. 

2.  X. G. Lei, J. D. Weaver, E. Mullaney, A. H. Ullah and M.
J. Azain, Annu. Rev. of Anim. Biosci., 1, (2013) 283-309. 

3.  R. J. Gruninger, L. B. Selinger and S. C. Mosimann, J.
Mol. Biol., 392, (2009) 75-86. 

4.  R. Sousa, Acta. Cryst., 51, (1995), 271-277. 

5.  L. Vera, B. Czarny, D. Georgiadis, V. Dive, and E. A.
Stura., Cryst. Growth Des., 11, (2011) 2755-2762.

Fig ure 1. Enthalpic (DH, red) and entropic (TDS, blue) con tri bu -
tions to the ther mo dy namic sta bil ity of lysozyme in 50 mM so -
dium ac e tate buffer (pH 4.5) at 10 °C. Left panel: crystallising
salts NaCl (full squares) and Na2SO4 (empty cir cles). Right panel:
non-crystallising salts (NH4)2HPO4 (full cir cles) and Li2SO4
(empty di a monds). 
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CONTROLLING THE GRYSTAL GROWTH. WHY IS POLY(ETHYLENEGLYCOL) THE
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The lec ture in tro duces a spe cial ap proach to con trolled
crys tal li za tion based on mod i fi ca tion of pro tein-pro tein ad -
he sion prop er ties us ing ad di tives mod i fy ing prop er ties of
ad he sive patches on pro tein sur face. 

Sta bil ity of pro tein crys tal de pends on sta bil ity of the
3D net work of iden ti cal pro tein-pro tein interfaces (PPI)
en sur ing the cor rect po si tion and ori en ta tion of the mol e -
cules in highly con cen trated so lu tion. De tails on the PPI
can change with crys tal li za tion so lu tion and wa ter con tent
in the crys tal. How ever, an in spec tion of pro tein crys tal
ar chi tec ture (PCA) can eas ily re veal a set of ad he sion
modes char ac ter is tic for each crys tal form. The strength of
ad he sion mode de pends on ad he sion forces be tween pairs
of mu tu ally at trac tive ad he sive patches on the op po site
pro tein sur faces. We can iden tify a set of dom i nant pro -
tein-pro tein ad he sion modes (PPAM) that is responsible
for formation of the respective crystal polymorph. 

Clas si cal model of crys tal li za tion pro cess sup poses that 
only the dom i nant PPAM be tween na ked pro tein mol e -
cules is re spon si ble for cor rect stack ing of pro tein mol e -
cules into the grow ing crys tal. New dy namic con cept of the
pro tein sur face-shield ing agents (PSSA) in tro duces
more com plex crys tal li za tion model based on com pe ti tion
be tween the pro tein-pro tein in ter ac tions and the
PSSA-pro tein interactions. 

Prin ci pal ad van tage of this ap proach is that us ing se lec -
tive PSSA, we can ra tio nally sup press the orig i nal dom i -
nant ad he sion mode and ini ti ate the crys tal li za tion pro cess
ac cord ing to the new dom i nant PPAM. 

Pro tein mol e cules stacked into the crys tal by con tacts
of ad he sive patches are al ways in dy namic equi lib rium
with so lu tion. The op ti mal sol vent con tent in crys tal, cor re -
spond ing to the best dif frac tion abil ity, de pends largely on
the pro tein crystal ar chi tec ture (PCA) and on the
physico-chem i cal com po si tion of the crys tal li za tion so lu -
tion. With in creas ing os motic pres sure and higher wa ter
con tent, the crys tals lose sta bil ity. With lower wa ter con -
tent, the reg u lar crys tal lat tice brakes. In both cases, the
crys tal loses its dif frac tion abil ity. Ex pe ri ence shows that
there we are not able sta bi lize pro tein crystals with solvent
content over 85 % or bellow 25 %. 

The con cept of the se lec tive PSSA pro vides ra tio nal ap -
proach to pro tein crys tal li za tion has im por tant prac ti cal im -
pli ca tions and allows us:
1 Ra tio nal change of crys tal li za tion so lu tion al lows us a

de sign of more suit able polymorph for our pur poses (e.g. 

polymorph with ac tive site open for ligand soak ing,
polymorph with bi o log i cal oligomerization, polymorph
with the best dif frac tion ac cu racy of struc ture de ter mi na -
tion, etc.)

2 The weak en ing of the dom i nant P1P1AM and the
strength en ing the P1P2AM al lows us to grow the re -
quired co-crys tals of sev eral pro teins (multi com ponent
crys tals).
PEG (poly(ethyleneglycol) has, in ad di tion to its pre -

cip i tat ing abil ity, also a large scale of spe cial ad he sive
modes to pro tein sur face. One can eas ily reg u late the PEG
ac tiv ity on var i ous patches on pro tein sur face al most of all
types – bind ing to pos i tively charged res i dues, bind ing to
hy dro gen do nor or ac cep tor clefts, hy dro philic and also hy -
dro pho bic ar eas. The re view of more than 3000 PEG-pro -
tein in ter ac tions pub lished in [2,3] shows the way how one
can skip be tween dif fer ent PEG-pro tein ad he sion modes
and thus change the pref er ences of dom i nant ad he sion
modes driv ing the crys tal li za tion pro cess. It ex plains why
PEG is so con ve nient tool for a con trol of crys tal growth.

Prac ti cal part shows the ex am ples clar i fy ing ac tiv ity
of PEG on the pro tein sur face.
A. Pro tein-pro tein in ter faces (PPAM) of  (1) 
     bi o log i cal rel e vance, (2) crys tal oligomerization, (3) 
     crys tal con tacts [4]
B. PSSA-pro tein in ter faces (1) block ing the crys tal 
      con tacts, (2) build in the crys tal lat tice [2], etc. 
C. Re view of PEG-pro tein in ter faces (1) in pres ence of  
      dif fer ent salts, (2) build in the crys tal lat tice [3], etc. 

1. Hašek J. Pro tein sur face shield ing agents in pro tein crys tal -
li za tion. J. Synchr. Ra di a tion  (2011) 18, 50-52.

2. Hašek J.  Poly(eth yl ene gly col) in ter ac tions with pro teins.
Z. Kristallogr. (2006) 23, 613-619.

3. Hašek J. , Labský J., Skálová T., Kolenko P., Dohnálek J.,
Dušková J., Štìpánková A., Kovaå T., Poly mer struc ture
da ta base and pro tein-poly mer in ter ac tions. Z. Kristallogr.
(2011) 28, 475-480.

4. Skálová T., Bláha J., Harlos K., Dušková J., Kovaå T.,
Stránský J., Hašek J., Vanìk O., Dohnálek J., Four crys tal
struc tures of hu man LLT1, a ligand of hu man NKR-P1, in
var ied glycosylation and oligomerization states, Acta Cryst.
(2015) D71, 578-591. 

The pro ject was sup ported by BIOCEV CZ.1.05/1.1.00/
02.0109 from ERDF, RVO 86652036, and Czech Sci ence
Foun da tion 15-15181S.
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EXPERIMENTS ON THE DIFFUSION OF DYES AND IONS INTO PROTEIN CRYSTALS

Al ex an der McPherson, Ste ven B. Larson and Yuri G. Kuznetsov

De part ment of Mo lec u lar Bi ol ogy and Bio chem is try, Uni ver sity of Cal i for nia, Irvine,
Irvine, Cal i for nia, 92697  USA

Ex per i ments have been car ried out on 15 dif fer ent pro tein
crys tals, most in the range of 0.5 to 1.5 mm di men sions, to
mea sure the rates of dif fu sion of dye mol e cules into crys tal
in te ri ors. Mea sure ments have also been made of the dif fu -
sion of dyes through pro tein so lu tions of 50 mg/ml to 400
mg/ml con cen tra tion for com par i son. We found in the
course of our study that for most pro tein crys tals, once sat -
u rated with dye (as in di cated by their rich col ors), the dye is 
re tained in the crys tals for at least six months, per haps in -
def i nitely, af ter the crys tals are sub merged in large vol -
umes of clear, dye free mother li quor. This in di cates strong
as so ci a tion of the dyes with the in te rior of the crys tals. Di -
al y sis ex per i ments fur ther in di cate a strong as so ci a tion be -
tween the dyes and the pro tein mol e cules even in so lu tion.
X-ray dif frac tion ex per i ments on over 25 dye-sat u rated
lysozyme, thaumatin and trypsin crys tals, how ever, failed
to re veal (with a few note wor thy ex cep tions) any dif fer -
ence elec tron den sity in dic a tive of or dered bind ing. This
raises the ques tion of how high af fin ity be tween pro teins
and small mol e cules can arise from com pletely dis or dered
in ter ac tions.

Some of the dyes we use are pH sen si tive (pH in di ca tor
dyes) and change color as a func tion of H+ con cen tra tion.

We ex ploited the color change of nu mer ous dye-sat u rated
crys tals to mea sure the rates of H+ move ment into and out
of crys tals as the pH of the mother li quor was changed.
Some other dyes are sen si tive to re duc tion by, among oth -
ers, bisulfite or dithionite. Again, color changes within the
dye-sat u rated crys tals were used to mea sure the rates of
flow of reductants into the crys tals and the rates of sub se -
quent reoxidation of the crys tal bound dyes by am bi ent ox -
y gen. We were fur ther able to sat u rate pro tein crys tals
si mul ta neously with pH sen si tive dyes and re dox sen si tive
dyes and then pro duce a se quence of color changes in pro -
tein crys tals by ad di tion of reductants followed by changes
in pH of the mother liquor.

Fi nally, we made the ob ser va tion that, in gen eral, crys -
tals grown from PEG or other poly mers of sim i lar char ac -
ter is tics, un like those grown from salt, MPD, low ionic
strength, etc., can not be stained us ing any of the more than
30 dyes we in ves ti gated. Dyes ap pear to be barred from en -
ter ing these crys tals. We will dis cuss pos si ble im pli ca tions
of this ob ser va tion for crys tals grown from PEG, and the
mech a nism by which PEG promotes crystallization.
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Co-crys tal li za tion of pro tein/lig ands com plexes is fre -
quently prob lem atic, even on es tab lished bi o log i cal sys -
tems. Much time, ef forts and sam ples can be spared us ing
pre lim i nary bio phys i cal meth ods in or der to asses a cor rect
for ma tion of the com plex in con di tions that are op ti mal for
co-crys tal li za tion. Among these ap proaches, Iso ther mal
Ti tra tion Cal o rim e try (ITC) is well-suited for anal y sis of
nu cleic ac ids in ter ac tions. A ma jor ad van tage of ITC over
other equiv a lent bio phys i cal ap proaches is that no la bel ing
of the sam ple is needed. In ad di tion, ITC is not sub jected to

mo lec u lar weight lim i ta tions and can be used vir tu ally in
any buff ers. As a con se quence, it can be di rectly used for
crys tal li za tion ex per i ments, al low ing the for ma tion of the
com plex in a more con trolled way and with the ad di tional
ad van tage of pro vid ing ther mo dy namic and bind ing in for -
ma tion ‘for free’.

Here we will show through var i ous ex am ples how to
im ple ment ITC as a guide to im prove co-crys tal li za tion of
pro tein-ligand complexes.


